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Abstract The development of germ cell tumors (GCTs) is a unique pathogenesis occurring at
an early developmental stage during specification, migration or colonization of primordial germ
cells (PGCs) in the genital ridge. Since driver mutations could not be identified so far, the
involvement of the epigenetic machinery during the pathogenesis seems to play a crucial role.
Currently, it is investigated whether epigenetic modifications occurring between the omnipo-
tent two-cell stage and the pluripotent implanting PGCs might result in disturbances eventually
leading to GCTs. Although progress in understanding epigenetic mechanisms during PGC devel-
opment is ongoing, little is known about the complete picture of its involvement during GCT
development and eventual classification into clinical subtypes. This review will shed light into
the current knowledge of the complex epigenetic and molecular contribution during pathogen-
esis of GCTs by emphasizing on early developmental stages until arrival of late PGCs in the go-
nads. We questioned how misguided migrating and/or colonizing PGCs develop to either type I
or type II GCTs. Additionally, we asked how pluripotency can be regulated during PGC develop-
ment and which epigenetic changes contribute to GCT pathogenesis. We propose that SOX2 and
SOX17 determine either embryonic stem cell-like (embryonal carcinoma) or PGC-like cell fate
(seminoma). Finally, we suggest that factors secreted by the microenvironment, i.e. BMPs
and BMP inhibiting molecules, dictate the fate decision of germ cell neoplasia in situ (into semi-
noma and embryonal carcinoma) and seminomas (into embryonal carcinoma or extraembryonic
lineage), indicating an important role of the microenvironment on GCT plasticity.
ª 2021 Editorial Office of Asian Journal of Urology. Production and hosting by Elsevier B.V. This
is an open access article under the CC BY-NC-ND license (http://creativecommons.org/
licenses/by-nc-nd/4.0/).
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1. Classification of germ cell tumors (GCTs)

GCTs can be categorized into five common (IeV) and two
new subtypes (0, IV) [1]. Type I and Type II can occur in both
sexes and gonadal as well as extra-gonadal. Pediatric type I
tumors consist of pure teratoma (TE) or pure yolk sac tu-
mors (YSTs) and share cytogenetically gains on chromo-
somes 1q, 12p13 and 20q, as well as losses on 1p, 4 and 6q
[2,3]. Type II tumors, which develop from primordial germ
cells (PGCs), harbor mostly chromosome 12p aberrations
(12p gain), while chromosome 9p alterations are charac-
teristic in type III tumors (spermatocytic tumors) [4]. In
males, type II GCTs can be divided into seminomas (SEs)
(female: Dysgerminoma) and non-seminomas (NSs) (female:
Non-dysgerminoma) (Fig. 1, lower panel). Embryonal car-
cinomas (ECs), the stem cell population of the NS, present a
pluri- to totipotent character and can further differentiate
into either YST or choriocarcinomas (CC), representing
extraembryonic differentiation, or TE, which are known for
their somatic differentiation into cells of all three germ
layers. These subtypes can either develop as a single tumor
entity or as a mixed tumor [5]. All type II testicular GCTs
(TGCTs) are thought to develop from an arrested PGC,
which acquired genetic and/or epigenetic aberrations
(Fig. 1). This pre-invasive precursor lesion of SE and NS in
postpubertal gonads is termed “germ cell neoplasia in situ”
(GCNIS), formerly also known as “carcinoma in situ” (CIS) or
“intratubular germ cell neoplasia unclassified” (IGCNU) [6].
Type III GCTs are spermatocytic tumors found in older men,
and type IV are dermoid cysts of the ovaries, while type V
comprises complete hydatidiform moles in the uterus [7].
Recently, Oosterhuis and Looijenga [1] proposed the clas-
sification of two additional as well as intermediate types:
Type 0 (GCTs arising at the attachment site of conjoined
twins) and type VI (GCTs derived from somatic cells).

2. The origin of GCTsdthe PGC

It is generally believed that the precursor of GCTs arises
during (early) germ cell (GC) development in the fetus
(Fig. 1, upper panel). The murine development of GCs
starts after a few divisions of the totipotent zygote, when
cells can be divided into the pluripotent primitive ecto-
derm (inner cell mass [ICM]) as well as trophectoderm
cells of blastocysts. After blastocyst implantation (E3.5 in
mice), a part of the ICM starts differentiation towards
somatic cell fates (epiblasts). PGC specification starts at
E6.25eE7.25 in mice (human Week 4 post fertilization)
from a few epiblasts located in the posterior proximal
region of the embryo [1,8e10]. This induction of PGC
specification occurs through signaling pathways from
extraembryonic tissue, such as BMP2, BMP4, BMP8b and
SMAD1 [11]. SMAD1 activity is dependent on SETDB1, which
catalyzes H3K9 trimethylation leading to repression of
negative SMAD1 regulators DPPA2, OTX2, and UTF1 [12].
Subsequently, expression of BLIMP1/PRDM1, the key factor
of PGC specification, is triggered, causing the PGC pre-
cursors to escape the somatic differentiation program
[1,8,10]. Similar to stem cells of the ICM, PGCs express
multiple markers of pluripotency. However, they also act
as precursors of the unipotent GC lineage, since their only
fate is the production of gametogenic stem cells. There-
fore, expression of somatic genes is considered pathologic
[13]. Based on expression of chemokine receptors cKIT and
CXCR4, PGCs migrate at E8 (human Week 4e5) along the
developing hindgut towards the genital ridge [1,14]. The
reset of genomic DNA methylation during migration of the
PGCs to the gonadal ridge results in an open chromatin
structure, alongside the re-expression of pluripotency
genes Stella, Sox2, Oct4, and Nanog, as well as PRDM1-
dependent expression of Dnd1, Nanos3, and Prdm14 [11].
Around E8.5, PRDM1 maintains the repression of the so-
matic program through complex formation with diverse
histone modifiers, such as histone deacetylases (HDACs),
as well as maintaining the unipotent cell lineage in a
complex with PRMT5, a methyltransferase causing specific
symmetrical demethylation of H2AR3 and H4R3 [15].
Lately, Mochizuki et al. [12] revealed a Prdm1-dependent
enrichment of Hdac3 and deacetylation of H3 and H4 his-
tones in murine epiblast-like cells, which is crucial for
repression of somatic gene expression of Hoxa1, Dnmt3b,
Crabp2, and Meis2. Upon E10.5e11.5, PGCs arrive at the
genital ridge. These late PGCs undergo rapid demethyla-
tion of imprinted genes (E11.5e12.5) by active demethy-
lation [16]. Subsequently, after embryonic sex
determination, male PGCs go into a G1-phase mitotic ar-
rest and are termed prospermatogonia or gonocytes, giv-
ing later rise to sperm cells. Gonocytes transact complete
epigenetic reprogramming by re-establishing DNA
methylation and histone marks, as well as sex-specific
imprints [17]. The “licensing” process occurs until birth,
which prepares the gonocytes for meiosis and further
development into gametes [10,14,18].

