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Germline stem (GS) cells were established from gonocytes and spermatogonia of postnatal mouse testes. GS cells
proliferate in the presence of several kinds of cytokines, and a small percentage of GS cells also show spermatogonial
stem cell (SSC) activity, i.e., they differentiate into sperm after being transplanted into infertile mouse testes without
endogenous spermatogenesis. Interestingly, in GS cell culture, we also found that pluripotent stem cells (multipotent
germline stem cells (mGS cells)) could be derived and these mGS cells do not have normal androgenetic genomic im-
printing marks that are shown in GS cells, e.g., H19 hypermethylation. A new culture system for fetal male germ cells
(embryonic GS (eGS) cells) has also been recently developed. Although these cells exhibited SSC potential, the off-
spring from cultured cells showed heritable imprinting defects in their DNA methylation patterns. In an attempt to
understand the self-renewal machinery in SSCs, we transfected H-Ras and cylin D2 into GS cells, and successfully re-
constructed the SSC self-renewal ability without using exogenous cytokines. Although these cells showed SSC activity
in germ cell transplantation assays, we also found development of seminomatous tumors, possibly induced by exces-
sive self-renewing signal. These stem cell culture systems are useful tools not only for understanding the mechanisms
of self-renewal or epigenetic reprogramming but also for clarifying the mechanism of germ cell tumor development.
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Introduction

Spermatogonial stem cells (SSCs) are the tissue-
specific stem cell population of the postnatal testes and
they are responsible for the high productivity of sper-
matogenesis [1]. Postnatally, SSCs arise from more un-
differentiated precursors termed as gonocytes, which are
derived from primordial germ cells (PGCs) that migrate
to the genital ridge and participate in the formation of the
embryonic gonad [2]. On formation of seminiferous tu-
bules during embryogenesis, PGCs turn into gonocytes.
Transformation of gonocytes into SSCs occurs between
0 and 6 days postpartum (dpp) in male mice [3, 4]. A
single SSC can produce two stem cells or two differen-
tiated cells by self-renewal or differentiating division
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[4, 5]. In the absence of known unique biochemical or
phenotypic markers to distinguish SSCs from their initial
daughters and without a culture system in vitro, it is diffi-
cult to study the biology of SSCs [6]. However, in 1994,
a germ-cell transplantation technique was reported in
mice: this technique could identify SSCs by their ability
to generate a colony through spermatogenesis after being
transplanted into the seminiferous tubules of mice that
were previously treated with a cytostatic agent (busulfan)
or of mutant W/W" (W) mice lacking a functional semi-
niferous epithelium because of defective spermatogen-
esis [7].

Glial cell line-derived neurotrophic factor (GDNF),
a distantly related member of the transforming growth
factor-p superfamily, was originally identified as a sur-
vival factor of the embryonic dopaminergic neurons of
the midbrain [8]. GDNF also plays critical roles outside
the nervous system — in the regulation of kidney morpho-
genesis and spermatogenesis [9]. GDNF is expressed in
Sertoli cells in the testis and is reported to be a critical



factor in vivo for the replication of spermatogonia [10].
Heterozygous GDNF-knockout mice gradually lost their
spermatogenic ability due to SSC depletion, whereas
overexpression of GDNF produced clusters of undiffer-
entiated spermatogonia that could not differentiate [10].
In the presence of GDNF, gonocytes and spermatogonia
proliferated on feeder cells as islands or clumps, and
these cultured cells were designated as GS cells [11-13].
Further, GS cells could be cultured either without serum
or without a feeder layer [13]. Similar cultures were
subsequently established from SSCs of not only pups
[14] but also adult mice [15] by other groups. GS cells
expressed several markers that are expressed in SSCs,
for example, B1 integrin, a6 integrin, and CD9, and these
GS cells were able to differentiate into sperm when they
were transplanted into seminiferous tubules of infertile
W mice. GS cells have a stable karyotype and androge-
netic DNA methylation patterns like neonatal gonocytes
and sperm, and are tractable for gene targeting [12, 16].
Interestingly, a small portion of GS cells can convert
into pluripotent stem cells (mGS cells) [12]. These mGS
cells could differentiate into various types of cells in
vitro when ES cell differentiation protocols were applied,
and they formed germline chimeras when microinjected
into blastocysts. Generation of knockout mice from
mGS cells by homologous recombination has also been
reported [17]. With respect to the origin of mGS cells
(whether from residual pluripotent cells that remained
from the fetal stage [18] or from de-differentiated GS
cells in vitro), it is likely that mGS cells (ES-like cells)
can be derived from normal cultured GS cells as shown
by the establishment of a clonal line of mGS cells from
genetically modified GS cells integrated with a targeting
vector [19]. Although this study indicates that each GS
cell (or SSC) has only a small chance to convert into a
pluripotent stem cell in vitro accompanied by the loss of
spermatogenic potential, the mechanism of conversion
or reprogramming is unknown. In addition, other studies
on the generation of pluripotent stem cells from mouse
testes have also been reported [20-23]; however, the re-
programming mechanism remains unclear. In addition
to the acquisition of pluripotency by SSCs, self-renewal
and epigenetic modifications in SSCs are also important
issues in tissue stem cell studies. Development of a sper-
matogonia culture system that provides an opportunity to
enrich the number of SSCs in vitro for biochemical and
molecular analyses will help to enhance our understand-
ing of SSC biology.

