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Simple Summary: The germ cell tumors (GCTs) family is a heterogeneous group of neoplasms that
includes tumors affecting testis (TGCTs) and rarer cases occurring in extragonadal sites. Mediastinal
germ cell tumors (MGCTs) are more aggressive and have poorer prognosis. Due to their rarity of
MGCTs, few molecular and clinical studies are reported. MGCTs share biological similarities with
TGCT, and international guidelines recommend use of the same therapies validated for TGCT. How-
ever, while high response rate is achieved in TGCT, MGCT tend to be resistant to therapy. This review
resumes all molecular findings reported in MGCTs, summarizing molecular characteristics common
with TGCT and highlighting the different molecular alterations that characterize mediastinal tumors.
A deeper understanding of the MGCT biology will help in clinical management of these patients.

Abstract: Mediastinal germ cell tumors (MGCTs) share histologic, molecular and biomarkers features
with testicular GCTs; however, nonseminomatous MGCTs are usually more aggressive and have
poorer prognosis than nonseminomatous TGCTs. Most nonseminomatous MGCT cases show early
resistance to platinum-based therapies and seldom have been associated with the onset of one or more
concomitant somatic malignancies, in particular myeloid neoplasms with recent findings supporting a
common, shared genetic precursor with the primary MGCT. Genomic, transcriptomic and epigenetic
features of testicular GCTs have been extensively studied, allowing for the understanding of GCT
development and transformation of seminomatous and nonseminomatous histologies. However,
MGCTs are still lacking proper multi-omics analysis and only few data are reported in the literature.
Understanding of the mechanism involved in the development, in the progression and in their higher
resistance to common therapies is still poorly understood. With this review, we aim to collect all
molecular findings reported in this rare disease, resuming the similarities and disparities with the
gonadal counterparts.

Keywords: mediastinal GCT; molecular; mutation; sequencing; secondary hematologic diseases

1. Introduction

Germ cell tumors (GCTs) are rare neoplasms that originate from progenitor cells of
the germ cell lineage. The GCT family is a heterogeneous group of neoplasms, which
can affect gonads (ovaries and testes) and in rarer cases (approximately 5%) can occur in
extragonadal sites (retroperitoneum, mediastinum, pineal gland). Pineal and mediastinal
GCTs are considered primary tumors, while retroperitoneal tumors are suspected to be
metastases of a misunderstood gonadal lesion in certain cases [1–3].
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The most frequent malignant form of GCT affects testis in young men (TGCT), but
fortunately it can be considered a highly curable neoplasm. Conversely, mediastinal germ
cell tumor (MGCT) represents a small percentage of GCTs arising from the anterior me-
diastinum [4]. They represent <5% of all GCTs and <4% of all mediastinal neoplasms [5].
Nonseminomatous MGCT represents a more aggressive variant with a five-year overall sur-
vival rate of nearly 50%; therefore, they have been placed in the “poor risk” category by the
updated analysis of the International Germ Cell Cancer Collaborative Group (IGCCCG) [6].

Up to seven different classes of GCTs can be identified according to their develop-
mental potential [7]. This classification allows us to distinguish the categories of affected
patients and clinical manifestation of the disease. In particular, GCTs affecting neonates
and young children can be both benign or malignant (i.e., yolk sac tumors) manifesta-
tions, while tumors affecting adolescent and young adults (mean age 35 years) are mainly
malignant. In this review we will focus on GCTs in adolescents and young adults.

Histologically, GCTs can be classified in two variants: seminomatous (S) and non-
seminomatous (NS). While seminomas are composed of homogeneous cells, NS can be
composed of several different histologies, with various degrees of differentiation: embry-
onal carcinoma, yolk sac tumor, choriocarcinoma and teratoma.

All these histologies can be found in GCTs; however, some types are more frequently
detected in specific contexts or tumor localization. For example, seminoma is the most
common type of TGCT.

Moreover, common biochemical features (alfa-fetoprotein, beta hCG, LDH) and molec-
ular alterations (such as the gain of chromosome 12p) can be identified in both TGCTs and
MGCTs. However, unlike NS-TGCTs, in which a high cure rate is reached upon platinum-
based chemotherapy in most cases, NS-MGCTs are predominantly platinum-resistant and
have a poor prognosis [6,8,9].