3. Comparability of murine and human PGC
development

The first major difference between rodent and human GC
development is the formation of an egg cylinder (E5) or a
bilaminar disc (Week 3e4), respectively [4,19]. Both
structures consist of an epithelial monolayer, known as the
epiblast, next to a layer of yolk-sac epithelium, called the
hypoblast (Fig. 1) [4]. In humans, migration of PGCs occurs
in Week 4e6 and arrives at the gonadal region at Week 6,
while immature Sertoli cells encircle them [9]. Human and
murine GCs display a highly similar expression profile of GC
specifiers PRDM1/Prdm1 and TFAP2C/Tfap2c, GC factors
NANOS3/Nanos3, DND1/Dnd1, DDX4/Ddx4, DAZL/Dazl and
pluripotency factors OCT4/Oct4 and NANOG/Nanog [19]. In
contrast, SOX17, which is involved in endodermal differ-
entiation in early embryogenesis [20], is a key player in
human PGCs, which lack SOX2 expression [21]. Factors as
SOX17, PRDM1 and TFAP2C specify human PGC cell fate
and, thereby, mediate establishment and maintenance of
pluripotency [21] (Table 1).

Another differentially expressed gene is PR-domain
containing protein 14 (Prdm14), which mediates murine
PGC maintenance. By immunohistochemical staining, only
minor expression levels of PRDM14 were found in human
PGC-like cells [21,22]. Nevertheless, a significantly reduced
efficacy of PGC-like cell derivation from PRDM14-deficient
hESC (human embryonic stem cells) argues for a role of



Figure 1 Development of GCs and pathogenesis of TGCTs. Upper panel: Development of the human embryo from the zygote (0
day post fertilization [dpf]) until Week 6 post fertilization when the PGC reach the gonads. Lower panel: DNA methylation events
during PGC migration and arrival at the genital ridge and where different types pf TGCTs are thought to originate from. The table
summarizes molecular and epigenetic findings from this review. Data from Refs. [1,48,49,52,58,74]. PGC, primordial germ cell;
ICM, inner cell mass; SE, seminoma; EC, embryonal carcinoma; CC, choriocarcinoma; TE, teratoma; YST, yolk sac tumor; NS, non-
seminoma; GCNIS, germ cell neoplasia in situ; GC, germ cell; TGCTs, testicular germ cell tumors.
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PRDM14 in human PGC development [23]. Interestingly, in
human primordial germ cell-like cells (hPGCLC), the
inducible depletion of SOX15, another member of the SOX
family, resulted in increased mRNA expression of pluripo-
tency factors PRDM14, VETNX, and NANOG [24]. This
upregulation suggests for compensating pathways resulting
in maintenance of a PGC-like state. Nevertheless, even
though SOX15 seems replaceable, its inducible depletion in
hPGCLCs also resulted in elevated SOX15 mRNA, indicating
a negative feedback loop and a prominent role during PGC
perpetuation [24].

4. Development of type I GCTs

Pediatric type I GCTs occur in children below the age of five
years and often arise in extragonadal locations in midline
structures, such as the sacrococcygeal, retroperitoneal,
mediastinal, cervical, and intracranial region [1,25].
Although type I GCTs are most frequent in infants and
children, a variant of immature TE is presenting in adults
and highly malignant [7]. Epigenetically, type I GCTs may
have either normal biparental genomic imprints or partially
erased imprints, implicating an immature PGC origin [26].

In type I TE cell-intrinsic as well as niche-related factors
have been recently suggested to be involved during the
maintenance of the PGC phenotype. These factors are
involved in the regulation of survival (DND1, KIT, KITLG,
BAK1, and AKT1) or control of pluripotency and develop-
mental programs (SOX17, BLIMP1, OCT4, SOX2, and NANOG)
[1]. PGC specification depends on BMP and WNT signaling,
which is active around E7.25. Hackett et al. [27] described
a PRDM1-dependent upregulation of NR5A2 and ZFP296 in
early human PGCs. Here, an activation (Brachyury [T] and
Wnt3) or inhibition (T, Cdx2, Notum, and Dkk1) of the WNT
signaling was observed in Nr5a2-deficient and Zfp296-defi-
cient PGC-like cells (PGCLC), respectively. These data sets
identified NR5A2 and ZFP296 as key players of WNT-
modulated GC specification [27]. Regarding the BMP
pathway, specifically in type I YSTs (compared to germi-
nomas), SMAD6 and SMAD7 protein expression was highly
elevated, as were several TGF-b-related genes, such as
GSC, TGFB1/1, COL31A1, IGFBP3, TSC22D1, and JUNB [28].
This suggested that the surrounding tissue or the extracel-
lular matrix (ECM) might have an influence on signaling
pathways, like BMP or WNT, being crucial for PGC devel-
opment processes. Hence, perturbations in these pathways
might lead to formation of type I GCTs (Table 1).

Migrating PGCs are in a close cross-talk with their sur-
rounding environment. To avoid anomalies occurring
through misguided PGCs, apoptosis is induced as a result of
KITLG (stem cell factor)-reduction and BAK1 (Bcl-2 homol-
ogous antagonist killer) increase [1,29]. If these apoptosis
inducing factors are genetically or epigenetically altered,
misrouted cells could survive and maintain their PGC
phenotype. Microenvironmental factors possibly induce
reprogramming in these mismigrated cells, resulting in un-
controlled proliferation, thereby giving rise to type I GCT
[7]. Thus, misrouting and/or failures in shutting down the
pluripotency program in PGCs might lead to development of
type I GCTs.
5. The testicular dysgenesis syndrome and
formation of GCNIS

