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Abstract
In mammals, spermatogenesis is maintained throughout life by a small subpopulation of type A
spermatogonia called spermatogonial stem cells (SSCs). In rodents, SSCs, or Asingle
spermatogonia, form the self-renewing population. SSCs can also divide into Apaired (Apr)
spermatogonia that are predestined to differentiate. Apaired spermatogonia produce chains of
Aaligned (Aal) spermatogonia that divide to form A1 to A4, then type B spermatogonia. Type B
spermatogonia will divide into primary spermatocytes that undergo meiosis. In human, there are
only two different types of A spermatogonia, the Adark and Apale spermatogonia. The Adark
spermatogonia are considered reserve stem cells, whereas the Apale spermatogonia are the self-
renewing stem cells. There is only one generation of type B spermatogonia before differentiation
into spermatocytes, which makes human spermatogenesis less efficient than in rodents. Although
the biology of human SSCs is not well known, a panel of phenotypic markers has recently
emerged that is remarkably similar to the list of markers expressed in mice. One such marker, the
orphan receptor GPR125, is a plasma membrane protein that can be used to isolate human SSCs.
Human SSCs proliferate in culture in response to growth factors such as GDNF, which is essential
for SSC self-renewal in mice and triggers the same signaling pathways in both species. Therefore,
despite differences in the spermatogonial differentiation scheme, both species use the same genes
and proteins to maintain the pool of self-renewing SSCs within their niche. Spermatocytic
seminomas are mainly found in the testes of older men, and they rarely metastasize. It is believed
that these tumors originate from a postnatal germ cell. Because these lesions can express markers
specific for meiotic prophase, they might originate form a primary spermatocyte. However,
morphological appearance and overall immunohistochemical profile of these tumors indicate that
the cell of origin could also be a spermatogonial stem cell.
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Introduction
Adult spermatogenesis is a complex and tightly regulated process in which a small pool of
germ-line stem cells develops to ultimately form spermatozoa (de Rooij and Russell, 2000).
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These stem cells, called spermatogonial stem cells (SSCs) are found in the basal
compartment of the seminiferous epithelium, where they adhere to the basement membrane.
SSC self-renewal ensures the maintenance of the stem cell pool, while their differentiation
will generate a large number of germ cells. Therefore, a balance between SSC self-renewal
and differentiation in the adult testis is essential to maintain normal spermatogenesis and
fertility throughout life. The fate of SSCs is controlled by their microenvironment, or niche
(Spradling et al., 2001). Essential components of the niche are the nursing Sertoli cells that
physically support the SSCs and provide them with growth factors (Hofmann, 2008). In
addition, recent work from several research groups revealed the importance of factors
produced by cells in the interstitium between the seminiferous tubules, and also by
peritubular myoid cells (Kokkinaki et al., 2009; Oatley et al., 2009). An important
characteristic of SSCs is their ability to acquire pluripotency and to differentiate into tissues
belonging to the three embryonic germ layers when transferred onto different niche
microenvironments (Kanatsu-Shinohara et al., 2004; Guan et al., 2006; Seandel et al., 2007;
Conrad et al., 2008; Kossack et al., 2008; Golestaneh et al., 2009). Alteration of signals from
the niche can produce drastic changes in the behavior and morphology of spermatogonial
stem cells, allowing them to develop in many different tissues without prior genetic
modifications (Simon et al., 2009).

According to the WHO classification of testicular tumors (Mostofi and Sesterhenn, 1985),
there are two types of human testicular seminomas. The first type is the classical seminoma
(SE), which is more common in young adults between 20 and 45 years (Misener and Fuller,
1995) (Bergstrom et al., 1996). It is now established that SE originates from carcinoma in
situ cells (CIS) (Skakkebaek et al., 1987; Rorth et al., 2000), which represent the pre-
cancerous counterpart of primordial germ cells (PGC) and gonocytes. The neoplastic
transformation of normal PGC and gonocytes might in part result from hormonal or
environmental imbalance (Skakkebaek et al., 1998; Dieckmann and Skakkebaek, 1999). The
second type is called spermatocytic seminoma (SS), a benign tumor that may become a life
threatening disease if it progresses to sarcoma (Mikuz, 2002). A series of studies
investigating the cellular origin of spermatocytic seminoma revealed that these tumors do
not arise from embryonic/fetal germ cells since they do not express embryonic markers.
Rather spermatocytic seminoma seems to originate from more differentiated, postnatal germ
cells (Stoop et al., 2001; Satie et al., 2002; Rajpert-De Meyts et al., 2003; Verdorfer et al.,
2004; Looijenga et al., 2006; De Jong et al., 2007; Gillis et al., 2007). Expression profiling
of spermatocytic seminoma samples have indicated that this type of tumor might originate
from primary spermatocytes (Looijenga et al., 2006). However, recent advances in the
characterization of markers for human type A spermatogonia also suggest a postnatal
gonocyte, or a spermatogonial stem cell origin.