Genomic imprinting and epigenetic reprogram-
ming

Genomic imprinting is an epigenetic mechanism that
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causes functional differences between paternal and ma-
ternal genomes and plays an essential role in mamma-
lian development, growth, and behavior [24, 25]. DNA
methylation is an important epigenetic mechanism that
regulates transcription of many kinds of genes, such as
those involved in tumorigenesis and genomic imprinting.
Imprinted genes are expressed monoallelically and are
divided into two groups of genes: maternally expressed
gene Meg and paternally expressed gene Peg. To date,
143 imprinted genes have been identified (see http://
www.har.mrc.ac.uk/research/genomic imprinting/) in
mice, and many of these genes form a cluster (e.g., DIkI-
Dio3 domain on chromosome 12) [26]. Moreover, there
is at least one differentially methylated region (DMR)
in a cluster of imprinted genes, and such DMRs regulate
the expression of imprinted genes. Genomic imprinting
memory is erased in PGCs [27, 28] and re-established
during gametogenesis. There are three paternally im-
printed regions, namely, H19, Meg3IG, and Rasgrfl, in
which DNA are methylated during spermatogenesis [29,
30]. Other regions are maternally imprinted at oocyte
maturation and the process also involves DNA methyla-
tion [31, 32]. While global DNA demethylation occurs
after fertilization in non-imprinted genes, the methyla-
tion established during gametogenesis persists in the
imprinted genes. Therefore, imprinted regions in somatic
cells are differentially methylated between paternal and
maternal alleles [33].

Characteristics of germline stem cells

GS cells have normal androgenetic DNA methylation
patterns with hypermethylation in DMRs of paternally
imprinted regions such as H19 and Meg3IG, and hy-
pomethylation in DMRs of maternally imprinted regions
such as Igf2r, Snrpn, Peg5, and Peg10 [12]. Interestingly,
mGS cells established during GS cell culture have meth-
ylation patterns that differ from those of GS cells, and
DNA methylation analysis of mGS cells showed dem-
ethylation in the DMRs of paternally imprinted genes
including H79 and Meg3 [12]. This result suggests that
changes in epigenetic modifications such as DNA methy-
lation patterns may play pivotal roles in the reprogram-
ming mechanism to pluripotency (conversion from SSCs
to mGS cells).

GS cells could be cultured for more than 2 years and
achieve ~10*-fold expansion. Unlike other germline cells
that often acquire genetic and epigenetic changes in vitro,
GS cells retained the stable euploid karyotype and andro-
genetic imprinting during this period and produced not
only normal spermatogenesis but also fertile offspring
with normal somatic imprinting patterns. Although the
telomere length in GS cells decreased progressively at a
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constant rate (~0.7 kb per month), the remarkable genetic
and epigenetic stability and proliferative potential of GS
cells may prevent abnormal germline transmission of ge-
netic and epigenetic damages [34].