The young age of GCT patients makes the need to find effective therapeutic alterna-
tives even more urgent for platinum-resistant subjects.

In this review, we aim to deepen our understanding of MGCTs, elaborating on their
molecular similarities and disparities with TGCTs, as well as on the implications for the
clinical management of these patients.

2. Origins

The genetic and epigenetic profile of GCTs is strictly connected to the cell of origin of
these tumors. It is now widely accepted that malignant GCTs are not initiated by somatic
mutations, but mostly by an alteration of the developmental fate of their cell of origin.
Germ cell neoplasia in situ (GCNIS), found in the adjacent parenchyma of most GCTs, is
the noninvasive precursor of germ cell tumors [10]. These cells have features resembling
primordial germ cells (PGCs) or gonocytes, including expression of pluripotency markers
such as OCT3/4 and NANOG, low DNA methylation level. During embryogenesis, PGCs
originate from embryonic stem cells and are required for the germ line specification process.
A delayed maturation of PGCs or of gonocytes can lead to GCNIS formation and then to
initiation of the GCT [7,11,12].

In the normal development process, during embryonic growth, early PGCs migrate
from the yolk sac to their physiological niche (genital ridge) (future gonads) where they
can finish their differentiation process to gonocytes (Figure 1A). Only after the birth do
gonocytes differentiate to the spermatogonium state, which will terminally differentiate to
spermatocytes after puberty.

In the pathological setting, PGC/gonocytes blocked in their maturation are able to
originate the precursor lesion GCNIS, which remain quiescent until puberty. GCNIS
has a double genome and retains the hypomethylated pattern of PGC. Polyploidy and
demethylation state contribute to chromosome instability, and several losses and gains are
frequent in GCNIS [13]. It is estimated that all GCNIS lesions will eventually transform
into malignant GCTs [14].
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Figure 1. Origin of GCTs. (A) Schematic representation of TGCT development starting from early migrating PGCs during
embryonal growth. PGCs start their epigenetic reprogramming and migrate from the yolk sac to the genital ridges.
Once they have reached their niche, PGCs finish their epigenetic reprogramming through a global hypomethylation, and
become gonocytes. Normally, gonocyte are diploid (2N) and differentiate in spermatogonium, which will give origins to
spermatocytes (1N) after puberty. In the pathological setting, late-PGCs or gonocytes can double their genome (4N) and
initiate a precursor lesion, defined as GCNIS. GCNIS, through the accumulation of additional copy number (CN) alterations
(including gain of chromosome 12p), will then give origin to seminoma tumors after puberty. GCNIS and seminoma cells
could also de-differentiate into ECs, through epigenetic reprogramming. ECs are characterized by a methylated genome,
similar to embryonal stem cells, and have the pluripotency to give rise to the nonseminomatous histologies. Somatic
mutations are scarce, acquired in the later steps of tumor progression. (B) Schematic representation of the migratory process
of PGCs during embryonal development. Green and red dots represent respectively PGCs correctly migrating to the genital
ridge and PGCs mismigrating and proliferating into the surrogate niches of the thymus or of the midline of the brain.

Seminomatous tumors have histologic, methylation and expression features resem-
bling PGC and GCNIS, and are considered to originate from these cells. Conversely,
nonseminomatous tumors derive from embryonal carcinoma (EC) which originate from
the transformation (through epigenetic reprogramming) of GCNIS or of seminoma cells.
In turn, ECs, having the potential of an embryonal stem cell, are able to differentiate into
the several lineages characteristic of nonseminomatous GCT (yolk sac, choriocarcinoma,
teratoma and in rare cases heterologous differentiation) [15,16].

One of the key factors needed for GCT transformation is presumed to be located in
the amplified chr12p. In fact, gain of the short arm of chr12 is considered a universal
characteristic of all malignant GCTs, while it is generally not present in the precursor lesion
GCNIS [10,12].