TGCTs often coincide with other male reproductive dis-
orders including impaired spermatogenesis, hypospadias
and cryptorchidism. Skakkebeak et al. [30] suggested
that all these clinical conditions could be symptoms of
one main disorder, the so-called testicular dysgenesis
syndrome (TDS). TDS is thought to be the result of a
disturbed hormonal milieu during early fetal develop-
ment, due to genetic effects and/or environmental fac-
tors during pregnancy, such as anti-androgens [31,32].
The micromilieu in the developing testis is needed for
correct GC development and mainly established and
maintained by Sertoli and Leydig cells [9]. It is, there-
fore, not surprising that histologic alterations in these
cell types are often found in patients with TGCTs [33].
The TDS theory proposes genetic and environmental
factors, like estrogen, estrogen-mimics, anti-androgens
and other factors yet to be determined, to disturb Sertoli
and Leydig cell function, avert proper GC differentia-
tion, thereby leading to GCNIS and TGCTs [31]. Normally,
the micromilieu harbors chemokines, which mediate
migration direction and growth, but the micromilieu
produced by aberrant somatic cells could create an
environment favoring tumor growth. The exact mecha-
nisms behind the signaling leading to secretion of these
somatic chemokines are to date not completely under-
stood. Sertoli cells express cytokine stromal-derived
factor 1 (SDF-1/CXCL12) which is thought to contribute
to testis development in guiding migration through its G-
protein-coupled receptor CXCR4 on PGCs and is respon-
sible for the maintenance of adult stem cell niches
[34,35]. It was proposed that Sertoli and immune cells
synthesizing SDF-1/CXCL12 in neoplastic testis could
create a somatic niche allowing for cancer cell mainte-
nance [35], especially as its receptor CXCR4 has been
implicated in the metastatic progression of a range of
tumor types [36]. Further, Szarek et al. [35] also found
CCL17 in Sertoli cell cytoplasm only when GCNIS cells
were present. CCL17 is a cytokine mainly expressed in
the thymus and functions as a chemotactic factor for T-
cells. It is regulated by the TNF-b superfamily, which has
been linked to GCNIS formation [37]. Nevertheless, his-
tologic alterations of Sertoli and Leydig cells were only
found in about 25% of patients with TGCT in a study
looking for histologic dysgenetic features [33] (Table 1).

In theory, SEs are the default pathway of GCNIS [38].
GCNIS that later develop into SEs are thought to arise from
migratory PGCs during the global DNA demethylation phase,
so shortly before arriving at the genital ridge and before
coming into contact with Sertoli and Leydig cells. There-
fore, TDS can strongly contribute to TGCT development,
but other triggers besides impaired Sertoli and Leydig cell
functions are possible. This is in accordance with the hy-
pothesis by Skakkebaek et al. [31] and Sonne et al. [32] that
these altered somatic cells from TDS are less responsible
for aberrant GC differentiation, but rather display
disturbed signaling, which fails to induce apoptosis in
already existing GCNIS of prepubertal and adult testes.



Table 1 Main findings of this review.

Chapter References

Comparability of murine and human (primordial) GC development
The Phenotype differs: Egg cylinder in mice and bilaminar disc in human [4,19]
Commonly expressed genes between the species: PRDM1/Prdm1, TFAP2C/Tfap2c, NANOS3/Nanos3,
DND1/Dnd1, DDX4/Ddx4, DAZL/Dazl, OCT4/Oct4, NANOG/Nanog

[19]

Mouse specific genes: Prdm14, Sox2 [21,22]
Human specific genes: SOX17, SOX15 [21,24]

Development of type I GCTs
PGC specification depends on WNT and BMP pathways [27,28]

The surrounding tissue and extracellular matrix might influence BMP and WNT signaling pathways this review
Misrouting of PGCs and failures in downregulating the pluripotency program could lead to type I GCTs [7]
Development of type I GCT from PGCs in a short time-frame [7]

The testicular dysgenesis syndrome and formation of GCNIS
TDS results from disturbed hormonal microenvironmental factors during fetal development [31,32]
TDS is related to TGCT development [33]
Impaired Sertoli and Leydig cell function are not the only triggers leading to GCNIS formation [33]

The PGC gene expression program in type II GCTs
TFAP2C expression is associated with a PGC-like cell fate [39]
TFAP2C in GCTs allows maintenance of a latent pluripotent state this review
DAZL, DDX4, MAEL and TDRD12 are gonad-specifically activated in PGCs upon arrival at the genital ridge [40]
DAZL deficiency leads to an increase in TE formation [40]

SOX2 and SOX17 regulating GCT fate
SOX2 and SOX17 share a common set of overlapping target genes, such as NANOG, OTX2, PIM1/2,
PRDM14, DPP4, TDGF1, LIN28A, and TRIM71

[45]

Epigenetic re-arrangements might contribute to SOX17 target gene accessibility including GC-fate and
pluripotency genes in PGCs

this review

DNA-Methylation in GCTs
Compared to SE and GCNIS, NS shows high de novo DNA methylation levels (high expression of DNMT3A
and DNMT3L)

[47e49]

Active 5mC demethylation in TGCTs [49]
The influence of microenvironment on TGCT pathogenesis
Important interactions between SDF1/CXCL12 and CXCR4 as well as functioning Msx genes are involved in
a correct migration during PGC development

[62e65,67,69]

A pro-inflammatory micromilieu (IL-1b, IL-6, TNF-a, CCL5, SDF-1/CXCL12, CXCL-13) might favor TGCT
development

[68]

FOXA2 is identified as a key factor of differentiation of SE to NS (not EC) [44,73]
Microenvironmental components and BMP-inhibiting factors could directly differentiate SE into EC [22,44]
Colonization of the genital ridge is influenced by factors secreted by surrounding Sertoli-, Leydig-, and
immune cells, such as chemokines and cytokines

this review

EC, embryonal carcinoma; GC, germ cells; GCNIS, germ cell neoplasia in situ; GCTs, germ cell tumors; NS, non-seminoma; TDS, testicular
dysgenesis syndrome; TE,teratoma; TGCT, testicular germ cell tumor; PGC, primordial germ cell; SE, seminoma.
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6. The PGC gene expression program in type II
GCTs

TFAP2C/AP-2g was identified as a critical factor maintain-
ing PGC cell fate in the PRDM1 signaling pathway. Knock-out
of Tfap2c in mice led to a sterile phenotype, with PGC
specification still intact up to E8.0 when the PGC signal
(monitored by alkaline phosphatase staining) was lost
before the start of migration [39]. Further, murine PGC-like
cells lacking TFAP2C lost expression of Nanos3 and Dazl, but
presented upregulation of Hoxa1, Hoxb1, and Brachyury/T
indicating somatic differentiation. This was further cross-
validated using TCam-2 cells as an in vitro model for
PGCs. TFAP2C knock-down in TCam-2 cells showed upre-
gulation of genes indicative of mesoderm differentiation
(MYOD1, HAND1 and GATA2), while makers for ectoderm
and endoderm remained unchanged, concluding TFAP2C
involvement in the repression of a gene set inducing
mesodermal differentiation [39]. TFAP2C is highly
expressed in GCNIS and SE reflecting their PGC origin and
indicating that TFAP2C is necessary to keep up PGC-like
expression programs in these cell types, allowing mainte-
nance of a latent pluripotent state.