Spermatogonial self-renewal and differentiation in the mouse testis
After birth, gonocytes (prespermatogonia) that were quiescent in the center of the
seminiferous tubules resume proliferation and migrate to the basement membrane where
they will become SSCs (de Rooij and Grootegoed, 1998). This pool of SSCs established
during the first 10 days after birth will maintain spermatogenesis throughout life. SSCs
(Asingle or As) are a subpopulation of type A spermatogonia. Asingle spermatogonia are
isolated cells able to self renew, or to divide and differentiate into Apaired (Apr)
spermatogonia. Apaired spermatogonia are cell doublets that remain linked by a cytoplasmic
bridge. They divide synchronously into chains of Aaligned (Aal) spermatogonia. Because
morphologically they show few characteristics of nuclear or cytoplasmic differentiation,
Asingle, Apaired and Aaligned cells have been collectively called undifferentiated
spermatogonia (de Rooij and Russell, 2000). Recently, Nakagawa and colleagues elegantly
demonstrated that some Aaligned spermatogonia may possess the potential for self-renewal
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(potential stem cells) upon loss of the actual stem cells in cases of injury or natural depletion
during lifelong spermatogenesis (Nakagawa et al, 2007). Aaligned spermatogonia further
differentiate into A1 spermatogonia that undergo 6 divisions (A1 to A4, or differentiating
spermatognia), to become intermediate and B spermatogonia. B spermatogonia give rise to
spermatocytes that enter meiosis to produce haploid spermatids (de Rooij and Russell, 2000)
(Figure 1A). Spermatids become spermatozoa through the process of spermiogenesis. In the
adult male mouse, the population of SSCs is about 0.03% of the total content of germ cells
(Tegelenbosch and de Rooij, 1993).

As mentioned above, the spermatogonial stem cell niche controls the balance between
proliferation and differentiation of SSCs. Sertoli cells are a crucial component of this niche
and produce glial cell line-derived neurotrophic factor (GDNF), a distant member of the
TGFβ family, which controls SSC self-renewal (Meng et al., 2000) (Figure 2). GDNF is
critical for the maintenance of permanent spermatogenesis (Naughton et al., 2006). For
instance, transgenic animals over-expressing the Gdnf gene develop a phenotype with
seminiferous tubules invaded by undifferentiated spermatogonia (Meng et al., 2001).
Conversely, a Gdnf knockout model develops a Sertoli cell-only phenotype (Naughton et al.,
2006). Furthermore, several groups reported an increase of proliferation of SSCs from
diverse species when GDNF was added to freshly isolated germ cells in culture (Kanatsu-
Shinohara et al., 2003; Hofmann et al., 2005; Aponte et al., 2008; Wu et al., 2009). GDNF
binding to the GFRA1/RET receptor complex (GDNF Receptor Alpha-1/REarranged during
Transfection) induces the activation of two signaling pathways involved in the survival and
self-renewal of SSCs (Figure 3). The transcription factors MYCN (Braydich-Stolle et al.,
2007) and FOS (He et al., 2008) are known GDNF signaling pathways targets. In one
pathway, phosphorylation of RET and SRC-kinase family proteins (SFKs) followed by
phosphatidylinositol 3-kinase (PI3K) phosphorylation, activates the AKT pathway and
finally Mycn gene expression (Braydich-Stolle et al., 2007; Lee et al, 2007)(Figure 3A).
Binding of GDNF to GFRA1 and RET also triggers the activation of the canonical RAS-
ERK1/2 pathway and regulates SSCs proliferation through the activation of another
transcription factor, FOS (Figure 3B). In the SSCs, FOS controls the expression of the gene
Ccna2 (Cyclin A2) (He et al., 2008). Another gene that GDNF up-regulates is Fgfr2, which
encodes the receptor for FGF2, itself produced by Sertoli cells (Hofmann et al., 2005)
(Figure 2). Addition of both GDNF and FGF2 in SSC cultures indicated cooperation
between these pathways, leading to improved SSC self-renewal (Kubota et al., 2004). Other
factors within the niche influence the fate of SSCs, such as colony stimulating factor 1
(CSF1) which is produced by Leydig cells and some peritubular myoid cells (Oatley et al.,
2009) and also plays a role in self-renewal (Figure 2). Another member of the fibroblast
growth factor family, FGF9, has been recently shown to maintain expression of
pluripotency-related genes and acts as an inhibitor of meiosis (Barrios et al, 2010; Bowles et
al, 2010). Finally, KIT ligand (KITLG, stem cell factor, SCF), which is also produced by
Sertoli cells, induces the differentiation of Aaligned spermatogonia into A1 cells (Pellegrini
et al, 2008). Interestingly, Kanetsky and colleagues recently demonstrated that in humans,
common genetic variations in KITLG are often associated with testicular germ cell tumors
(Kanetsky et al, 2009).

