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Abstract

Intracranial germ cell tumors (IGCTs) are a rare subtype of central nervous system neoplasms that predominantly
affect young individuals and exhibit a higher incidence in East Asia. IGCTs can be pathologically divided into two
main categories: germinomas and non-germinomatous germ cell tumors (NGGCTs). Despite the scarcity of this
disease, recent advancements in molecular biology techniques have facilitated the discovery of the inherent genetic
and molecular characteristics of IGCTs. Somatic mutations that result in the activation of the KIT/RAS/MAPK and PI3K/
AKT/mTOR pathways, chromosomal instability leading to characteristic changes in chromosomal fragments (notably
12p gain), and potentially diagnostic miRNAs (such as miR-371a-3p) may provide valuable insights for the efficient
diagnosis, targeted therapy, and prognosis evaluation of IGCTs. Additionally, transcriptomic and methylomic analy-
ses have provided new perspectives on the intrinsic development of IGCTs, further elucidating their equivalence
with GCTs at other sites. The evaluation of the tumor immune landscape may guide prognosis prediction and immu-
notherapy for IGCT patients. Nevertheless, current research still faces challenges such as the absence of basic labora-
tory research systems, a single source of large sample research data, and a limited overall volume of research. The
incorporation of larger sample sizes, the implementation of more innovative evaluation systems, and the employment
of novel experimental methods are urgently required to become the focus of future research.
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Introduction

Intracranial germ cell tumors (IGCTs) or central nerv-
ous system germ cell tumors (CNS GCTs) are a rare sub-
type of extragonadal germ cell tumors (GCTs) that arise
within the central nervous system (CNS). These tumors
are histologically indistinguishable from GCTs located
elsewhere within the body, yet there is no evidence of a
primary tumor within the gonads. IGCTs predominantly
affect children and young adults, with a median age at
diagnosis between 10 and 14 years [6] and a male-to-
female ratio ranging from 2:1 to 3:1 [10]. The incidence
of IGCTs varies greatly worldwide, with rates in East Asia
being 3-8 times higher than those observed in Western
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countries. In Asia, GCTs account for 10-15% of all pri-
mary pediatric CNS tumors [5], while in the United
States and Europe this figure falls to only 1-3% [21].

The 5th edition of the WHO Classification of Tumors
of the Central Nervous System, published in 2021,
categorizes IGCTs histologically into germinomas,
mature teratomas, immature teratomas, teratomas with
somatic-type malignancy, embryonal carcinomas, yolk
sac tumors, choriocarcinomas, and mixed GCTs [16].
Germinomas account for 60-65% of all pediatric IGCTs
[10] and IGCTs other than germinomas are collectively
referred to as non-germinomatous germ cell tumors
(NGGCTs). NGGCTs secrete alpha-fetoprotein (AFP),
mainly produced by yolk sac tumors and beta-human
chorionic gonadotropin (B-HCG), which can be secreted
by choriocarcinoma. These markers can be detected in
serum or cerebrospinal fluid (CSF). Germinomas do not
secrete AFP but certain components within them can
secrete small amounts of HCG. Serum/CSF AFP/HCG
levels serve as important tumor markers for distinguish-
ing the histological types of IGCTs in clinical practice [2].
Germinomas exhibit sensitivity to both radiotherapy and
platinum-based chemotherapy. In contrast to germino-
mas, NGGCTs show poorer outcomes with radiotherapy
alone, but are sensitive to chemotherapy, thus making
combination therapy a promising approach. Compared
to germinomas, NGGCTs have a relatively poorer prog-
nosis [18].

IGCTs primarily occur in midline structures, with the
most common sites of origin being the pineal (50%) and
suprasellar region (20-30%). Other potential sites of ori-
gin include the third ventricle, basal ganglia, and thala-
mus [15, 23]. The clinical presentation of IGCTs is closely
related to both tumor location and size. For instance,
IGCTs located within the pineal region often result in
increased intracranial pressure due to obstruction of CSF
circulation. If the tumor compresses the tectum, it may
also induce Parinaud’s syndrome [5, 24]. IGCTs located
within the suprasellar region most commonly result in
hypothalamic-pituitary dysfunction, manifesting clini-
cally as various types of endocrine disorders such as dia-
betes insipidus, growth retardation, precocious puberty,
adrenal insufficiency, and hypothyroidism [5, 23]. IGCTs
located within the basal ganglia typically result in pyram-
idal system dysfunction and may present as progressive
mild hemiparesis [12].