A better comprehension of TCGT development is provided by a study of the molecular
heterogeneity and clone selection conducted on 4 primary nonseminomatous TGCTs,
GCNIS and metastasis. These results allowed for the definition of a model of TGCTs
evolution: GCNIS early doubled its genome and after puberty some GCNIS clones acquired
genomic imbalances, including 12p gain. The clones carrying 12p are presumed to be
the precursor with the invasive potential. Additional chromosomal loss and gain will
contribute to the determination of the various histologies. Chromosome imbalances are
frequent in GCNIS and GCTs, whereas somatic mutations are scarce and probably limited
to the late stage of tumour development [13]. In fact, another evolutionary-based analysis
conducted on a wider cohort demonstrated copy number alterations (CNAs) which arose
earlier with respect to mutation in both primitive and metastatic samples [17].

Concerning extragonadal GCTs, it is widely accepted that they originate from an
erroneous proliferation of mismigrated PGCs, the same precursor of gonadal tumors
(Figure 1B) [18]. During the migration process to the genital ridge, PGCs could fail to
exit from the nerve branches and continue migration through the midline of the body.



Cancers 2021, 13, 5223 4 of 13

These mismigrating cells could reach other surrogate niches located in the thymus or in
the midline of the brain. Misplaced cells generally are eliminated by apoptosis; however,
in the pathological setting, apoptosis is inhibited and the growth and transformation of
PGCs is allowed. Eventually, these cells will give origin to extragonadal seminoma or
nonseminoma GCTs [7].

Risk factors involved in the onset of GCT are still to be properly defined, even if a
concerted role of both genetic and environmental factors is thought to be involved. A
relevant role in TGCTs genesis is played by genetic factors and an association with disorders
in sex developments (DSD) has been reported. Concerning MGCTs, Klinefelter’s syndrome
is considered a risk factor [19]. However, a highly penetrant susceptibility gene for GCTs
has not been identified. Conversely, it is thought that multiple, common, low-penetrance
alleles form the basis for GCT familial syndrome [20]. Until now, 44 risk loci for TGCT
onset have been identified, including SNPs involving KIT-KITL pathway, DNA damage
repair (e.g., BRCA1), apoptosis (e.g., CHEK2), sex determination, telomeres and centrosome
organization (e.g., TERT and CENPE) [21–24]. In addition to genetics, testicular dysgenesis
syndrome is an important environmental factor associated with increased risk of TCGTs.
In particular, this syndrome includes cryptorchidism, hypospadias, testicular atrophy,
inguinal hernia and impaired spermatogenesis. More generally, a hypo-virilized gonad of
the male embryo in utero may be involved in the genesis of GCTs [7,25].

3. Comparison between MGCTs and TGCTs Molecular Alterations

As stated above, the family of GCTs includes several different histologies, and this
heterogeneous composition makes the molecular determinations quite difficult. Despite
this, with the development of next generation sequencing (NGS) technologies, several
integrated multi-omics studies have been conducted, which have made it possible to
deepen our knowledge of the most frequent alterations in these tumors (Table 1).

Table 1. Frequency of the most recurrent mutations identified in TGCT and MGCT.

Gene
GCT TGCT MGCT

Sensitive Resistant Seminomas Nonseminomas All

KIT 17% 4% 18–25% 2% na

RAS 14–18% 12% 18% 9% 37%

TP53 0% 16% 4% 20% 61–82%
na: not available.

A well-known feature of malignant GCTs, both mediastinal and testicular, and both
seminoma and non-seminoma, is a gain of the short arm of chromosome 12, which fre-
quently leads to the formation of an isochromosome (i12p). Interestingly, 12p gain is
present in the great majority of post-puberal malignant GCTs (87% of cases) [16], while
it is not detectable in GCTs affecting young children [26–30]. Moreover, even if some
alterations have been reported in the precursor lesion, the gain of chromosome 12p tends
to be acquired only later during TGCT development [12,13]. Many works have tried to
identify the gene located in the 12p responsible for the pathogenesis of GCTs; however, a
unique putative driver gene has not been identified. Of note, this region contains KRAS
and CCND2 (genes found mutated and/or overexpressed in TGCTs) and NANOG and
STELLAR (genes involved in stem-cell lineage) [31,32]. Even if KRAS can be found mutated
in TGCTs with chromosome 12p gain, the two events seem to be independent. One patient
was reported carrying 12p gain on both GCNIS and in primary TGCT, while KRAS muta-
tion was detected only in the TGCT, suggesting the two alterations are separate processes
acquired during tumor evolution [33].