Meng and colleagues also reported that transgenic mice overexpressing GDNF exhibited an
increase in proliferation of clusters of undifferentiated type A spermatogonia (Meng et al.,
2000; Meng et al., 2001). These cell clusters were stained by EE2, a monoclonal antibody
recognizing a glycoprotein at the surface of spermatogonia (Koshimizu et al, 1995). They
also expressed GFRA1 and RET, which are markers for undifferentiated spermatogonia. The
clusters did not express c-KIT, a marker for differentiating spermatogonia. Testicular tumors
develop regularly in older GDNF-overexpressing mice. In those mice, the clusters invariably
start to spread into the testicular interstitium and form non-metastatic tumors (Meng et al.,
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2001). Although these experimentally induced tumors mimic human classical seminomas in
several aspects (Viglietto et al., 2000), some differences are evident such as the appearance
of tumors at old age in mouse versus at young age in man, tumor development in the context
of severely distorted spermatogenesis in mouse vs. normal spermatogenesis in man, high
frequency of bilateral tumors in mouse (unilateral in man), and absence of large lymphocyte
infiltrates in mouse while these are present in most classical seminomas (Mostofi, 1980;
Skakkebaek et al., 1987). In addition, c-KIT expression is negative in the mouse model vs
positive in human seminoma (Skakkebaek et al., 1987; Looijenga and Oosterhuis, 1999).
Interestingly, GDNF-induced tumors showed aneuploidy associated to a distinct triploid
peak observed with flow cytometry, which is a common finding in classical seminoma
(Dekker et al., 1992; Looijenga et al., 1994). It is highly possible that GDNF-induced tumors
are heterogeneous in the context of their cell of origin: expression of spermatogonial
markers such as EE2 (Koshimizu et al, 1995) and TRA98 (Tanaka et al, 1997), and
positivity for alkaline phosphatase suggest that both SSCs and gonocytes might have
contributed to their neoplastic content (Meng et al, 2001).

Spermatogonial self-renewal and differentiation in the human testis
The earlier studies of Clermont (Clermont, 1963; Clermont, 1966b) on human
spermatogenesis revealed two types of spermatogonia according to the staining pattern of
their nucleus, the Adark and Apale spermatogonia. Both cell types are generally considered
stem cells (Clermont, 1966a; Clermont, 1966b). Adark spermatogonia function as reserve
stem cells that divide rarely but can be triggered to self-renew in case of injury or disease,
while the Apale spermatogonia are the renewing stem cells (Clermont, 1963; Clermont,
1966a; Clermont, 1966b; Clermont, 1972)(Figure 1B). Apale will divide into B
spermatogonia, which further divide into spermatocytes (Clermont, 1966b) (Figure 1B).
Therefore, in humans, like in non-human primates, fewer mitotic steps are required to obtain
spermatocytes and the efficiency of clonal expansion is very low in comparison to rodents
(Bustos-Obregon et al., 1975; Johnson, 1994; Johnson et al., 1999; Johnson et al., 2001).
Recently, Ehmke and colleagues proposed that in primates, to generate the same number of
differentiated germ cells, a higher mitotic turnover is required from spermatogonia (Ehmcke
et al., 2006). This higher mitotic turnover would increase the risk for germline mutations and
vulnerability to cytotoxic events. To minimize this risk, Apale spermatogonia take the role
of progenitors, whose proliferation increases the total number of germ cells. The role of
stem cells is therefore limited to Adark spermatogonia, which will replenish the progenitor
compartment in case of cytotoxic or natural depletion (Ehmcke et al., 2006).