Heritable imprinting defects in embryonic GS-
derived offspring

Following germ cell transplantation, GS cells can re-
colonize seminiferous tubules and produce spermatozoa,
which are used to produce offspring. /n vitro microin-
semination is particularly useful for offspring production
because it does not require a large number of sperma-
tozoa for fertilization. Therefore, these transplantation
and microinsemination techniques are very powerful
tools for the functional analysis of the developmental
potential of GS cells. F1 offspring from various GS cell
lines have normal somatic cell methylation patterns, e.g.,
half methylated and half unmethylated DMRs in their
somatic cells. However, a new cell line derived from
fetal gonocytes unexpectedly showed a heritable im-
printing defect [35]. In an attempt to clarify the effect of
altered DNA methylation patterns in the reprogramming
mechanism for pluripotency, we developed a new culture
system of fetal germ cells. These established male germ
cells from embryos at 12.5-18.5 days postcoitum (dpc)
were designated as eGS cells. These cells were morpho-
logically indistinguishable from GS cells from postnatal
mouse testes and proliferated actively. The eGS cells also
showed the typical phenotype of GS cells, such as, high
expression of 1 integrin, a6 integrin, and CD9, which
are also expressed in SSCs. Unlike embryonic germ (EG)
cells that were established by culturing PGCs with leuke-
mia inhibitory factor (LIF), basic fibroblast growth factor
(bFGF), and stem cell factor [36, 37], eGS cells did not
form teratomas but, rather, induced spermatogenesis and
exhibited spermatogonia potential. Furthermore, there
were no differences in the DNA methylation patterns in
either imprinted genes or repetitive genes such as intra-
cisternal A particles (I4P) and long interspersed nuclear
element 1 (Linel) between GS and eGS cells. Methylated
DMRs of two paternally imprinted regions, H19 and
Meg3IG, and unmethylated DMRs of three maternally
imprinted regions, namely, Igf2r, Peg10, and Snrpn, were
detected, and this methylation pattern did not change
after additional culture; this result implies that eGS cells
have stable DNA methylation. However, through a chro-
matin immunoprecipitation (ChIP) assay, site-specific
changes of histone modifications in DMRs of imprinted
regions were detected, e.g., reduced H3K27 monomethy-
lation and increased H3K27 trimethylation in H19 DMR
in eGS cells. Further, real-time polymerase chain reac-

tion (PCR) analysis also revealed some differences in the
gene expression of potential histone epigenetic modifiers
such as Chafla, Enhancer of Zeste homolog 2 (Ezh2),
and Suppressor of Zeste 12 (Suzl12). Because Ezh2,
a component of the polycomb repressive complex 2
(PRC2), mediates H3K27 trimethylation [38], our results
suggest that abnormal histone modification patterns in
eGS cells may be caused by aberrant expression of epi-
genetic modifiers such as Ezh2 and Suz12. Although eGS
cells had stem cell activity and produced F1 offspring by
transplantation and subsequent microinsemination, the
offspring from eGS cells (from embryos at 13.5 dpc) had
abnormal body weight and aberrant hypermethylation
in both H19 and Snrpn DMRs, suggesting a functional
difference between eGS cells and GS cells (which were
from postnatal mice). This defect is probably due to in
vitro culture, considering the normal DNA methylation
in offspring produced by transplantation of fresh gono-
cytes from embryos at 13.5 dpc, which confirms our
previous observation that fetal germ cell transplantation
produces offspring with normal imprinting [39]. Interest-
ingly, the abnormal DNA methylation of H19 DMR in
eGS-cell-derived F1 offspring was not erased after ger-
mline transmission and persisted in both male and female
germlines for at least four generations (Figure 1). These
results suggest that erasing or re-establishing imprint-
ing memory in offspring of eGS cells may be disrupted
by abnormal histone modifications. Taken together, this
work demonstrates the first long-term culture system for
male fetal germ cells and that culturing fetal germ cells
induces epigenetic abnormalities that could be transmit-
ted to subsequent generations. Because the mechanism of
this heritable imprinting defect in eGS cells remains un-
clear, further studies will be necessary, e.g., to examine
the roles of epigenetic modifiers in GS and eGS cells, the
rescue of epigenetic abnormalities by artificial epigenetic
reprogramming, and the genomic instability of eGS-cell-
derived offspring.

Self-renewal in spermatogonial stem cells

SSCs divide continuously and produce sperm through-
out a male’s life. Therefore, self-renewal and differentia-
tion of SSCs are very important mechanisms for con-
tinual spermatogenesis. Because self-renewing SSCs are
present in small numbers in mouse testes (0.02%-0.03%
of the total testes cell population) [1, 5], it was difficult
to analyze the molecular mechanisms of SSC self-renew-
al. However, the development of this GS cell culture sys-
tem allowed us to study the self-renewal ability of SSCs
through molecular and biochemical analyses.