Recently, Nicholls et al. [40] questioned whether a
conserved transcriptional program would be initiated upon
arrival in the genital ridge to differentiate GCs from their
germ line precursors and somatic lineages. Specifically,
based on transcriptome data, they identified the RNA-
binding protein DAZL, DDX4, MAEL, and TDRD12 as being
gonad-specifically activated after colonization. Further,
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the activation of DAZL-dependent GC developmental pro-
grams by diminution of pluripotency factors was eluci-
dated. Here, Dazl-deficient mice continued to express the
pluripotency factor Nanog to maintain a PGC-like state
[40]. Interestingly, these mice spontaneously developed TE,
which could arise from uncommitted gonadal PGCs. More-
over, upon reversion of gonadal sex of both XX and XY an-
imals, the authors observed TE development in both sexes,
though with a higher incidence in Dazl-deficient XY male
mice. Therefore, not only was Dazl necessary for further
development of the germ line, but, compared to ovaries,
the testis served as a better TE-promoting microenviron-
ment raising the importance of the tumor micromilieu [40].
In summary, the study by Nicholls et al. [40] provides a
model for a DAZL-dependent germ line development. They
proposed an additional developmental step after coloni-
zation, eventually determining the PGC fate. Thus, type II
GCTs might also arise at a later PGC stage (Table 1).
7. SOX2 and SOX17 regulating TGCT fate

Human GC development relies on SOX17, while in mice SOX2
is crucial during GC formation. Both SOX17 and SOX2 are
able to bind OCT4 and represent transcription factors of the
SOX family. They can regulate transcription either in com-
plex with OCT4 or alone. The SOX2/OCT4 complex binds to
the canonical DNA motif (CTTTGTCATGCAAAT ) combining
the SOX2 and OCT4 binding motifs, whereas the SOX17/
OCT4 complex prefers the compressed motif
(CTTTGTATGCAAAT ) lacking a central cytosine [20]. While
the canonical motif is located in enhancers of pluripotency
genes, the compressed motif is found in regulatory regions
of genes involved in endodermal differentiation. When
comparing the DNA binding sites of SOX2 and SOX17 com-
plexes with their respective binding motives, 50% of SOX2
sites contained the canonical motif (7.5% compressed
motif). Interestingly, more than 40% of SOX17 sites con-
tained the compressed-motif and 21.1% the canonical-motif
[20]. This concludes that the SOX17/OCT4 complex is often
bound to the canonical motif. The SOX2/OCT4 complex in-
duces pluripotency in iPSCs and embryonic stem cells [41].
Even though PGCs lack SOX2, they present latent pluripo-
tency while being unable to spontaneously differentiate
[21,42]. Latent pluripotency is defined as a dormant or
poised form of pluripotency that is thought to exist in PGCs.
Cells are latent pluripotent if they express pluripotency
transcription factors (OCT4, NANOG, and LIN28), but do not
have the ability to differentiate like naı̈ve pluripotent cells
into all three germ layers [43]. Further SEs, highly similar to
PGCs, express SOX17, whereas ECs, highly resembling ESCs,
express SOX2 (Fig. 1, lower panel) [38]. The importance of
SOX17 for SE phenotype was demonstrated by knock-down
of SOX17 in SE cells (TCam-2), which resulted in down-
regulation of GC and pluripotency markers [21]. Further,
SOX2 was not necessary in SE, but during reprogramming
into EC. Upon xenotransplantation into the microenviron-
ment of a murine flank, seminoma-like TCam-2 cells
reprogrammed into an EC-like state, which was initiated
upon inhibition of BMP signaling. Subsequently, SOX2 was
upregulated (SOX17 downregulated) and NODAL signaling
was induced (Fig. 2) [22]. Xenotransplanted SOX2 knock-out
TCam-2 cells did not undergo this transition into an EC-like
state but remained in an SE-like state, where gene expres-
sion closely resembled in vitro cultivated TCam-2 cells [44].
Jostes et al. [45] finally illuminated the different roles of
SOX2 and SOX17 in TGCT fate. ChIP-seq data revealed that
in TCam-2 cells, SOX17 also bound to both motifs (canonical
and compressed), resulting in an overlap of SOX2 and SOX17
target genes. These target genes included factors involved
in regulation of pluripotency and GC development like
NANOG, OTX2, PIM1/2, PRDM14, DPPA4, TDGF1, LIN28A, and
TRIM71. Therefore, pluripotency factors can be regulated
by SOX17 as well as SOX2, indicating an overlap in their
function as transcriptional regulators (Table 1). However,
SOX2 also binds to genes upregulated in embryonic stem
cells like GDF3, LEFTY2, SALL4, TP53, as well as SOX2 and
OCT4 itself, creating a regulating loop, which was not found
for SOX17 binding sites [45]. Further, comparing SOX17
binding sites in TCam-2 and differentiated ESC, only showed
an overlap of 10%, where, out of all genes bound by SOX17 in
TCam-2, 66% were only in TCam-2, but not found in the
somatic lineages. PRDM1 and TFAP2C were found within
these specific genes for TCam-2 [45], which are known to be
transactivated by SOX17 during PGC specification [21,46],
further demonstrating high similarity between SE and PGCs.
The canonical motif was not found in hits of differentiated
lineages, suggesting the canonical motif being specific for SE
and possibly PGC. This concludes that DNA accessibility
plays an important role in availability of target genes to
SOX17 [45]. Considering the dramatic epigenetic changes,
like DNA demethylation and histone modification during GC
development, the accessibility of SOX17 to its target genes
might be much easier in PGCs compared to somatic cells,
making it possible for SOX17 to regulate factors of GC fate
and pluripotency.

In summary, SOX2 and SOX17 share a common set of
target genes, which are regulators of pluripotency (Fig. 1,
lower panel). Additionally, SOX2 and SOX17 specifically
regulate gene sets leading to either ESC-like cell fate (ECs)
or PGC cell fate (SE). In addition, Jostes et al. [45] could
identify genes bound by SOX2 in EC cell line 2102EP, but not
in ESC, concluding that MLEC, PIM2, CD99L2, and APOBEC3F
are genes which might be involved in GC tumorigenesis. The
same applies to cancer related MYC and IGF1, which are
bound by SOX17 only in TCam-2 cells.

8. DNA methylation in TGCTs

8.1. De novo 5-methylcytosine (5mC) DNA
methylation in TGCTs

Considering the higher DNA methylation content in NS
compared to SE and GCNIS, it is rather likely that reprog-
ramming from latent into stem cell like pluripotency is
coincident with epigenetic reprogramming. The establish-
ment of de novo methylation is carried out by DNA meth-
yltransferases DNMT3A and DNMT3B. The establishment of
parental methylation imprints requires further DNMT3L,
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which has no methyltransferase activity itself but stimu-
lates the activity of DNMT3A and DNMT3B through complex
formation [47]. Expression of DNMT3B was highly elevated
in ECs compared to SE [47] (Table 1).