Markers for human SSCs and their expression in spermatocytic seminoma
Over the past 10 years, a panel of markers has been assessed to characterize and identify
human spermatogonial stem cells (Dym et al., 2009). In a recent study, He and colleagues
isolated, characterized and cultured putative human spermatogonial stem cells based on their
expression of the cell surface marker GPR125 (G protein-coupled receptor 125) (He et al.,
2010). GPR125 positive cells are very rare (only one or two per tubule) possibly being
Adark spermatogonia or a sub-population of the self-renewing Apale spermatogonia. Human
SSCs were also positive for some markers identified in mouse SSCs and other
undifferentiated spermatogonia, such as GFRA1, UCHL1 (also known as PGP 9.5),
ZBTB16 (also known as PLZF), and THY1 (CD90) (Dym et al., 2009; He et al., 2010).
MAGEA4, a member of the cancer-testis antigens family involved in DNA repair and cell
differentiation, was also expressed by all human spermatogonia (Adark, Apale and B
spermatogonia) (Dym et al., 2009; He et al., 2010). In another study, global gene expression
analysis of human spermatogonia derived from adult testicular biopsies, and in which
spermatogonia were the only germ cell type, revealed high expression of genes specifically
involved in spermatogonial function in mice (von Kopylow et al., 2010). Of these genes,
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fibroblast growth factor receptor 3 (FGFR3), desmoglein 2 (DSG2), cancer testis antigen
NY-ESO-1 (CTAG1A/B), and undifferentiated embryonic cell transcription factor 1 (UTF1)
showed the most highly significant expression. Expression of these markers was confirmed
at the protein level using immunohistochemistry of normal testis samples.

Remarkably, most of the aforementioned spermatogonial markers are expressed in human
spermatocytic seminoma (Table 1). MAGEA4 is highly expressed in these tumors at the
protein level (Rajpert-De Meyts et al., 2003). The MAGE family includes 12 related genes,
which are activated in tumors of various histological types including bladder carcinoma
(Patard et al., 1995), gastric carcinoma (Li et al., 1996), and breast carcinoma (Russo et al.,
1995). Classical seminomas also express MAGEA4 uniformly and specifically, and a
subpopulation of CIS cells was also positive for this protein (Aubry et al., 2001). Human
gonocytes and spermatogonia, strongly express MAGEA4, which is sharply down-regulated
at the onset of meiosis (Aubry et al., 2001; Jungbluth et al, 2000; Yakirevich et al, 2003;
Gaskell et al, 2004; Pauls et al, 2006; Hudolin et al, 2009; He et al, 2010). Rajpert-De Meyts
and colleagues demonstrated the expression of additional premeiotic markers in
spermatocytic seminoma using immunohistochemistry (Rajpert-De Meyts et al., 2003).
CHK2 was expressed in 93.7% of the tested samples. CHK2 positive staining is also found
in normal gonocytes, spermatogonia and also in classical seminoma (Bartkova et al., 2001).
Neurone-specific enolase (NSE) is expressed in normal spermatogonia and in germ cell
tumors of young adults, including CIS (Kang et al., 1996), and was also found in 88% of
spermatocytic seminomas (Rajpert-De Meyts et al., 2003). The meiotic germ cell marker
p19-INK4d was negative in the tumor samples, which support the notion of a postnatal
gonocyte/SSC origin of spermatocytic seminomas (Bartkova et al, 2000; Rajpert-De Meyts
et al., 2003).