Globally, all GCTs show a low mutation rate, with approximately 0.5 mutations per Mb.
Conversely, CNAs are frequent. TGCTs are generally hypertriploid, with NS-GCTs showing
a slightly lower ploidy than seminomas. This state is a consequence of the early whole
genome duplication, followed by the deletion of specific chromosome arms. Typically, a
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gain of 7, 8, 12, 21 and X chromosomes, and a loss of 1p, 11, 13 and Y are frequent in all
TGCTs. Chromosome 12p gain tends to be more frequent in nonseminomas. NS-GCT have
fewer copies of chromosomes 8, 9, 15, 19, 22, while seminomas have fewer copies of 11q.
Moreover, focal amplification of KRAS, KIT and MDM2 are frequent in TGCTs, regardless
of the histology [16].

At the mutational level, S-TGCTs are enriched in mutations affecting KIT (18–25% of
cases), KRAS (14%) or NRAS (4%) [16,34]. Moreover, deletion of CBL (a negative regulator
of KIT) can be recurrently found in KIT wild type seminomas [16]. On the other side, NS-
TGCTs show a different mutational profile and no significantly enriched somatic mutations
identified [16,35,36]. KIT mutations are extremely rare in NS (2% of cases) [34], while RAS
mutations are present in a minority of cases with respect to seminoma [16,34,35,37]. Other
mutations have been reported in sporadic cases of NS-TGCT affecting TP53, PIK3CA, AKT1
and FGFR3 and they have been associated with cisplatin resistance [37,38].

Regarding epigenetics, seminoma and NS-GCTs have divergent methylation profiles,
which reflect the different methylation states of the two histologies’ cells of origin. CpGs
islands tend to be fully demethylated in seminoma, predominantly in KIT/RAS mutated
cases. In KIT/RAS wild type seminoma, a residual methylation could be detected [16].
PGCs are known to be demethylated (a step necessary for the normal gametogenesis), and
this similarity further supports the hypothesis of PGC/GCNIS as the cells of origin for
seminoma [11,16]. Conversely, NS-GCTs are partially methylated: nonseminomas with
a predominant EC composition tend to have a CpG profile similar to embryonic stem
cell, while other NS-GCT (teratoma, yolk sac or mixed) have a stroma-like methylation
profile [16]. This supports the origins of NS-GCTs, in which an un-methylated GCNIS or
seminoma is reprogrammed to EC, which can re-establish the level of methylation and
possibly differentiates into the various NS components.

MGCTs are mainly diploid, but have several common molecular alterations with
TGCTs supporting a common origin of the two types of tumors. A recent pan cancer study
identified that, similarly to S-TGCTs, mutations in KRAS, NRAS and KIT were significantly
associated with extragonadal GCTs (mediastinal and retroperitoneal) [34]. KIT mutations
predominantly affected exon 17 and led to the activation of the protein [34,39]. Moreover,
an NGS study conducted on 44 primary MGCTs showed that these tumors, similarly to
TGCTs, have a low mutational burden and confirm the presence of alterations on the RAS
pathway (KRAS, NRAS). In this cohort, composed of only nonseminomatous tumors, KIT
alterations were almost absent. This data is consistent with the lower frequency of KIT
mutations in all NS-GCTs [40]. On the other hand, differing from TGCTs, MGCTs showed
an increase in rate of TP53 and PTEN mutations [34,40].