Immunohistochemical analysis revealed lower 5mC
content in GCNIS and SE compared to NS (Fig. 1, lower
panel), whereas no significant difference in DNMT1
expression was reported [48]. During the transition from
SE to EC, shown in xenotransplants of TCam-2 cells into
mice, DNMT3 and DNMT3L were strongly upregulated
Figure 2 Plasticity of SE cellsdTransformation into EC and
CC/YST. Depending on BMP activity GCNIS either develop into
SE (BMP active) or EC (BMP inhibited) which further differen-
tiates into TE, CC and YST. Additionally, to the commonly
accepted TGCT developmental theory (Fig. 1), in vitro exper-
iments indicated reprogramming of SE to EC [22] as well as
directly into extraembryonal tumors without EC intermediate
(SOX2) [44,75]. SE to EC transformation is initiated in vitro by
BMP inhibition through the microenvironment. SOX2 upregula-
tion and establishment of NODAL signaling give rise to mixed
SE/EC. These can further differentiate into mixed SE/NS,
eventually leading to mixed tumors with SE components while
also containing extraembryonal proportions. Direct SE differ-
entiation into extraembryonal-like tissue has been demon-
strated in vitro and in vivo although the factors involved in the
latter still remain unknown and have yet to be determined.
GCNIS, germ cell neoplasia in situ; EC, embryonal carcinoma;
SE, seminoma; NS, non-seminoma; CC, choriocarcinoma; TE,
teratoma; YST, yolk sac tumor; NS, non-seminoma; GC, germ
cell; TGCT, testicular germ cell tumor.
resulting in higher 5mC content suggesting de novo
methylation. Moreover, 5-hydroxymethylcytosine (5hmC)
levels were also increased, indicating active DNA
demethylation processes [49]. Netto et al. [48] proposed
a model where the higher methylation content of NS
compared to GCNIS and SE is attributed to de novo
methylation of GCNIS mediated by DNMT3A and DNMT3L
rather than developmentally acquired CpG island
methylation from PGCs. This model supports the linear
development from GCNIS to SE and further to NS as well
as the direct transition from GCNIS to NS but does not
support GCNIS deriving from late PGCs (after Week 8/
E13.5) which underwent epigenetic re-programming.

The difference in methylation status has also been
promising for the classification of different TGCT subtypes
as they show distinct methylation patterns independent
from location, gender, or genetic changes [50e52] (Fig. 1).
A recent study identified five gene promoters (CRIPTO,
HOXA9, MGMT, RASSF1A and SCGB3A1) by which it was
possible to distinguish between SE and NS as well as the NS
subtypes or even between pure and mixed types [52].
Further, methylation at tumor suppressor genes is associ-
ated with the development of malignancies from GCNIS,
which is also true for EC as well as SE, which are mainly
hypomethylated, but show some DNA-methylation at these
genes [53].

8.2. N6-adenosine methylation (6mA) DNA
methylation in TGCTs

In addition to the well-known cysteine methylation, 6mA
might play a role during epigenetic reprogramming of GCs.
In general, RNA and DNA adenosine methylation is mediated
by epigenetic writers (e.g. METTL3, METTL14), erasers (e.g.
ALKBH5, FTO), and readers (YTHDC1-2, YTHDF1-3) [54].

Recently, in several TGCT cell lines, METTL3, ALKBH5,
YTHDC1, YTHDF1/2, and HNRNPC have been identified as
fundamental factors from the epigenetic machinery
mediating 6mA modifications [55]. 6mA modifications
were mostly found in the cytoplasm of TGCT tissue and
cell lines (SE and NS) suggesting 6mA presence on RNA
but not DNA level, which was verified by mass spec-
trometry analysis of DNA from TGCT cell lines. As 6mA
was not found on DNA in TGCT (except for potential
6mA methylation on GCNIS DNA), the authors concluded
that TGCTs do not use 6mA DNA modifications to regu-
late transcription. They further found differentiation
associated with changes in RNA 6mA levels [55]. In vitro
differentiation of TCam-2 cells (using murine fibroblast
conditioned medium) to mixed NS led to a strong in-
crease of RNA 6mA levels, while differentiation of EC
cell lines NCCIT and NT2/D1 induced by retinoic acid
only led to a mild increase. This is in compliance with
results from Batista et al. [56] using Mettl3 knock-out
murine ESCs. These knock-out cells presented
increased self-renewal ability and were unable to
differentiate upon directed in vitro differentiation pro-
tocols. Therefore, increased 6mA RNA levels were asso-
ciated with differentiation.

Subtypes of GCNIS vary in expression of 6mA writer
VIRMA which is part of the methylation complex
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consisting of METTL3, METTL14, VIRMA and WTAP [57],
and the reader YTHDF3. An in silico analysis of TCGA-
data revealed VIRMA and YTHDF3 as the most
commonly altered modifiers/readers of 6mA (mostly
transcript upregulations) in nearly half of the available
TGCT samples [58]. Interestingly, the data showed a
strong correlation in the upregulation of both enzymes.
In a patient tissue study performed by Lobo et al. [58],
SE indicated higher VIRMA and YTHDF3 mRNA levels and
higher VIRMA protein expression (as well as 6mA levels)
compared to NS (Fig. 1, lower panel). In this study 6mA
was found predominantly nuclear and only in 29.1% of the
tumor samples in the cytoplasm [58], which stands in
contrast to the observations made by Nettersheim et al.
[55]. Lobo et al. [58] further found nuclear VIRMA and
cytoplasmic YTHDF3 immunostaining in tissue samples.
There was no significant association found between
VIRMA and YTHDF3, indicating no correlation between
the coincident alteration rate from the in silico analysis.
From a developmental point of view, SEs are considered
the default pathway for GCNIS [38] and reprogramming of
GCNIS results in NS. As SEs show high levels of 6mA, Lobo
et al. [58] proposed, based on the experiments by Wang
et al. [59] showing reduced stemness upon Mettl3 and
Mettl14 knock-down (i.e. decrease in 6mA), that 6mA
might contribute to the maintenance of the SE pheno-
type, which was surprising regarding the high 6mA levels,
which were associated with differentiation as stated by
Nettersheim et al. [55], and Batista et al. [56].

Future studies on deciphering the RNA and DNA 6mA
methylation landscape and functional experiments
including knock-outs of different complex components
might give insight in the complex regulation of 6mA modi-
fiers and further regulatory capacity of 6mA itself.

9. The influence of microenvironment on
TGCT pathogenesis

When removed from their microenvironment, PGCs undergo
reversion to pluripotent embryonic GCs in vitro, which
differ from embryonic stem cells in their variable methyl-
ation at imprinting control centers [60]. However PGC-like
cells, derived from embryonic stem cells in vitro can
differentiate into gametes if placed in the microenviron-
ment at the gonadal niche [61]. This concludes that the
microenvironment might play a crucial role in the trans-
formation of PGCs to GCNIS.