GDNF-regulated genes, for example, B cell CLL/

Cell Research | Vol 21 No 8 | August 2011



GS cells
GDNF Self renewal
bmp] ,
EGF genomic imprinting
y. * Normal karyotype
Acauisition
of
AT pluripotency
W mouse @ = a mcy
testis [ > )
Spermatogenésis mGS cells
eGS cells
Abnormal
histone
modifications

Transplantation

Recipient Dm

sa e Rk
OO HOES DO F3

ololalo F4

Heritable abnormal

modifications

[ H19 hypermethylation [ Male
[0 H79 hypomethytation OFemale

Figure 1 Characteristics of GS and eGS cells. (A) GS cells are
cultured in the presence of growth factors, e.g., GDNF, EGF,
and bFGF. Cultured GS cells have a self-renewing property,
androgenetic genomic imprinting, and normal karyotype that
is stable during a 2-year-long culture. GS cells also have
stem cell activity because GS cells form germ cell colonies by
germ cell transplantation into seminiferous tubules of infertile
W mouse testes. The mGS cells are derived from GS cells
acquiring pluripotency accompanied by loss of spermatogenic
potential during GS cell culture. (B) eGS cells from fetal male
germ cells from embryos at 13.5 dpc. Although eGS cells are
morphologically indistinguishable from GS cells established
from postnatal mouse testes, express markers identical to that
expressed in SSCs, normal DNA methylation patterns, and
spermatogenic potential, these cells showed abnormal histone
modification patterns in DMRs of imprinted genes. Moreover,
eGS-cells-derived F1 offspring and subsequent generations
showed abnormal DNA methylation patterns in H19 DMR. This
heritable imprinting defect may be caused by residual aberrant
histone modifications that could not be reprogrammed. Bars,
100 pm.
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lymphoma 6, member B (Bcl6b); Bazf, Ets variant gene 5
(Etv5), and Lim homeobox protein 1 (LAx1), were identi-
fied in cultures of self-renewing germ cells. Moreover, it
was revealed that Bcl/6b is crucial for SSC maintenance
in vitro and is also important for spermatogenesis in vivo
[40]. GDNF-independent SSC self-renewal factors such
as promyelocytic leukemia zinc-finger protein (Plzf) and
TATA box-binding protein (TBP)-associated factor 4b
(Taf4b) were also identified [41, 42]. It was reported that
the classical mouse mutant luxoid, contains a nonsense
mutation in the Plzf-encoding gene, which affects adult
germline stem cell self-renewal [41]. The gonad-specific
TAF4b, a component of TFIID is a transcriptional regula-
tor enriched in the mouse testis, and this factor is impor-
tant for the maintenance of spermatogenesis by regulat-
ing the precise expression of gene products essential for
germ cell proliferation such as c-Ret, Plzf, and Stra8 [42].
Akt, which is activated by phosphoinositide-3 kinase
(PI3K), maintains the pluripotency and growth of ES
cells [43], which is another cell type that has germline
potential. In our previous study, we elucidated the role
of the PI3K-Akt pathway using GS cells and demon-
strated that activation of the PI3K-Akt pathway plays an
important role in the self-renewal division of SSCs [44].
When Akt (the myristoylated form of Akt-Mer; myr-
Akt-Mer) was transfected into GS cells and activated by
4-hydroxy-tamoxifen (4OHT), the Akt-transfected GS
cells (Akt-GS cells) could proliferate actively in the ab-
sence of GDNF for at least 5 months. These cells showed
similar expression of markers that are expressed in SSCs
to that of wild-type (WT) GS cells and retained normal
androgenetic DNA methylation patterns. Through use of
the germ-cell transplantation technique, it was revealed
that Akt-GS cells supported stem cell self-renewal, but
differentiation was stopped at the round spermatid stage.
However, offspring were successfully obtained through
microinsemination using round spermatid derived from
Akt-GS cells, and these offspring also showed normal
epigenetic properties such as proper somatic-cell DNA
methylation patterns in DMRs of imprinted regions. Be-
cause inhibition of the PI3K-Akt pathway stops the pro-
liferation of GS cells and induces apoptosis, this pathway
is likely to be involved in SSC self-renewal and survival.
However, Akt-GS cells require bFGF supplementation
for continuous proliferation. This result suggests that the
activation of Akt alone is not sufficient to trigger SSC
self-renewal and that other molecules are necessary to
provide additional signals equivalent to bFGF signals.
With regard to the role of Akt in SSC self-renewal,
another study suggests that Akt is responsible for SSC
survival because germ cell clumps did not form in cul-
tures maintained with an Akt inhibitor; apoptotic cells
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increased in the Akt-inhibitor cultures, and the number
of colonies was significantly reduced in recipient testes
transplanted with cells from Akt-inhibitor cultures [45].
This study also suggests that Akt signaling plays a role
in the promotion of SSC survival but not in self-renewal.
For instance, while Akt inhibition blocked GDNF-me-
diated upregulation of Bcl6b, Erm, and Lhx1, which are
essential for SSC self-renewal, the expression of Plzf and
Pou5fl was also significantly reduced by Akt inhibition.
As Plzf and Pou5fl are not GDNF-regulated, these re-
sults suggest that Akt signaling likely plays a general role
to promote SSC survival, but not specifically SSC self-
renewal. Nevertheless, it is difficult to exclude the pos-
sibility that Akt is involved in SSC self-renewal because
the expression of GDNF-upregulated Bclob, Erm, and
Lhx1 was blocked by Akt inhibitor. In general, the pre-
cise signaling mechanisms governing SSC self-renewal
remain to be investigated.