Despite the low incidence of IGCTs and significant
variation in incidence rates worldwide, there exists a
relatively small body of basic research on IGCTs, with a
considerable portion originating from Japan. In recent
years, with the rapid development of molecular biol-
ogy techniques such as next-generation sequencing
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(NGS), research into the pathogenesis and pathologi-
cal characteristics of IGCTs has been actively pursued.
Genomic mutation spectrum and copy number analyses
have revealed the importance of the KIT/RAS/MAPK
and PI3K/AKT/mTOR pathways in the pathogenesis
of IGCTs [25]. Transcriptomic and epigenetic studies
have elucidated the differentiation characteristics and
potential developmental origins of different IGCT sub-
types. Concurrently, analyses of non-coding RNAs have
proposed potentially more reliable detection indicators
while providing possible explanations for the distinct
biological characteristics exhibited by different IGCT
subtypes. Additionally, research into the tumor immune
microenvironment (TIME) of IGCTs provides predic-
tive insights for targeted tumor therapy and prognosis
from another perspective. This article summarizes cur-
rent basic research achievements in IGCTs from the per-
spectives of somatic mutations, chromosomal variations,
transcriptomic characteristics (including non-coding
RNAs), epigenetic reprogramming, and immune micro-
environment while highlighting deficiencies within this
field of research and proposing potential future research
directions.

Somatic mutation

The initial speculation regarding the presence of KIT
mutations in IGCTs arose from the observation that
almost all testicular seminomas/non-seminomas exhibit
KIT membrane staining, with a considerable portion
harboring c-kit mutations [11, 26]. Utilizing polymer-
ase chain reaction (PCR) and Sanger’s sequencing, a
research team from Japan first confirmed the presence
of c¢-kit mutations in IGCTs, although these mutations
were not related to clinicopathological differences [27].
To further explore the biological rationale and impact on
patient survival of KIT mutations, Fukushima et al. con-
ducted a study on multiple genes within the KIT signal-
ing pathway in 65 IGCT samples. Results indicated that
mutations were present only in KIT and its downstream
gene RAS, with all KIT and RAS mutations being mutu-
ally exclusive. Compared to NGGCTs, germinomas
exhibited a higher KIT positivity rate and more frequent
KIT mutations. Correlation studies revealed that for ger-
minomas, overexpression of KIT was largely related to
KIT/RAS mutations, with the KIT/RAS mutation status
exerting a significant adverse effect on patient prognosis
[3]. Subsequently, Wang et al. applied NGS to the analy-
sis of IGCT cases for the first time, identifying many
other genetic changes in 62 cases besides KIT. Data indi-
cated that more than half of the tumors carried at least
one somatic mutation in genes involved in either the
KIT/RAS or AKT/mTOR pathway [37]. A subsequent
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Fig. 1 Pathways involved in common mutations in IGCTs. The red
solid circles represent the most typical mutated genes in the pathway

study compared 124 IGCTs with 65 testicular germ cell
tumors (TGCTs) and 8 GCTs that had metastasized to
the CNS. In addition to confirming previous conclusions,
this study demonstrated that mutated mTOR resulted in
upregulation of PI3K pathway signaling and enhanced
cell migration. Germinomas and NGGCTs, as well as
IGCTs and TGCTs, all exhibited similar mutation char-
acteristics, suggesting that regardless of site of origin, the
main molecular pathogenesis of various GCTs involves
somatic point mutation activation of either the MAPK
and/or PI3K/mTOR pathway [9]. However, a comprehen-
sive analysis of 190 IGCT cases revealed that IGCTs with
MAPK pathway mutations and PI3K/mTOR pathway
mutations exhibit different intracranial sites of origin,
with MAPK pathway mutations being significantly more
common in male cases [32]. Recently, a genome-wide
associated study revealed that susceptibility loci for ger-
mline mutations are also present in cases of IGCTs. Spe-
cifically, a 4-bp deletion in the enhancer adjacent to the
BAKI1 gene is associated with an increased risk of IGCTs.
This association is independent of ethnicity and the pri-
mary site of GCTs [30].

In summary, current research indicates that the genetic
driving factors of IGCTs pathogenesis primarily involve
the KIT/RAS/MAPK and PI3K/AKT/mTOR pathways.
Gene mutations within the MAPK pathway, such as KIT
and RAS, are mutually exclusive, while mTOR repre-
sents the most common mutation within the PI3K/AKT/
mTOR pathway (Fig. 1). Mutations in both pathways
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ultimately result in activation of their respective path-
ways. GCTs of different origins exhibit similar molecu-
lar pathogenesis. However, variations in the MAPK or
PI3K/mTOR pathways may contribute to the differences
in intracranial origin sites of IGCTs. For instance, muta-
tions in the PI3K/mTOR pathway are more common in
basal ganglia lesions [32].