It has been proven that SDF-1/CXCL12 and its receptor
CXCR4 are crucial during colonization of PGCs [62]. By
following PGC development in SDF-1-deficient mice, the
authors reported not only a delayed migration, but also a
decreased number of PGCs in the gonads [62]. Murine em-
bryos injected with morpholino antisense for either SDF-1/
CXCL12 or CXCR4 also represented a disrupted and scat-
tered migratory phenotype [63]. Later, the crucial inter-
action between SDF-1 and CXCR4 was validated in CXCR4-
deficient mice having misrouted PGCs along the mesentery
and the hindgut around E10.5 instead of the genital ridge
[64]. Additionally, in transgenic zebrafish, reticulons (RTNs)
have been described to directly interact with CXCR4,
thereby also regulating migration of PGCs [65]. Clinically,
positive CXCR4 expression was documented in TGCTs. In
detail, not only was CXCR4 expressed in SE and EC, but also
in extragonadal primary GCTs [66], again indicating the
influence of SDF-1/CXCR4 interaction during colonization.
Interestingly, based on expression pattern of murine sdf-1b,
Stebler et al. [67] inferred that migration was not solely
dependent on SDF-1/CXCL12, but rather by other chemo-
kines and cytokines. In a model of rat experimental auto-
immune orchitis (EAO), the later pathway was recently
acknowledged to activate Galectin-1 (Gal-1) and TNF-a
secretion by Sertoli cells. This inflammatory response
eventually leads to onset of further cytokines, such as IL-1b
and IL-6 [68]. This pro-inflammatory environment consisting
of cytokines, such as IL-1b, IL-6, TNF-a, and chemokines,
such as CCL5, SDF-1/CXCL12, and CXCL-13, has been re-
ported in GCNIS and SE [69], rising the thought of a pro-
inflammatory micromilieu being favorable during the
development of TGCTs (Table 1).

Further, also the ECM is a crucial surrounding environ-
ment during migration of PGCs. Besides integrins and gly-
coproteins (e.g. Fibronectin, Laminin, and Type IV
Collagen) [70], Msx genes have been recently correlated to
PGC cell migration [71]. Similar to the observations found in
SDF-1/CXCL12 or CXCR4 mutants, Sun et al. [71] demon-
strated a delayed PGC migration with subsequent coloni-
zation in the mesentery in Msx1/2-deficient mice.
Moreover, since Msx1/2 is initially expressed in the distal
end of the primitive streak, the authors questioned,
whether a conditional knock-out of mesoderm-specific
Msx1,2 would lead to similar observations. Indeed, these
knock-out mutants (Mesp1-Cre;Msx1,2) displayed a similar
phenotype compared to Msx1/2-deficient mice, concluding
a non-autonomous cascade being involved upon loss of
Msx1,2 [71].

Another major role of the microenvironment is its ca-
pacity of cellular reprogramming leading to phenotypic
plasticity during the development of GCTs. Xeno-
transplantation of TCam-2 cells (SE) into the murine flank
led to reprogramming into ECs (Fig. 2) [22]. Molecularly,
the somatic microenvironment caused inhibition of BMP
signaling, thereby, inducing NODAL. Upregulation of SOX2
induced expression of NODAL co-factors CRIPTO and
LEFTY1/2, thereby establishing NODAL-signaling, which is
thought to mediate EC reprogramming [72]. Xeno-
transplantation of SOX2-deficient cells mainly retained the
SE phenotype, but a proportion of cells differentiated into
CC- or YST-like cells [44]. Similarly, in vitro differentiation
of TCam-2 cells using TGF-b1, EGF and FGF4 supplemented
medium, resulted in mixed NS lineages without EC inter-
mediate (no SOX2 upregulation) (Fig. 2) [70]. These
differentiated TCam-2 cells presented a roundish giant
multinucleated phenotype, indicating differentiation into
extraembryonic lineage. Members of the Hippo pathway
YAP1 and TEAD4, triggers of extraembryonic cell fate
found in TCam-2, were thought to drive the extraembry-
onic differentiation [70]. Even though SOX2-deficient
TCam-2 xenografts represented an SE phenotype, the au-
thors observed demarcated regions in the tumor, which
clearly induced differentiation [73]. In this cluster, FOXA2
pathway was the crucial network inducing differentiation.
Indeed, while the previously stated murine xeno-
transplanted SOX2-deficient TCam-2 cells were positive
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for differentiation markers FOXA2, AFP, and EOMES, the
SOX2/FOXA2 double knock-out TCam-2 cells were negative
for these differentiation markers and remained positive
for SE and pluripotency markers, such as OCT4, SOX17,
TFAP2C, and BLIMP1 [73]. Since FOXA2 is absent in most of
TGCT cell lines and tissues, the authors concluded FOXA2
being induced only during the late differentiation of SOX2-
deficient TCam-2 into NS lineage. Since reprogramming
could start as soon as GCTs get into contact with the
microenvironment outside of the seminiferous tubules, we
hypothesize that BMP-inhibitory factors, as well as factors
yet to be determined (chemokines, environmental toxins,
hormone mimics, etc.) might lead to direct
differentiation/re-programming of SE to extra-embryonal
tumors CC or YST (Fig. 2).

Summarizing, so far not enough is known about the
interaction between the microenvironment and PGCs and
how disturbances could result in misguided or miscolonized
PGCs eventually leading to TGCTs. Nevertheless, it seems
that it is rather colonization than migration being influ-
enced by factors, such as chemokines and cytokines, which
are secreted by surrounding Sertoli, Leydig, and immune
cells or the ECM.
10. Conclusion

Latest research determining the specific and redundant
roles of SOX2 and SOX17 gave insight in the SOX17 and SOX2
driven regulation of pluripotency in SE/PGCs and ECs,
respectively [45] (Fig. 1). Further analyses of the genes
found to be regulated by either SOX17 or SOX2, such as MYC
and IGF1 in SE and MLEC, PIM2, CD99L2 and APOBEC3F
might give new insights into tumor pathogenesis.

Based on our literature revision, we conclude that in
TGCTs a higher cytosine methylation status is correlated
with a more differentiated TGCT subtype (Fig. 1). This
makes it possible to distinguish between SE and NS as
well as the NS subtypes or even between pure and
mixed types [52].

Adenosine methylation was only recently identified in
GCTs. Further research is needed to fully understand the
function of 6mA, which might differ if mediated by various
modifiers. In general, it could be shown that 6mA is asso-
ciated with pluripotency as well as differentiation, and
therefore surely plays a role in GCT tumorigenesis.