Fibroblast growth factor receptor 3 (FGFR3) is expressed in human fetal germ cells and is
confined to spermatogonia in the adult testis (Juul et al, 2007; von Kopylow et al., 2010). In
a recent study by Goriely et al, 20% (5/24) of spermatocytic seminoma showed increased
immunoreactivity for FGFR3 (Goriely et al., 2009). The authors in this study demonstrated
that paternal age-effect mutations activate a pathway that supports abnormal spermatogonial
proliferation in the testis. A mutation in the FGFR3 gene was evident in a number of
spermatocytic seminomas under investigation.

As mentioned above, spermatogonial stem cell self-renewal is triggered by GDNF. In the
mouse, binding of GDNF to its receptor complex GFRA1/RET activates a number of SRC
family kinases (SFKs) that become phosphorylated. This will further activate the PI3K/AKT
pathway, which ultimately leads to an increase in Mycn gene expression (Braydich-Stolle et
al., 2007; Lee et al., 2007)(Figure 3A). Alternatively, GDNF can activate the canonical
RAS/ERK1/2 pathway, which results in phosphorylation and activation of transcription
factors such as CREB-1, ATF-1, CREM-1 and c-FOS (He et al., 2008) (Figure 3B). He and
colleagues also demonstrated that isolated human SSCs up-regulate ERK 1/2 (MAPK 1/3)
when cultured for 2 weeks in media containing GDNF. Using Western blot analysis, these
authors showed an increase in phosphorylated ERK1/2 in cultured cells compared to freshly
isolated cells (He et al., 2010). Interestingly, positive staining for phosphorylated ERK1/2
was shown in 56% of spermatocytic seminomas studied by Goriely and colleagues (Goriely
et al., 2009). In addition, 57% (15/26) of these tumors had an elevated expression of HRAS,
and about 19% (5/26) carried a mutation in the HRAS gene (Goriely et al., 2009). These data
indicate that pathological activation of RAS signaling and ERK1/2 phosphorylation in SSCs
could be at the origin of >50% of spermatocytic seminoma.

Undifferentiated embryonic cell transcription factor 1 (UTF1) is a transcription factor
involved in pluripotency and self-renewal of human and mouse embryonic stem cells
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(Okuda et al., 1998; Fukushima et al., 1998; Richards et al., 2004). UTF-1 is a target gene of
the pluripotency marker POU5F1 (OCT3/4), which, together with SOX2, regulates its
transcription in embryonic stem cells, inducing their proliferation (Nishimoto et al., 2005).
In the normal human testis, expression of UTF1 was shown mainly postnatally in infantile
and adult spermatogonia (Kristensen et al., 2008; Wang et al., 2010), although these cells do
not express POU5F1 and SOX2 (Looijenga et al., 2003; Perrett et al., 2008; de Jong et al.,
2008). UTF1 expression was variably detected in CIS and CIS-derived tumors, but was
consistently observed in spermatocytic seminoma, with some samples staining intensely
(Kristensen et al., 2008). Therefore, UTF-1 expression pattern in normal human testis and
testicular tumors indicated that this protein might play a role in spermatogonial stem cell
self-renewal, and that spermatocytic seminoma can derive from these cells. In the same
study, another pluripotency marker, REX-1 was detected in gonocytes, CIS, seminomas and
some non-seminoma tumors. In normal adult testicular tissue, REX-1 was revealed mainly
in meiotic germ cells with weak expression in spermatogonia. Compared to UTF1, the
expression of REX-1 in spermatocytic seminoma was weak and some samples were
negative, confirming that this tumor type can originate from post-natal spermatogonial stem
cells.

Cancer testis antigen NY-ESO-1 is another spermatogonial marker that is expressed in
spermatocytic seminoma (Satie et al., 2002). In the latter study, NY-ESO-1 was detected in
human gonocytes from week 18 of gestation, while in mature testis it was detected in
spermatogonia and pachytene spermatocytes but not in post-meiotic germ cells. A similar
pattern of expression was described for SSX (synovial sarcoma on X chromosome) (Stoop et
al., 2001), another member of the cancer testis antigen family (see ref (Kalejs and
Erenpreisa, 2005) for review) that is expressed in spermatocytic seminoma. In fact, SSX
gene and its variants (SSX2-SSX4) were amongst the top discriminating biomarkers that
distinguish spermatocytic seminoma from seminoma and dysgerminoma in a gene/protein
profiling study of germ cell tumors (Looijenga et al., 2006).