Chromosomal aberrations

Analysis of chromosomal variations is often closely
related to research on somatic mutations. In their study
of KIT signaling pathway mutations, Fukushima et al.
also classified the chromosomal status of IGCTs into
two categories: severe instability and mild/negative
instability. There was no difference in the distribution
of germinomas and NGGCTs within this classification.
In germinoma cases, overexpression of KIT was associ-
ated with severe chromosomal instability, with patients
exhibiting an unstable chromosomal state demonstrating
a significantly worse prognosis [3]. A subsequent com-
prehensive analysis of 190 IGCT cases revealed that basal
ganglia lesions, elderly cases, and cases with PI3K/mTOR
pathway mutations were concentrated within the chro-
mosomally unstable group [32].

On the other hand, Wang et al. discovered that 18%
of samples exhibited copy number gains of 14q32.33,
which contains 34 genes, including AKTI. Gains of
this segment were associated with overexpression of
AKT1 [37]. Two small-sample studies from Poland
reported that chromosomal variations are common in
IGCTs, with the most common numerical variations
being trisomies 19 and 21 and monosomies 13 and 18.
The most common structural variation was 12p gain
[13, 14]. The 12p region includes key genes such as
NANOG, KRAS, and CCND2, which play significant
roles in tumor initiation and progression. Satomi et al.
conducted a specific study on the phenomenon of 12p
gain in 82 IGCTs, revealing that 12p gain is the most
common chromosomal aberration in IGCTs and is
more common in NGGCTs, particularly in their malig-
nant components. 12p gain was associated with poor
prognosis in IGCTs and was mutually exclusive with
KIT mutations [28]. A recent study by Takami et al.
found that, independent of 12p gain, the 3p25.3 gain,
which is exclusive to non-germinomatous germ cell
tumors (NGGCTs), can also serve as a marker of poor
prognosis [35]. In summary, some IGCTs exhibit char-
acteristics of chromosomal instability, with the most
common chromosomal aberration being 12p gain,
which is more prevalent in the malignant components
of NGGCTs. These characteristics may indicate a poor
prognosis for these patients.
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Transcriptomic characteristics

Wang et al. conducted a comparative analysis of the
transcriptomes of 161 pediatric IGCTs and embryonic
stem cells (ESCs). The results of supervised clustering
analysis revealed significant differences between the tran-
scriptional profiles of germinomas and non-malignant
NGGCTs (NGMGCTs). Specifically, genes responsible
for self-renewal and immune response were found to be
highly expressed in germinomas, while genes associated
with neuronal differentiation, the Wnt/pB-catenin path-
way, invasiveness, and epithelial-mesenchymal transition
were enriched in NGMGCTs [36]. In a separate study,
Takami et al. performed unsupervised clustering of the
transcriptomes of 58 IGCTs and 3 TGCTs. Their results
showed that the two groups could be well distinguished:
the expression profile of germinomas was found to be
similar to that of primordial germ cells (PGCs), while the
expression profile of NGGCTs was found to be similar
to that of ESCs [31]. These comparative transcriptomic
studies of IGCTs provide insights into the origin from
embryogenesis, differences in pathophysiology of differ-
ent IGCT subtypes as well as the corresponding associa-
tions with differentiatial status.

Another focus of transcriptomic research is the role
of non-coding RNAs. In a study of 66 GCTs (including
IGCTs), Murray et al. discovered significant differences in
microRNA (miRNA) expression between yolk sac tumors
(YSTs) and germinomas. These miRNAs target tran-
scription factors such as GATA6 and may contribute to
the increased invasiveness observed in YSTs [20]. Wang
et al. reported that germinomas and NGGCTs exhib-
ited distinct miRNA expression profiles in their study of
IGCT transcriptomes, with the majority of differentially
expressed miRNAs being upregulated in NGMGCTs
[36]. Hsieh et al. found that upregulation of miRNAs in
NGMGCTs was associated with low methylation levels in
their study of IGCT methylation profiles [8].

In addition to elucidating molecular biology mecha-
nisms, miRNAs show promise as novel biomarkers. Mur-
ray et al. found that levels of miRNA-371a-3p in serum
and CSF could distinguish between IGCTs and CNS
Langerhans cell histiocytosis [19]. Schonberger et al.
proposed additional diagnostically significant miRNAs,
including the miR-371~373 and miR-302/367 clusters,
which could detect expression differences in patients
who tested negative for traditional biomarkers such as
AFP and B-HCG [29]. Given the current limitations of
biomarker-based diagnostics, specific miRNA levels
in serum and CSF may serve as more efficient and pre-
cise diagnostic indicators. However, a study conducted
in Singapore reported differences in CSF miRNA levels
between Chinese and Malay individuals, suggesting that
the use of miRNAs as an auxiliary diagnostic tool for
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IGCTs should take into account racial differences. The
diagnostic value of miRNAs as novel markers for IGCTs
will require validation by future large-scale cohort stud-
ies [17].