The high frequency of TP53 alterations in MGCTs in comparison with TGCTs is
noteworthy. Mutations of TP53 were reported in approximately 82% of NS-MGCT cases
with respect to 4% of S-TGCTs and 20% of NS-TGCTs [40]. The presence of TP53 pathway
alterations in almost all cases of MGCT is presumed to be one of the reasons behind
the poorer prognosis of this type of tumor. On the contrary, TGCTs generally retain
the activity of TP53. Wild type TP53 is considered one of the factors behind the high
sensitivity of TGCT to platinum-based therapies, which in concertation with other factors
(i.e., high mitochondrial priming and defective homologous recombination for induction
of apoptosis of irreparably damaged cells) is involved in the control and maintenance
of genetic stability [16,33]. The ability of TGCT to induce apoptosis in damaged cells
reflects the intrinsic characteristic of the cell of origin of TCGT, the PGC, in which these
mechanisms of control are necessary for limiting the risk of new mutations being passed on
to future generations [7]. In support of this hypothesis, TP53 mutations are almost absent
in TGCTs, and the protein is highly expressed [16], while an increased mutation rate of
TP53 has been reported in NS-TGCT resistant to platinum-based therapies [37].
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4. MGCT: Clinico-Pathological Features and Treatment

As previously said, the mediastinum represents a site of poor prognosis, and primary
GCTs arising from it are commonly resistant to standard and high-dose chemotherapy
regimens. Usually, they are found incidentally on a chest radiological evaluation due
to their asymptomaticity, especially at the first period. Then, when their size increases,
they become symptomatic due their compressive/obstructive effect on nearby organs or
vessels. The most common symptoms are actually dyspnea, hyperthermia, cough, chest
pain, weight loss and superior vena cava syndrome [41].

Different GCT histologies can be found in the mediastinum. Usually, seminoma
represents a portion of the tumor, in case of mixed histology, but those tumors must be
considered and treated as non-seminomas [8]. An elevation of beta-hCG serum levels is
found in a 30% of cases, whereas an elevation of alpha- fetoprotein excludes the presence
of a pure seminoma [42].

Yolk sac tumor histology represents approximately 60% of all non-seminomatous
MGCT cases: these tumors are constituted by solid masses with necrotic and hemorrhagic
areas [43]. The presence of wide hemorrhagic zones is also a characteristic of choriocarcino-
mas, which are usually larger tumors, with different early blast cells that are typical of the
embryogenesis period [43–45].

The rarity of these tumors has meant that to date there are no large prospective studies
able to establish specific treatment modalities; therefore, the International Guidelines
recommend using the same therapy schemes validated for tumors of gonadal origin.
In particular, according to the IGCCCG Guidelines [6], NS-MGCTs are treated as “poor
risk” neoplasms, whereas seminoma is considered as good or intermediate risk based on
LDH expression levels and presence of metastases [46]. A meta-analysis conducted in a
cohort of 1800 NS-GCT patients who underwent first-line chemotherapy from 1989 to 2002
demonstrated a similar five-year survival rate for the good and intermediate prognostic
group (71%) instead of 48% reported in the poor-risk group [47]. In recent years, the spread
of high-dose treatment [48–50] after the first line has led to an improvement in terms of
outcome also in the “poor risk” category, so much so that a new scoring system has recently
been introduced for these patients [51]. This new classification gives a poor prognosis
to visceral metastases, even though primary MGCTs represent the worst prognosis cases,
regardless of the treatment they undergo [51].

NS-MGCT patients usually undergo chemotherapy, followed by surgery of residual
tissue, when feasible. The number of chemotherapy courses depends on the specific
IGCCCG category risk. Usually, the most frequently used regimen is a combination of
bleomycin, etoposide, and cisplatin (BEP), in which bleomycin is substituted by ifosfamide
with an aim to avoid its lung toxicity. Notwithstanding, better survival rates were reported
in a 28-patient cohort treated with high-dose ifosfamide instead of bleomycin [52].

With regards to benign mature teratomas, which do not respond to chemotherapy,
they have to be treated with surgery. These patients undergo a median sternotomy or
posterolateral thoracotomy, and even in the case of non-radical surgery, they do not re-
quire postoperative chemotherapy, given their low propensity for local invasiveness or
metastatisation.

After chemotherapy, growing teratoma syndrome is a rare effect reported in unresected
tissue: the malignant mass is comprised only of mature teratomatous cells, probably
selected by the chemotherapeutic regimen [4]. A new resection is recommended in selected
patients, given that it may improve long-term survival [53].