Reconstruction of SSC self-renewal in vitro by Ras-
cyclin activation

Since SSC self-renewal depends on several cytokines,
studies of the molecular machinery for SSC self-renewal
have been hampered. Although activated Akt-GS cells
could proliferate in the absence of GDNF, activation of
Akt alone was not sufficient to drive SSC self-renewal;
the cells also required co-stimulation with bFGF because
epidermal growth factor (EGF) could not replace bFGF
[44]. Despite the increasing number of identified genes
involved in SSC self-renewal [40-42, 46], how the ex-
ogenous cytokine signals are converted to drive the SSC
self-renewal machinery remains unclear.

In our recent study, we successfully reconstructed
SSC self-renewal abilities in vitro without exogenous
cytokines and investigated the molecular mechanism of
self-renewal and tumorigenesis in these SSCs [47]. We
analyzed the involvement of the Ras proto-oncogene
[48-50] in SSC self-renewal. Ras was activated through
addition of EGF, bFGF, or GDNF. This activation was
inhibited by an inhibitor (PP2) of Src, which was previ-
ously shown to be involved in SSC and spermatogonia
proliferation [45, 51]. Therefore, it was suggested that
Ras was activated downstream of Src. Based on this
finding, lentivirus expressing the activated form of Ras,
H-RasV12, was introduced into GS cells, and these H-
RasV12-transfected GS (H-RasV12-GS) cells proliferat-
ed in the absence of cytokines (Figure 2A, top right). On
the other hand, when H-RasN17, a dominant-negative
form of Ras, was transfected into GS cells, proliferation
of GS cells was inhibited and these H-RasN17-GS cells
died by culture day 12. These results indicate that Ras is

not only sufficient but also necessary for GS cell prolif-
eration.

To understand how Ras drives GS cell proliferation,
we analyzed the roles of G1 cyclins such as cyclin D and
cyclin E. In particular, cyclin D genes are upregulated in
response to cytokine stimulation, and it is possible that
they are the targets of Ras signaling. Indeed, these genes
are upregulated by cytokine treatment in WT GS cells,
and analysis of the H-RasV12-GS cells also showed
strong expression of cyclin D and E genes without cy-
tokines. Although cyclin E1 or cyclin D alone did not
induce GS cell proliferation, co-transfection of cyclin D
and E1 restored the proliferation of GS cells, indicating
a synergistic effect of cyclin D and E in driving the cell
cycle. The cyclin D2 + E1 double transfectants (cyD2E-
GS) were expanded without cytokines (Figure 2A, bot-
tom right). It was also suggested that cyclins D1 or D3
may partly compensate for GDNF, because cyclin D1 +
El (cyDIE-GS) or cyclin D3 + E1 (cyD3E-GS) double
transfectants grew when they were cultured only with
EGF and bFGF.

Flow-cytometry analysis showed that cyclin-trans-
fected GS cells expressed markers such as EpCAM, a6
integrin, and B1 integrin, all of which are expressed in
SSCs, without significant changes in expression levels.
However, cell-cycle analysis by Hoechst 33342 staining
revealed more cells in the G2/M phase in H-RasV12-GS
and cyD2E-GS cells cultured without cytokines than in
the WT GS cells.

A germ-cell transplantation technique was used to de-
termine whether H-RasV12-GS and cyD2E-GS cells cul-
tured without self-renewal factors have stem cell activity.
After 3 months of transplantation, H-RasV12-GS and
cyD2E-GS cells produced germ cell colonies, indicating
their SSC activity. Moreover, by transplanting the cells
at different time points during culture, we also found that
SSCs in both H-RasV12-GS and cyD2E-GS cell cultures
consistently increased during long-term culture. These
results demonstrated that activation of the Ras-cyclin D2
pathway drives SSC self-renewal in vitro.