Epigenetic reprogramming

Fukushima et al. conducted the first whole-genome
methylation study of IGCTs. Using unsupervised clus-
tering, the methylation characteristics of IGCTs were
found to divide the tumors into three subtypes, with the
methylation subtype being highly consistent with the
pathological type. Notably, low methylation levels were
identified as a distinct feature of germinomas, similar to
PGCs. Despite the presence of identical somatic muta-
tions in different histological components of mixed
IGCTs, germinoma components and non-germinoma
components exhibited significantly different methyla-
tion characteristics, with the former exhibiting low meth-
ylation levels and the latter exhibiting high methylation
[4]. These results suggest that different types of IGCTs
share a common origin and that epigenetic reprogram-
ming determines their differentiation pathways. Takami
et al. divided IGCTs and TGCTs into two groups based
on their methylation profiles, with the primary difference
between the groups being pathological type rather than
lesion location. This finding suggests that the pathophysi-
ological differences between GCTs are largely independ-
ent of their origin location and are instead determined
by their differentiation state [31]. In another study, Hsieh
et al. used methylation and hydroxymethylation sequenc-
ing to identify miRNAs that were differentially expressed
in germinomas and NGMGCTs and were associated
with gene methylation: miR-214-3p and miR-199a-5p.
Cell-based experiments confirmed that demethylation
could upregulate the expression of both miRNAs, and
that transfection of miR-214-3p increased tumor cell
resistance to cisplatin. These findings suggest that meth-
ylation levels can influence tumor cell traits by regulating
miRNA expression, resulting in prognostic differences
between different subtypes of IGCTs [8]. Epigenetic
research not only highlights the consistency between
IGCTs and GCTs from other anatomical sites but also
suggests that methylation regulation plays a crucial role
in determining the characteristics of IGCTs.

Immune landscape

The TIME has emerged as a research hotspot in the
study of the development, progression, and treatment
of various solid tumors. In recent years, there have
been advances in the study of TIME in IGCTs. Takami
et al. analyzed the cellular composition of 100 germino-
mas and found that the expression of tumor immune-
related genes varied with different tumor cell contents.
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High CD4 expression was significantly associated with
a favorable prognosis, while an increase in nitric oxide
synthase 2 was associated with an unfavorable prognosis,
and most germinomas expressed PD1 [33]. In another
study, researchers divided intracranial germinomas
patients into two groups based on the time from symp-
tom onset to case diagnosis: long-term onset and short-
term onset. Immunohistochemical analysis showed that
the former had a lower positive cell rate of PD-L1, higher
levels of CD34/CD8+lymphocytes, and a lower ratio
of PD-1+ cells/CD8+ cells, indicating that the immune
microenvironment affects the growth of germinomas.
This may explain to some extent the cause of phenotypic
differences between germinoma groups [22]. A study
from China focused on the impact of high endothelial
venules (HEVs) on the immune landscape in germino-
mas. Through immunohistochemical staining of 42 ger-
minomas, HEVs were detected in 31% of samples. The
presence of HEVs was associated with abundant infil-
tration of CD3+T, CD20+4B, and CD8+T cells. Higher
HEV levels were associated with a favorable prognosis
for germinomas [1]. Takami et al. found that NGGCTs
had significantly higher levels of immune cell infiltra-
tion compared to germinomas in their transcriptomic
study [31]. Research on the tumor microenvironment has
deepened our understanding of tumor biology behavior
in other tumor fields and provided new ideas for tumor
treatment. However, compared to other tumors, there is
still a gap in research on IGCTs, so it is necessary to con-
duct more in-depth research. For example, the relation-
ship between the IGCT immune microenvironment and
the development and prognosis of different subtypes of
tumors is worthy of further study and discussion.

Discussion

This article summarizes the basic research achievements
on IGCTs over the past decade. These studies primarily
focus on molecular aspects, using bioinformatics meth-
ods to correlate the intrinsic characteristics of tumors,
such as genome, transcriptome, methylome, and immune
characteristics, with external characteristics such as
clinical pathology, providing profound insights into the
occurrence and development of IGCTs.

A common consensus among various research results
is that different genetic characteristics can distinguish
different pathological types of IGCTs but cannot dis-
tinguish between GCTs originating from various sites.
However, it is worth noting that the intracranial site of
IGCT occurrence may be related to genetic characteris-
tics. In any case, this further confirms that IGCTs are not
only histologically but also essentially the same as GCTs
from other sites in terms of occurrence.
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The various molecular and histological characteris-
tics found in basic research can provide a basis for more
precise histological typing. At the same time, this also
provides a basis for more efficient and accurate diagno-
sis. Research on the correlation between IGCT genet-
ics, immunology characteristics and its development,
prognosis and other aspects can provide effective guid-
ance for predicting the clinical outcome of patients. For
patients with different predicted outcomes, different
treatment modalities need to be adopted in a timely man-
ner. The study of tumor molecular mechanisms will help
the development of new targeted treatment sites. For
example, targeting most IGCTs with upregulated KIT/
RAS/MAPK pathway and/or PI3K/AKT/mTOR pathway,
designing inhibitors for these pathways may be a new
idea for developing tumor-targeted drugs. For pathologi-
cal subtypes with poor prognosis, differential molecular
characteristics (such as transcriptional profiles, methyla-
tion profiles, etc.) can be screened or immune microen-
vironment characteristics identified to provide ideas for
personalized treatment plans.