It is generally accepted that the microenvironment is
an important factor during TGCT formation. TDS certainly
has an effect on the prevalence of TGCT but is most likely
not the first step in line to tumor development. The TGCT
microenvironment consists mostly of Sertoli, Leydig, and
immune cells and the ECM, which can secrete pro-
inflammatory chemokines, cytokines and interleukins,
leading to the activation of signaling pathways, such as
BMP, and eventually maintenance of pluripotency and/or
reprogramming of TGCTs. Vice versa, inhibition of BMP
signaling pathway can reprogram SEs to ECs via SOX2-
dependent maintenance of pluripotency. Specifically,
the interaction between SDF-1/CXCL12 and CXCR4 seems
crucial during the migration, as well as colonization of
PGCs giving rise to the development of TGCTs due to
misguided and altered PGCs. In addition, we propose a
mechanism for the development of mixed SE/NS GCTs
(Fig. 2).

In conclusion, the switch of regular PGC development to
different types of TGCTs is a process occurring in the short
time-frame between murine E6.25-E13.5 and human Week
4e8. Nevertheless, many questions on the pathogenesis of
GCTs remain and further research should be performed on
the epigenetic and microenvironmental causes to GCT
formation.
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Dörries J, Meyer D, et al. Guidance of primordial germ cell
migration by the chemokine SDF-1. Cell 2002;111:647e59.

[64] Molyneaux KA, Zinszner H, Kunwar PS, Schaible K, Stebler J,
Sunshine MJ, et al. The chemokine SDF1/CXCL12 and its re-
ceptor CXCR4 regulate mouse germ cell migration and sur-
vival. Development 2003;130:4279e86.

[65] Li H, Liang R, Lu Y, Wang M, Li Z. RTN3 regulates the
expression level of chemokine receptor CXCR4 and is required
for migration of primordial germ cells. Int J Mol Sci 2016;17:
382. https://doi.org/10.3390/ijms17040382.

[66] Gilbert DC, Chandler I, McIntyre A, Goddard NC, Gabe R,
Huddart RA, et al. Clinical and biological significance of
CXCL12 and CXCR4 expression in adult testes and germ cell
tumours of adults and adolescents. J Pathol 2009;217:94e102.

[67] Stebler J, Spieler D, Slanchev K, Molyneaux KA, Richter U,
Cojocaru V, et al. Primordial germ cell migration in the chick
and mouse embryo: the role of the chemokine SDF-1/CXCL12.
Dev Biol 2004;272:351e61.

[68] Lei T,Moos S, Klug J, Aslani F, Bhushan S,Wahle E, et al. Galectin-1
enhances TNFa-induced inflammatory responses in Sertoli cells
through activation of MAPK signalling. Sci Rep 2018;8:3741. https:
//doi.org/10.1038/s41598-018-22135-w.

[69] Klein B, Haggeney T, Fietz D, Indumathy S, Loveland KL,
Hedger M, et al. Specific immune cell and cytokine charac-
teristics of human testicular germ cell neoplasia. Hum Reprod
2016;31:2192e202.

[70] Alvarez-Buylla A, Merchant-Larios H. Mouse primordial germ
cells use fibronectin as a substrate for migration. Exp Cell Res
1986;165:362e8.

[71] Sun X, Park CB, Deng W, Potter SS, Dey SK. Uterine inactiva-
tion of muscle segment homeobox (Msx) genes alters epithe-
lial cell junction proteins during embryo implantation. Faseb J
2016;30:1425e35.

[72] Spiller CM, Feng C-W, Jackson A, Gillis AJM, Rolland AD,
Looijenga LHJ, et al. Endogenous Nodal signaling regulates
germ cell potency during mammalian testis development.
Development 2012;139:4123e32.

[73] NettersheimD,Vadder S, Jostes S,HeimsoethA, SchorleH.TCam-
2 cells deficient for SOX2 and FOXA2 are blocked in differentiation
and maintain a seminoma-like cell fate in vivo. Cancers (Basel)
2019;11:E728. https://doi.org/10.3390/cancers11050728.

[74] Nonaka D. Differential expression of SOX2 and SOX17 in
testicular germ cell tumors. Am J Clin Pathol 2009;131:
731e6.

[75] Nettersheim D, Gillis AJ, Looijenga LH, Schorle H. TGF-b1, EGF
and FGF4 synergistically induce differentiation of the seminoma
cell line TCam-2 into a cell type resembling mixed non-semi-
noma. Int J Androl 2011;34:e189e203. https:
//doi.org/10.1111/j.1365-2605.2011.01172.x.