DAZ (deleted in azoospermia) family proteins, including the closely related autosomal gene
DAZL (DAZ-like), are expressed in human fetal gonocytes and spermatogonia (Xu et al,
2001). Noticeably, unlike DAZ, DAZL protein expression persists in post-meiotic germ
cells. It is believed that DAZ family proteins have a dual pivotal role in male germ cell
development, acting both during meiosis and earlier during establishment of the SSCs
population (Reijo-Pera et al, 2000). DAZL protein was detected in CIS and seminomas
(Lifschitz-Mercer et al., 2002), while DAZ protein was detected in spermatocytic seminoma
(Looijenga et al., 2006). According to the latter study, genes belonging to the DAZ family
such as DAZ and DAZ4 were drastically up-regulated (~100 fold) in spermatocytic
seminoma in comparison to seminoma and dysgerminoma.

DMRT1 is a novel candidate protein, which might be involved in the development of
spermatocytic seminoma. DMRT1 orthologues have highly conserved roles in sexual
differentiation from flies and worms to humans (Raymond et al., 2000). DMRT stands for
Doublesex and mab-related transcription factor, and is essential for postnatal testis
differentiation in vertebrates (Pask et al., 2003). Looijenga and colleagues demonstrated that
DMRT genes (DMRT1, DMRT2, and DMRT3) are up-regulated in spermatocytic
seminomas as a result of gain of chromosome 9 where these genes map (Looijenga et al.,
2006). Only DMRT1 was overexpressed in tumors where specific amplification of the
subchromosomal region (p21.3-pter) of chromosome 9 was detected. Using
immunohistochemistry, DMRT1 was detected in normal human spermatogonia and pre-
meiotic spermatocytes (Looijenga et al., 2006). Studies using conditional gene targeting in
mice recently demonstrated the importance of DMRT1 as a protein essential for the
development of differentiating spermatogonia, since it promotes mitosis associated to
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differentiation, rather than meiosis (Matson et al., 2010). Therefore these studies show that
in addition to self-renewing stem cells and spermatocytes, more mature spermatogonia (type
B?) might be at the origin of spermatocytic seminoma. Finally, Looijenga and colleagues
demonstrated by microarray analysis and immunohistrochemistry of testis samples that
genes/proteins exclusively expressed in primary spermatocytes such as SYCP1
(synaptonemal complex protein 1)(Kondoh et al, 1997), LDHc (lactate dehydrogenase,
testicular isoform)(Goldberg, 1990), CLGN (calmegin) (Tanaka et al, 1997), and TCFL5
(transcription factor-like 5)(Maruyama et al, 2008) are strongly expressed in spermatocytic
seminomas (Stoop et al, 2001; Looijenga et al, 2006). Thus, although spermatocytic
seminomas share many phenotypical features with postnatal gonocytes and SSCs, there is no
doubt that they also can originate from primary spermatocytes.