However, there are still many shortcomings in the
research up to now. First of all, almost all research relies
on sequencing of clinical specimens and lacks basic
research models. Further research may require the estab-
lishment of a more mature laboratory research system,
such as establishing corresponding cell lines, exploring
tumor modeling schemes in vitro experiments, conduct-
ing pathway research at the cellular level and designing
drug sensitivity tests.

Secondly, most of the large-scale studies currently
come from Japanese teams, and the main research con-
clusions may have systematic errors due to regional fac-
tors. The Intracranial Germ Cell Tumor Genome Analysis
Consortium of Japan (IGCT Consortium) IGCT database
includes IGCT cases from 20 participating institutions
since its creation [34], providing sufficient resources for
large-scale data analysis and serving as a model for other
countries and regions to follow. One direction for future
research is to expand the cohort to include cases from
more regions globally and conduct comprehensive analy-
sis to explore the characteristic or universal laws of cases
in different populations.

In addition, the combined application of single-cell
sequencing and spatial transcriptomics technology
can improve the resolution to the single-cell level while
obtaining tissue spatial location information. This will
help reveal the origin of mixed IGCTs, describe the
tumor immune landscape, and other issues. More hall-
marks of tumors, such as vascularization, senescent
cells, polymorphic microbiomes, phenotypic plasticity,
and other areas that have not yet been studied [7], can
become the focus of future research. Further research
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directions may include tumor exosomes and cell-free
DNA, which may provide more non-invasive indicators
for clinical use and establish more precise and effective
markers for diagnosis, treatment, and prognosis.

Acknowledgements
Not applicable.

Author contributions

Conceptualization, supervision and funding acquisition were performed by
YY and HZ. Literature search, data analysis and original draft preparation were
performed by YZ, CZ and XK JL, ZY, KD, and LL critically revised the work.

Funding

This study was supported by National High Level Hospital Clinical Research
Funding (No. 2022-PUMCH-B-114) from Yong Yao, and Youth Science Founda-
tion of Peking Union Medical College Hospital (No. pumch201911867) from
Yi Zhang.

Availability of data and materials
Not applicable.

Declarations

Ethics approval and consent to participate
Not applicable.

Consent for publication
All the authors have read the final manuscript and approved publication.

Completing interests

The authors declare that the research was conducted in the absence of any
commercial or financial relationships that could be construed as a potential
conflict of interest.

Received: 9 September 2023 Accepted: 2 November 2023
Published online: 27 November 2023

References

1. ChenH,LiG,CuiY, Zhang Q Li B, Liu X (2023) High endothelial venules in
intracranial germinomas: implications for lymphocytes infiltration. Cancer
Med 12:5450-5460. https://doi.org/10.1002/cam4.5367

2. Frappaz D, Dhall G, Murray MJ, Goldman S, Faure Conter C, Allen J,
Kortmann RD, Haas-Kogen D, Morana G, Finlay J et al (2022) EANO, SNO
and Euracan consensus review on the current management and future
development of intracranial germ cell tumors in adolescents and young
adults. Neuro Oncol 24:516-527. https://doi.org/10.1093/neuonc/noab2
52

3. Fukushima S, Otsuka A, Suzuki T, Yanagisawa T, Mishima K, Mukasa
A, Saito N, Kumabe T, Kanamori M, Tominaga T et al (2014) Mutually
exclusive mutations of KIT and RAS are associated with KIT mRNA
expression and chromosomal instability in primary intracranial pure
germinomas. Acta Neuropathol 127:911-925. https://doi.org/10.1007/
s00401-014-1247-5

4. Fukushima S, Yamashita S, Kobayashi H, Takami H, Fukuoka K, Nakamura
T, Yamasaki K, Matsushita Y, Nakamura H, Totoki Y et al (2017) Genome-
wide methylation profiles in primary intracranial germ cell tumors
indicate a primordial germ cell origin for germinomas. Acta Neuropathol
133:445-462. https://doi.org/10.1007/500401-017-1673-2

5. Gao X,WangY, Bai M (2020) Study progress of intracranial germ cell
tumors. Adv Clin Med 10:9

6. Gittleman H, Cioffi G, Vecchione-Koval T, Ostrom QT, Kruchko C, Osorio
DS, Finlay JL, Barnholtz-Sloan JS (2019) Descriptive epidemiology of germ
cell tumors of the central nervous system diagnosed in the United States

20.