https://doi.org/10.3390/cancers11010006
http://refhub.elsevier.com/S2214-3882(20)30035-7/sref48
http://refhub.elsevier.com/S2214-3882(20)30035-7/sref48
http://refhub.elsevier.com/S2214-3882(20)30035-7/sref48
http://refhub.elsevier.com/S2214-3882(20)30035-7/sref48
http://refhub.elsevier.com/S2214-3882(20)30035-7/sref48
http://refhub.elsevier.com/S2214-3882(20)30035-7/sref48
https://doi.org/10.1371/journal.pone.0082881
https://doi.org/10.1371/journal.pone.0082881
http://refhub.elsevier.com/S2214-3882(20)30035-7/sref50
http://refhub.elsevier.com/S2214-3882(20)30035-7/sref50
http://refhub.elsevier.com/S2214-3882(20)30035-7/sref50
http://refhub.elsevier.com/S2214-3882(20)30035-7/sref50
http://refhub.elsevier.com/S2214-3882(20)30035-7/sref50
http://refhub.elsevier.com/S2214-3882(20)30035-7/sref51
http://refhub.elsevier.com/S2214-3882(20)30035-7/sref51
http://refhub.elsevier.com/S2214-3882(20)30035-7/sref51
http://refhub.elsevier.com/S2214-3882(20)30035-7/sref52
http://refhub.elsevier.com/S2214-3882(20)30035-7/sref52
http://refhub.elsevier.com/S2214-3882(20)30035-7/sref52
http://refhub.elsevier.com/S2214-3882(20)30035-7/sref52
http://refhub.elsevier.com/S2214-3882(20)30035-7/sref52
https://doi.org/10.3390/ijms20020258
https://doi.org/10.1155/2018/3256524
http://refhub.elsevier.com/S2214-3882(20)30035-7/sref55
http://refhub.elsevier.com/S2214-3882(20)30035-7/sref55
http://refhub.elsevier.com/S2214-3882(20)30035-7/sref55
http://refhub.elsevier.com/S2214-3882(20)30035-7/sref55
http://refhub.elsevier.com/S2214-3882(20)30035-7/sref55
http://refhub.elsevier.com/S2214-3882(20)30035-7/sref55
http://refhub.elsevier.com/S2214-3882(20)30035-7/sref56
http://refhub.elsevier.com/S2214-3882(20)30035-7/sref56
http://refhub.elsevier.com/S2214-3882(20)30035-7/sref56
http://refhub.elsevier.com/S2214-3882(20)30035-7/sref56
http://refhub.elsevier.com/S2214-3882(20)30035-7/sref57
http://refhub.elsevier.com/S2214-3882(20)30035-7/sref57
http://refhub.elsevier.com/S2214-3882(20)30035-7/sref57
http://refhub.elsevier.com/S2214-3882(20)30035-7/sref57
http://refhub.elsevier.com/S2214-3882(20)30035-7/sref57
https://doi.org/10.1186/s12967-019-1837-z
https://doi.org/10.1186/s12967-019-1837-z
http://refhub.elsevier.com/S2214-3882(20)30035-7/sref59
http://refhub.elsevier.com/S2214-3882(20)30035-7/sref59
http://refhub.elsevier.com/S2214-3882(20)30035-7/sref59
http://refhub.elsevier.com/S2214-3882(20)30035-7/sref59
http://refhub.elsevier.com/S2214-3882(20)30035-7/sref59
http://refhub.elsevier.com/S2214-3882(20)30035-7/sref59
http://refhub.elsevier.com/S2214-3882(20)30035-7/sref60
http://refhub.elsevier.com/S2214-3882(20)30035-7/sref60
http://refhub.elsevier.com/S2214-3882(20)30035-7/sref60
http://refhub.elsevier.com/S2214-3882(20)30035-7/sref60
http://refhub.elsevier.com/S2214-3882(20)30035-7/sref60
http://refhub.elsevier.com/S2214-3882(20)30035-7/sref60
http://refhub.elsevier.com/S2214-3882(20)30035-7/sref61
http://refhub.elsevier.com/S2214-3882(20)30035-7/sref61
http://refhub.elsevier.com/S2214-3882(20)30035-7/sref61
http://refhub.elsevier.com/S2214-3882(20)30035-7/sref61
http://refhub.elsevier.com/S2214-3882(20)30035-7/sref62
http://refhub.elsevier.com/S2214-3882(20)30035-7/sref62
http://refhub.elsevier.com/S2214-3882(20)30035-7/sref62
http://refhub.elsevier.com/S2214-3882(20)30035-7/sref62
http://refhub.elsevier.com/S2214-3882(20)30035-7/sref62
http://refhub.elsevier.com/S2214-3882(20)30035-7/sref62
http://refhub.elsevier.com/S2214-3882(20)30035-7/sref63
http://refhub.elsevier.com/S2214-3882(20)30035-7/sref63
http://refhub.elsevier.com/S2214-3882(20)30035-7/sref63
http://refhub.elsevier.com/S2214-3882(20)30035-7/sref63
http://refhub.elsevier.com/S2214-3882(20)30035-7/sref64
http://refhub.elsevier.com/S2214-3882(20)30035-7/sref64
http://refhub.elsevier.com/S2214-3882(20)30035-7/sref64
http://refhub.elsevier.com/S2214-3882(20)30035-7/sref64
http://refhub.elsevier.com/S2214-3882(20)30035-7/sref64
https://doi.org/10.3390/ijms17040382
http://refhub.elsevier.com/S2214-3882(20)30035-7/sref66
http://refhub.elsevier.com/S2214-3882(20)30035-7/sref66
http://refhub.elsevier.com/S2214-3882(20)30035-7/sref66
http://refhub.elsevier.com/S2214-3882(20)30035-7/sref66
http://refhub.elsevier.com/S2214-3882(20)30035-7/sref66
http://refhub.elsevier.com/S2214-3882(20)30035-7/sref67
http://refhub.elsevier.com/S2214-3882(20)30035-7/sref67
http://refhub.elsevier.com/S2214-3882(20)30035-7/sref67
http://refhub.elsevier.com/S2214-3882(20)30035-7/sref67
http://refhub.elsevier.com/S2214-3882(20)30035-7/sref67
https://doi.org/10.1038/s41598-018-22135-w
https://doi.org/10.1038/s41598-018-22135-w
http://refhub.elsevier.com/S2214-3882(20)30035-7/sref69
http://refhub.elsevier.com/S2214-3882(20)30035-7/sref69
http://refhub.elsevier.com/S2214-3882(20)30035-7/sref69
http://refhub.elsevier.com/S2214-3882(20)30035-7/sref69
http://refhub.elsevier.com/S2214-3882(20)30035-7/sref69
http://refhub.elsevier.com/S2214-3882(20)30035-7/sref70
http://refhub.elsevier.com/S2214-3882(20)30035-7/sref70
http://refhub.elsevier.com/S2214-3882(20)30035-7/sref70
http://refhub.elsevier.com/S2214-3882(20)30035-7/sref70
http://refhub.elsevier.com/S2214-3882(20)30035-7/sref71
http://refhub.elsevier.com/S2214-3882(20)30035-7/sref71
http://refhub.elsevier.com/S2214-3882(20)30035-7/sref71
http://refhub.elsevier.com/S2214-3882(20)30035-7/sref71
http://refhub.elsevier.com/S2214-3882(20)30035-7/sref71
http://refhub.elsevier.com/S2214-3882(20)30035-7/sref72
http://refhub.elsevier.com/S2214-3882(20)30035-7/sref72
http://refhub.elsevier.com/S2214-3882(20)30035-7/sref72
http://refhub.elsevier.com/S2214-3882(20)30035-7/sref72
http://refhub.elsevier.com/S2214-3882(20)30035-7/sref72
https://doi.org/10.3390/cancers11050728
http://refhub.elsevier.com/S2214-3882(20)30035-7/sref74
http://refhub.elsevier.com/S2214-3882(20)30035-7/sref74
http://refhub.elsevier.com/S2214-3882(20)30035-7/sref74
http://refhub.elsevier.com/S2214-3882(20)30035-7/sref74
https://doi.org/10.1111/j.1365-2605.2011.01172.x
https://doi.org/10.1111/j.1365-2605.2011.01172.x

	Molecular and epigenetic pathogenesis of germ cell tumors
	1. Classification of germ cell tumors (GCTs)
	2. The origin of GCTs—the PGC
	3. Comparability of murine and human PGC development
	4. Development of type I GCTs
	5. The testicular dysgenesis syndrome and formation of GCNIS
	6. The PGC gene expression program in type II GCTs
	7. SOX2 and SOX17 regulating TGCT fate
	8. DNA methylation in TGCTs
	8.1. De novo 5-methylcytosine (5mC) DNA methylation in TGCTs
	8.2. N6-adenosine methylation (6mA) DNA methylation in TGCTs

	9. The influence of microenvironment on TGCT pathogenesis
	10. Conclusion
	Author contributions
	Conflicts of interest
	Conflicts of interest
	References