Concerning tumors classified as poor prognosis, most of them will relapse. A study
involving 79 patients reported a long-term disease-free survival rate of 11%. Therefore, for
many of these patients a second line of chemotherapy is envisaged, with respect to which,
in the international guidelines, no specific regimen seems to prevail over the others, both
at standard and high doses [54–59]. In order to optimize care for these patients, several
potential prognostic and predictive factors have been analyzed in recent years, including
systemic inflammatory index (SII) [60–62], neutrophil-to-lymphocyte ratio (NLR) [63,64],
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platelet-to-lymphocyte ratio (PLR) [60]. However, whatever the choice, the response rate is
currently very low, and is between 5 and 10% [42].

5. MGCT and Concomitant Neoplasms

One negative but peculiar aspect of primary MGCT is their association with the
concomitant occurrence of other somatic malignancies, including sarcoma, carcinoma and
several types of hematologic malignancies (HMs). These last ones are the most common
concomitant neoplasms detected in MGCT patients [42,65].

In a multicenter study analysis 635 extragonadal GCTs reported the development
of HMs in about 2–3% of cases: all GCTs associated with HMs were localized in the
mediastinum and are of the nonseminomatous type. HMs have been reported to arise
concomitantly or within a median of 6 months from primary MGCT. Considering only
MGCTs, the incidence of concomitant HMs is about 6% and this condition is marked by an
extremely poor outcome [65].

The first evidence of the association between MGCT and synchronous HM was re-
ported in 1985 [66] and until now several case reports and few case series have been
documented [67]. Even if few cases with seminomatous components were reported, the
almost totality of MGCTs associated with secondary HMs are generally NS, with yolk
sac or mature teratoma components. On the other hand, the most frequent type of HM
is acute myeloid leukemia (AML), predominantly with megakaryoblastic differentiation
(M7). Other reported secondary HM includes myelodysplastic syndromes, chronic myeloid
leukemia, malignant histiocytosis and essential thrombocytopenia [67–69].

Initially the hematologic manifestation was presumed to be a secondary complication
induced by the chemotherapy. However, the presence of synchronous manifestations
(before chemotherapy) and the increased number of molecular investigations performed
on paired primary MGCT e hematologic tumors suggest the presence of a common origin
for the two diseases (Table 2) [68–70].

Evidence of a clonal relationship between HM and MGCT was discovered through the
identification of molecular alterations shared between the two tumor types (i12p/12p gain,
TP53, KRAS and PTEN mutations) (Table 1) [66,68–80]. Moreover, the hematologic disease
frequently carries alterations not typical of the specific type of HM and lacks the canonical
aberrations detected in de novo diseases. For example, gain or isochromosome of 12p is an
event not detectable in canonical AML [69], but it has been reported in 18 out of 38 HMs
associated with MGCTs (approximately 47% of cases) (Table 2) [66,68–74,76]. Conversely
common alterations, including MLL rearrangements or mutations on genes such as FLT3,
NPM1 and others, were not detected in AML coupled with MGCTs [67,69,72,77,78].

However, whether the HM derives from a differentiation of the totipotent GCT tumor
mass or from a shared precursor is still debated. Orazi et al. hypothesised that the yolk
sac and the teratoma component of the GCT could have the ability to migrate to the bone
marrow and to differentiate in the hematologic lineage [68]. However, a recent effort by
Taylor and colleagues [69] tried to clarify this point, performing comprehensive genomic
analysis of a wide case series of MGCTs presenting one, or more, concomitant HM. In
particular, mutation and CNA analysis of MGCTs and concomitant HMs in 5 patients
allowed them to infer the evolutionary relationship between the two malignancies and to
identify the genetic profile of the common precursor. In most cases, TP53 or RAS alterations
were detected in the common precursor, and subsequent private acquired alterations were
reported in each different disease (MGCT or HM). This demonstrates that a common
founder clone, probably a PGC located in the mediastinum and reprogrammed to EC, is
responsible for the parallel development of MGCT and HM. This precursor has common
genetic alterations retained by the two types of tumors (i.e., TP53 and RAS), then, a subset
of clonally acquired alterations can characterize each specific disease evolution [69].