21.

22.

Page 6 of 7

from 2006 to 2015. J Neurooncol 143:251-260. https://doi.org/10.1007/
s11060-019-03173-4

Hanahan D (2022) Hallmarks of cancer: new dimensions. Cancer Discov
12:31-46. https://doi.org/10.1158/2159-8290.Cd-21-1059

Hsieh TH, Liu YR, Chang TY, Liang ML, Chen HH, Wang HW, Yen Y, Wong TT
(2018) Global DNA methylation analysis reveals miR-214-3p contributes
to cisplatin resistance in pediatric intracranial nongerminomatous malig-
nant germ cell tumors. Neuro Oncol 20:519-530. https://doi.org/10.1093/
neuonc/nox186

Ichimura K, Fukushima S, Totoki Y, Matsushita Y, Otsuka A, Tomiyama A,
Niwa T, Takami H, Nakamura T, Suzuki T et al (2016) Recurrent neomor-
phic mutations of MTOR in central nervous system and testicular germ
cell tumors may be targeted for therapy. Acta Neuropathol 131:889-901.
https://doi.org/10.1007/500401-016-1557-x

. Jennings MT, Gelman R, Hochberg F (1985) Intracranial germ-cell tumors:

natural history and pathogenesis. J Neurosurg 63:155-167. https://doi.
0rg/10.3171/jns.1985.63.2.0155

. Kemmer K, Corless CL, Fletcher JA, McGreevey L, Haley A, Griffith D,

Cummings OW, Wait C, Town A, Heinrich MC (2004) KIT mutations are
common in testicular seminomas. Am J Pathol 164:305-313. https://doi.
0rg/10.1016/50002-9440(10)63120-3

. Kobayashi T, Kageyama N, Kida Y, Yoshida J, Shibuya N, Okamura K (1981)

Unilateral germinomas involving the basal ganglia and thalamus. J Neu-
rosurg 55:55-62. https://doi.org/10.3171/jns.1981.55.1.0055

. Kuleszo D, Koczkowska M, Lipska-Zietkiewicz BS, Grajkowska W,

Adamkiewicz-Drozyriska E, Dembowska-Baginiska B, Ciotkowski M, 1zycka-
Swieszewska E (2017) Comparative genomic analysis of intracranial germ
cell tumors: the preliminary study focused on sonic hedgehog signaling
pathway. Contemp Oncol (Pozn) 21:279-284. https://doi.org/10.5114/wo.
2017.72390

. Kuleszo D, Lipska-Zietkiewicz B, Koczkowska M, Zakrzewski K, Grajkowska

W, Roszkowski M, Dembowska-Bagiriska B, Czarnota K, Adamkiewicz-
Drozyniska E, Izycka-Swieszewska E (2019) Hedgehog signalling network
gene status analysis in paediatric intracranial germ cell tumours. Folia
Neuropathol 57:227-238. https://doi.org/10.5114/fn.2019.88451

. LiuS,Ren L, Gao X, Hao M, Wang G (2022) Pathogenesis of central nerv-

ous system germ cell tumors. Front Oncol 12:991484. https://doi.org/10.
3389/fonc.2022.991484

Louis DN, Perry A, Wesseling P, Brat DJ, Cree |A, Figarella-Branger D,
Hawkins C, Ng HK; Pfister SM, Reifenberger G et al (2021) The 2021 WHO
classification of tumors of the central nervous system: a summary. Neuro
Oncol 23:1231-1251. https://doi.org/10.1093/neuonc/noab 106

Low SYY, Cheng H, Zou R, Ng LP, Kuick CH, Syed Sulaiman NB, Chang KTE,
Low DCY, Zhou L, Seow WT (2020) Molecular exploration of paediatric
intracranial germinomas from multi-ethnic Singapore. BMC Neurol
20:415. https://doi.org/10.1186/512883-020-01981-0

Modak S, Gardner S, Dunkel 1), Balmaceda C, Rosenblum MK, Miller DC,
Halpern S, Finlay JL (2004) Thiotepa-based high-dose chemotherapy with
autologous stem-cell rescue in patients with recurrent or progressive
CNS germ cell tumors. J Clin Oncol 22:1934-1943. https://doi.org/10.
1200/jc0.2004.11.053

Murray MJ, Ajithkumar T, Harris F, Williams RM, Jalloh |, Cross J, Ronghe

M, Ward D, Scarpini CG, Nicholson JC, Coleman N (2020) Clinical utility of
circulating miR-371a-3p for the management of patients with intracranial
malignant germ cell tumors. Neurooncol Adv 2:vdaa048. https://doi.org/
10.1093/noajnl/vdaa048