Another important observation from this transplanta-
tion experiment was the development of germ cell tu-
mors (GCTs). Both H-RasV12-GS and cyD2E-GS cells
produced GCTs. Although some H-RasV12-GS cells
underwent seemingly normal spermatogenesis, cyD2E-
GS cells could not differentiate after being transplanted
into infertile W mice (Figure 2B, top). The GCTs that
developed from both types of cells expressed placental
alkaline phosphatase (PLAP), a marker of seminomas
[52]. These results strongly suggest that excessive self-
renewing stimulus induces oncogenic transformation.
Moreover, it was also revealed that GCTs derived from
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Figure 2 SSC self-renewal in vitro and tumorigenesis by Ras-cyclin D2 activation. (A) H-RasV12- and cyclin D2/E (cyD2E)-
transfected GS cells can proliferate in the absence of growth factors, while WT GS cells cannot be cultured in the absence
of growth factors. (B) Development of germ cell tumors (GCTs) in recipient testes of H-RasV12- and cyD2E-transfected GS
cells (top). Although abnormal undifferentiated spermatogonia proliferation was detected in both recipients, the observation
of both spermatogenesis (arrow) and interstitial tumor infiltration (arrowhead) was made only in H-RasV12-GS cell recipients.
Secondary GCTs were developed by serial transplantation for both H-RasV12-GS and cyD2E-GS cells and these GCTs
expressed PLAP, the marker of seminomatous tumors (bottom). (C) Schemes of an antitumor strategy in mouse. Based on
our findings, H-RasV12-GS and cyD2E-GS cells may show different epigenetic modifications (DNA methylations or histone
modifications) compared to WT GS cells. Further, it might be possible to detect some differences in testicular cells between
WT GS recipients and H-RasV12-GS and cyD2E-GS recipients containing GCTs and secondary GCTs. Altering epigenetic
marks (states) through the addition of histone deacetylase inhibitor and DNA demethylating agent into H-RasV12-GS and
cyD2E-GS cells might be able to inhibit tumorigenesis. Bars, 100 pm.
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H-RasV12-GS and cyD2E-GS cells contain cancer stem
cells because GCTs could produce secondary tumors by
serial transplantation, and these secondary GCTs were
seminomatous tumors because they expressed PLAP
(Figure 2B, bottom). They also showed increased expres-
sion of CD44, a cancer stem cell antigen [53]. Impor-
tantly, our results in mice were very recently confirmed
in human studies, where activating mutations in H-Ras
were found in human germ cell tumors [54]. In addition,
cyclin D2 is known to be expressed at very early stages
of human GCTs. Therefore, our GCT mouse models will
be useful for understanding how GCTs develop from hu-

man germ cells.

Although the mechanism of GCT development in-
duced by excessive self-renewing signals remains un-
clear, the testicular microenvironment might play an
important role in GCT development because no tumori-
genesis-related abnormalities were found in both types of
transfected GS cells in vitro. Normal spermatogenesis in
H-RasV12-GS cells and the upregulation of CD44 also
suggest that in vivo testicular microenvironment provided
oncogenic signals. Besides the role of microenvironment
in GCT formation, it will also be interesting to know
whether abnormal epigenetic modifications are involved
in excessive self-renewal and GCT development of these
transfected GS cells. Given that many CpG islands (in-
cluding tumor suppressor gene CpG islands) have been
shown to undergo de novo methylation in specific tumor
types, DNA methylation undoubtedly mediates epigenet-
ic silencing of CpG island genes in cancer [55]. Further-
more, it was shown that genes methylated in cancer cells
are specifically pre-marked with H3K27 trimethylation,
a chromatin mark established by the polycomb complex
[56]. The examination of histone modification patterns
in Ras- and cyclin-transfected GS cells and WT GS cells
may help in deciphering the epigenetic modification pat-
terns in early stage of tumorigenesis and cancer stem
cells (Figure 2C). Thus, it might be possible to detect the
early steps of GCT development not only by morphologi-
cal analysis but also by epigenetic state according to tu-
mor developmental stages. Further studies on molecular
mechanisms governing self-renewal and tumorigenesis
of SSCs with combined epigenetic analyses will provide
unique insights that would expand the research on SSCs,
contribute to the treatment of male infertility and im-

prove our understanding of GCT etiology.
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