Conclusion
Throughout the years much has been learned about the incidence and histology of
spermatocytic seminoma. Presently, based on immunohistochemistry data, the postnatal
germ cell origin of these tumors is unequivocal since no embryonic germ cell marker such as
c-KIT, POU5F1 and PLAP is expressed (Raijpert-de Meyts, 2003b). In Table 1 we have
provided a list of markers that have been investigated in spermatocytic seminoma, and
compare their expression to what is known for postnatal gonocytes/prespermatogonia, SSCs
and spermatocytes. While this list is not exhaustive, and while data obtained with
immunohistochemistry may vary depending on the affinity of the antibody used, we believe
that spermatocytic seminoma cells share many phenotypic markers with SSCs. A level of
expression identical to that of postnatal gonocytes is seen for 11/20 markers (55%), to that
of SSCs for 15/20 markers (75%), and to that of spermatocytes for 13/20 markers (65%).
Therefore, the cellular origin of these tumors is a postnatal germ cell that can be arrested at
any stage of maturation between gonocyte and primary spermatocyte, with slight
predominance of the spermatogonial stem cell.
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Figure 1. Schematic representation of the first steps of spermatogenesis in rodents and human
A: In rodents, the SSCs (or Asingle spermatogonia) are the only self-renewing
spermatogonia. They can divide to produce 2 Apaired spermatogonia linked by a
cytoplasmic bridge (incomplete cytokinesis). Germ cell number increases by clonal
expansion of Aaligned spermatogonia that produce expanding chains of cells. Aaligned
spermatogonia further divide into A1 to A4 differentiating spermatogonia. In turn,
intermediate and B spermatogonia are produced that will differentiate into spermatocytes.
B: In the human, it is generally believed that 2 types of stem cells are present, the Adark
spermatogonia (reserve stem cell) and the Apale spermatogonia (self-renewing stem cell).
Apale divide into type B spermatogonia that divide into spermatocytes.
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Figure 2. A simplified view of the spermatogonial stem cell niche showing the main extrinsic
factors driving SSC maintenance and self-renewal
Sertoli cells and spermatogonial stem cells (SSCs) are both attached to the basement
membrane (BM). Sertoli cells provide for structural support and produce glial cell line-
derived neurotrophic factor (GDNF) and basic fibroblast growth factor (bFGF) which are
crucial for SSC self-renewal in vitro and in vivo. Leydig cells (L) and peritubular cells (PE)
produce colony-stimulating factor-1 (CSF-1), also essential for self-renewal.
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Figure 3. Signaling pathways triggered by GDNF in spermatogonial stem cells
GDNF dimerizes and binds to the GFRα-1/RET receptor complex. A: Binding of GDNF
activates RET, which triggers SRC kinase phosphorylation and the downstream activation of
PI3K/AKT. Ultimately the transcription factor MYCN is up-regulated. B: Binding of GDNF
also can activate the RAS-mediated signaling pathway, which triggers ERK1/2
phosphorylation and up-regulation of the transcription factor FOS.
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Table 1

Normal human germ cell markers and their expression in spermatocytic seminoma.

MARKER SPERMATOCYTIC SEMINOMA GONOCYTES (PRE- SPERMATOGONIA) SSCS/UNDIF SPERMATO- GONIA SPERMATOCYTES

MAGEA4 (P) + a + b, c, d, e + f, g +/−b,f, h)

SSX (P) + i + i + i + i

DAZ family (Tr, P) + j + k + k + k

CHK2 (P) + a + a + a − a

KIT (P) − i, l +/− l, m − l − l

PLAP (P) − l +/− l, m − l − l

POU5F1 (P) − n +/− c, n, l, m − n, l − n, l

Neurone-specific enolase (P) + a +/− a + a, o − a

p19INK4d (P) − a, p − a, p − a, p + a, p

UTF1 (Tr, P) +/− q, r +/− q + q, r, s − q

DMRT1 (Tr, P) + j − j + j + j

NY-ESO-1 (P) + t + t + s, t + t

FGFR3 (Tr, P) + u + v + s, u, v − u, v

RAS (Tr, P) + u + m,w + g, u + u

pERK1/2 (P) + u + m + g N/D

REX-1 (P) +/− q +/− q +/− q + q

SYCP1 (Tr, P) + i, j − i − i + i

LDHc (Tr, P) + j − x − x + x

CLGN (Tr, P) + j − y − y + y

TCFL5 (Tr, P) + j − z − z + z

Tr: transcript analysis (RT-PCR, microarray)

P: protein analysis (immunohisto-chemistry, protein array)

ND: not done

+/−: weak or variable staining

a
Rajpert-de Meyts et al, 2003a

b
Aubry et al, 2001

c
Gaskell et al, 2004

d
Pauls et al, 2006

e
Hudolin et al, 2009

f
Jungbluth et al, 2000

g
He et al, 2010
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h
Yakirevich et al, 2003

i
Stoop et al, 2001

j
Looijenga et al, 2006

k
Xu et al, 2001

l
Rajpert-de Meyts et al, 2003b

m
McIntyre et al, 2008

n
Looijenga et al, 2003

o
Kang et al, 1996

p
Bartkova et al, 2000

q
Kristensen et al, 2008

r
Wang et al, 2010

s
von Kopylow et al, 2010

t
Satie et al, 2002

u
Goriely et al, 2009

v
Juul et al, 2007

w
Goddard et al, 2007

x
Goldberg, 1990

y
Tanaka et al, 1997

z
Maruyama et al, 1998
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