Considering the entire cohort analyzed by Taylor et al., the most frequently altered
gene was TP53, which affects 91% of MGCTs with secondary HMs [69]. This is consistent
with the previous case reports of NGS analysis in which TP53 alterations were detected
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in all cases tested (Table 1) [72–77]. Interestingly, the frequency of TP53 is slightly greater
than the one reported in all NS-MGCTs regardless of the HM onset (82% cases) [40]. As
stated above, TP53 alterations contribute to the worse prognosis of these patients, since
they confer resistance to both GCT- and HM-directed therapies.

Table 2. Molecular analysis of MGCTs with concomitant secondary HM. All English-language literature published until
August 2021 containing molecular analysis on MGCT patients developing concomitant HM were searched in PubMed. In
the table are reported only the patients for which molecular testing was performed in at least one sample (primary MGCT
or HM). Cytogenetics, direct sequencing, array or NGS analysis were considered. The most relevant/recurrent alterations
reported are shown.

Refs.
Histology 1 Molecular Analysis 2 Molecular Alterations 3

MGCT HM MGCT HM MGCT HM

[66]

na AML M7 na CG na -
na AML M7 na CG na -
na AML M7 na CG na -
na AML M7 na CG na -
na AML M5 na CG na -
na AUL na CG na i12p
na ET na CG na -
na ET na CG na -
na MM na CG na -
na MM na CG na -

[68]

MT, Y AML M6 + M7 na CG na -
MT, Y AML M4 na CG na i12p
MT, Y AML M6 na CG na i12p
MT, Y,
SARC AML M7 na CG na -

MT, IT, Y AML M7 na CG na -

[70] Y, IT, SARC AML M2 CG CG i12p i12p

[71]
Y, IT AML M4 na CG na -

IT, S, Y AML M4 na CG na -
IT AML M5 na CG na i12p

[72] MT+YS MDS; AML M2+M6 na CG na i12p

[73]
mixed AML M1 na CG na i12p
MT, IT AML M0 na CG na i12p
mixed MS CG CG i12p i12p

[74] na AML M7 WES WES +12p, TP53, PTEN +12p, TP53, PTEN

[75] MT+SARC AML M6 sanger CG+TS TP53, NRAS TP53, NRAS

[76] mixed AML M7 array + TS CG + array +TS i12p, TP53, PTEN i12p, TP53, PTEN

[77] IT, Y AML M7 CG+WES CG+WES +12p, TP53, PTEN +12p, TP53, PTEN

[78] MT, SARC AML M7 CG+WES CG+WES +12p, KRAS, TP53, PTEN +12p, KRAS, TP53, PTEN

[69]

T Mastocytosis TS CG TP53, PTEN i12p

Y, T MDS + HS WES WES +CG (all) i12p, RRAS2, BCOR, TP53
MDS: i12p, RRAS2, BCOR,
TP53; HS: RRAS2, BCOR,

TP53 4, NRAS.

T, Y HS + CMML + AML
M7 WES + CG WES + CG (all) TP53, PIK3CD, +1q, +21q

AML:TP53, PIK3CD, +1q,
+21q, −7q; HS and CMML:

TP53, PIK3CD, NRAS
T, Y AML (non-M7) + MDS na TS na TP53

T AML (non-M7) TS na TP53, NRAS, RRAS2 na

Y, T MDS + AML M7 WES + CG WES +CG (MDS) i12p, KRAS, TP53 4,
ARID1A i12p, KRAS, TP53 4

CC MDS WES WES+CG TP53 TP53
T HS na TS na TP53, KRAS
na HLH na TS na TP53, PTEN, NRAS

S, E TCL + HLH TS TS (TCL) TP53, PTEN TP53
T, Y CMML+ HLH WES WES +CG

(CMML) i12p, KRAS, AKT1 i12p, KRAS, MED12
Y AML M7 CG CG i12p i12p

1 MGCT histologies: CC = Choriocarcinoma; T = Teratoma; MT = Mature Teratoma; IT = immature teratoma, S = Seminoma, Y = Yolk sac
tumor, E = Embryional, SARC = sarcomatous components, unk = unknown; HM histologies: TCL = T-cell lymphoma, MDS = Myelodys-
plastic syndrome, HS = Histiocytic sarcoma, CMML = Chronic myelomonocytic leukemia, HLH = Hemophagocytic Lymphohistiocytosis,
AML = Acute myeloid leukemia, MS = Myeloid sarcoma, ET = essential thrombocythemia, MM = magakariocystic myelosis, AUL = Acute
undifferentiated leukemia; na = data not available or analysis not performed; 2 WES = Whole exome sequencing, TS = target or panel
gene sequencing, GC = Cytogenetics analysis (Karyotype or FISH); na = data not available or analysis not performed; 3 Alterations shared
between GCT and HM highlighted in bold; dashed line (-) indicate no relevant/recurrent alterations reported, while “na” indicates data
not available or analysis not performed; 4 TP53 mutation type (aminoacidic position) differs between MGCT and HM. Alterations shared
between GCT and HM highlighted in bold.
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In addition, RAS alterations (KRAS/NRAS) also seem to be more frequent in MGCTs
associated with HMs (63% vs. 37–45% reported in canonical MGCTs) [40,69]. Conversely,
the frequency of PTEN mutations, which were frequently reported in cases reports [73–75],
is similar between MGCTs with or without HM [40,69]. Of note, mutational frequencies in
MGCTs with secondary HMs are only an estimation, since they are based on the cohort
studied by Taylor et al. that include NGS analysis of only 12 patients. This is the largest
cohort analyzed so far, but the rarity of this complex disease hinders the study of a larger
case series.

Globally, even if the genotype of the precursor clone has been studied, the alterations
detected in the MGCT could only partially explain the onset of the secondary HM. The
high frequency of TP53 and RAS mutations in MGCTs with concomitant HMs, and the
presence of these alterations in the common precursor clone, leads researcher to suppose
that TP53/RAS pathway alterations are necessary for PGCs to survive in the extragonadal
niche [69,79]. However, whether other factors can be implied to this peculiar disease
is still to be investigated. The only recognized risk factor is the presence of Klinefelter
syndrome, which is associated with a higher incidence of MGCTs [19,80]. Interestingly, one
recent study indicates that the presence of post-chemotherapy vasculogenic lesions in the
tumor could be a risk factor for the onset of leukemia or myelodysplasia in MGCTs [81].
Despite all these advances at the molecular and pathological levels, further studies will
be needed to assess the biological factors involved in the development of concomitant
hematological disorders.

6. Final Remarks and Future Perspectives

Mediastinal GCT is a rare disease with an extremely poor prognosis. Even if the
origin of MGCTs and their mutational profile have similarities to TGCTs, the differences
in disease presentation make the mediastinal tumors more difficult to treat by canonical
GCT chemotherapeutic regimens. Moreover, the concomitant onset of hematologic disease,
occurring in a small percentage of MGCTs, makes the disease even more aggressive.

Despite recent advances in GCT molecular characterization, several unsolved issues
remain.

Currently, very limited treatment options are available for refractory GCTs. Clinical
trials on target therapies produced poor results [82], while the low TMB and the low per-
centage of T-cell infiltrates in NS tumors seem to hamper the use of immunotherapy [83–85].

Moreover, there is still the need to identify biomarkers predictive of tumor resistance to
chemotherapies. The high incidence of TP53 mutations reported in MGCTs is indicated as
one probable factor responsible for the poor sensitivity of MGCT to therapies, however no
alternative therapeutic strategies are currently available. It may be the case that integrated
studies including epigenetic and transcriptional analysis will enhance our comprehension
of these tumors and highlight novel therapeutic targets. In addition, the study of free
circulating cells or molecules in plasma could constitute a novel method for biomarker
discovery. In particular, it has been shown that detection of free circulating tumor cells
correlates with tumor stage and aggressiveness in several tumors, including GCT [86–88].
Further studies will be needed to assess the predictive value of this approach.

Finally, even if secondary HMs have been demonstrated to originate from a precursor
shared with the primary tumor, the reason behind their onset only in the context of
mediastinal tumors is still unknown. The implementation of proper disease models is
necessary for the understanding of these mechanisms.

The rarity and complexity of the mediastinal disease hamper the research process
of finding novel therapeutic approaches. Until then, referral centers with experience in
mediastinal tumors should be involved in the management of these patients.
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