Murray MJ, Saini HK, van Dongen S, Palmer RD, Muralidhar B, Pett MR,
Piipari M, Thornton CM, Nicholson JC, Enright AJ, Coleman N (2010) The
two most common histological subtypes of malignant germ cell tumour
are distinguished by global microRNA profiles, associated with differential
transcription factor expression. Mol Cancer 9:290. https://doi.org/10.
1186/1476-4598-9-290

Nakamura H, Takami H, Yanagisawa T, Kumabe T, Fujimaki T, Arakawa

Y, Karasawa K, Terashima K, Yokoo H, Fukuoka K et al (2022) The Japan
society for neuro-oncology guideline on the diagnosis and treatment

of central nervous system germ cell tumors. Neuro Oncol 24:503-515.
https://doi.org/10.1093/neuonc/noab242

Nishimoto M, Ohara K, Kamamoto D, Tamura R, Miwa T, Yoshida K, Sasaki
H (2020) Tumor immune microenvironment is associated with the
growth of intracranial germinomas. J Neurooncol 146:139-146. https.//
doi.org/10.1007/511060-019-03355-0


https://doi.org/10.1002/cam4.5367
https://doi.org/10.1093/neuonc/noab252
https://doi.org/10.1093/neuonc/noab252
https://doi.org/10.1007/s00401-014-1247-5
https://doi.org/10.1007/s00401-014-1247-5
https://doi.org/10.1007/s00401-017-1673-2
https://doi.org/10.1007/s11060-019-03173-4
https://doi.org/10.1007/s11060-019-03173-4
https://doi.org/10.1158/2159-8290.Cd-21-1059
https://doi.org/10.1093/neuonc/nox186
https://doi.org/10.1093/neuonc/nox186
https://doi.org/10.1007/s00401-016-1557-x
https://doi.org/10.3171/jns.1985.63.2.0155
https://doi.org/10.3171/jns.1985.63.2.0155
https://doi.org/10.1016/s0002-9440(10)63120-3
https://doi.org/10.1016/s0002-9440(10)63120-3
https://doi.org/10.3171/jns.1981.55.1.0055
https://doi.org/10.5114/wo.2017.72390
https://doi.org/10.5114/wo.2017.72390
https://doi.org/10.5114/fn.2019.88451
https://doi.org/10.3389/fonc.2022.991484
https://doi.org/10.3389/fonc.2022.991484
https://doi.org/10.1093/neuonc/noab106
https://doi.org/10.1186/s12883-020-01981-0
https://doi.org/10.1200/jco.2004.11.053
https://doi.org/10.1200/jco.2004.11.053
https://doi.org/10.1093/noajnl/vdaa048
https://doi.org/10.1093/noajnl/vdaa048
https://doi.org/10.1186/1476-4598-9-290
https://doi.org/10.1186/1476-4598-9-290
https://doi.org/10.1093/neuonc/noab242
https://doi.org/10.1007/s11060-019-03355-0
https://doi.org/10.1007/s11060-019-03355-0

Zhang et al. Acta Neuropathologica Communications (2023) 11:188

23. Packer RJ, Cohen BH, Cooney K (2000) Intracranial germ cell tumors.
Oncologist 5:312-320

24. Packer RJ, Sutton LN, Rosenstock JG, Rorke LB, Bilaniuk LT, Zimmerman
RA, Littman PA, Bruce DA, Schut L (1984) Pineal region tumors of child-
hood. Pediatrics 74:97-102

25. PhiJH, Wang KC, Kim SK (2018) Intracranial germ cell tumor in the
molecular era. J Korean Neurosurg Soc 61:333-342. https://doi.org/10.
3340/jkns.2018.0056

26. Sakuma'Y, Sakurai S, Oguni S, Hironaka M, Saito K (2003) Alterations of the
c-kit gene in testicular germ cell tumors. Cancer Sci 94:486-491. https.//
doi.org/10.1111/j.1349-7006.2003.tb01470.x

27. SakumaY, Sakurai S, Oguni S, Satoh M, Hironaka M, Saito K (2004) c-kit
gene mutations in intracranial germinomas. Cancer Sci 95:716-720.
https://doi.org/10.1111/j.1349-7006.2004.tb03251.x

28. Satomi K, Takami H, Fukushima S, Yamashita S, Matsushita Y, Nakazato Y,
SuzukiT, Tanaka S, Mukasa A, Saito N et al (2022) 12p gain is predomi-
nantly observed in non-germinomatous germ cell tumors and identifies
an unfavorable subgroup of central nervous system germ cell tumors.
Neuro Oncol 24:834-846. https://doi.org/10.1093/neuonc/noab246

29. Schonberger S, Mohseni MM, Ellinger J, Tran GVQ, Becker M, Claviez A,
Classen CF, Hermes B, Driever PH, Jorch N et al (2023) MicroRNA-profiling
of miR-371~373- and miR-302/367-clusters in serum and cerebrospinal
fluid identify patients with intracranial germ cell tumors. J Cancer Res Clin
Oncol 149:791-802. https://doi.org/10.1007/500432-022-03915-4

30. Sonehara K, Kimura Y, Nakano'Y, Ozawa T, Takahashi M, Suzuki K, Fujii
T, Matsushita Y, Tomiyama A, Kishikawa T et al (2022) A common dele-
tion at BAK1 reduces enhancer activity and confers risk of intracranial
germ cell tumors. Nat Commun 13:4478. https://doi.org/10.1038/
s41467-022-32005-9

31. Takami H, Elzawahry A, Mamatjan Y, Fukushima S, Fukuoka K, SuzukiT,
Yanagisawa T, Matsushita Y, Nakamura T, Satomi K et al (2022) Transcrip-
tome and methylome analysis of CNS germ cell tumor finds its cell-of-
origin in embryogenesis and reveals shared similarities with testicular
counterparts. Neuro Oncol 24:1246-1258. https://doi.org/10.1093/
neuonc/noac021

32. Takami H, Fukuoka K, Fukushima S, Nakamura T, Mukasa A, Saito N,
Yanagisawa T, Nakamura H, Sugiyama K, Kanamori M et al (2019)
Integrated clinical, histopathological, and molecular data analysis of 190
central nervous system germ cell tumors from the iGCT Consortium.
Neuro Oncol 21:1565-1577. https://doi.org/10.1093/neuonc/noz139

33, Takami H, Fukushima S, Aoki K, Satomi K, Narumi K, Hama N, Matsushita
Y, Fukuoka K, Yamasaki K, Nakamura T et al (2020) Intratumoural immune
cell landscape in germinoma reveals multipotent lineages and exhibits
prognostic significance. Neuropathol Appl Neurobiol 46:111-124. https://
doi.org/10.1111/nan.12570

34, Takami H, Perry A, Graffeo CS, Giannini C, Narita Y, Nakazato Y, Saito N,
Nishikawa R, Matsutani M, Ichimura K, Daniels DJ (2021) Comparison
on epidemiology, tumor location, histology, and prognosis of intracra-
nial germ cell tumors between mayo clinic and Japanese consortium
cohorts. J Neurosurg 134:446-456. https://doi.org/10.3171/2019.11.JNS19
1576

35. Takami H, Satomi K, Fukuoka K, Nakamura T, Tanaka S, Mukasa A, Saito
N, Suzuki T, Yanagisawa T, Sugiyama K et al (2023) Distinct patterns of
copy number alterations may predict poor outcome in central nervous
system germ cell tumors. Sci Rep 13:15760. https://doi.org/10.1038/
$41598-023-42842-3

36. Wang HW, Wu YH, Hsieh JY, Liang ML, Chao ME, Liu DJ, Hsu MT, Wong
TT (2010) Pediatric primary central nervous system germ cell tumors
of different prognosis groups show characteristic miRNome traits and
chromosome copy number variations. BMC Genomics 11:132. https://doi.
org/10.1186/1471-2164-11-132

37. Wang L, Yamaguchi S, Burstein MD, Terashima K, Chang K, Ng HK, Naka-
mura H, He Z, Doddapaneni H, Lewis L et al (2014) Novel somatic and
germline mutations in intracranial germ cell tumours. Nature 511:241-
245, https://doi.org/10.1038/nature13296

Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in pub-
lished maps and institutional affiliations.

Page 7 of 7

Ready to submit your research? Choose BMC and benefit from:

fast, convenient online submission

thorough peer review by experienced researchers in your field

rapid publication on acceptance

support for research data, including large and complex data types

gold Open Access which fosters wider collaboration and increased citations

maximum visibility for your research: over 100M website views per year

At BMC, research is always in progress.

Learn more biomedcentral.com/submissions . BMC



https://doi.org/10.3340/jkns.2018.0056
https://doi.org/10.3340/jkns.2018.0056
https://doi.org/10.1111/j.1349-7006.2003.tb01470.x
https://doi.org/10.1111/j.1349-7006.2003.tb01470.x
https://doi.org/10.1111/j.1349-7006.2004.tb03251.x
https://doi.org/10.1093/neuonc/noab246
https://doi.org/10.1007/s00432-022-03915-4
https://doi.org/10.1038/s41467-022-32005-9
https://doi.org/10.1038/s41467-022-32005-9
https://doi.org/10.1093/neuonc/noac021
https://doi.org/10.1093/neuonc/noac021
https://doi.org/10.1093/neuonc/noz139
https://doi.org/10.1111/nan.12570
https://doi.org/10.1111/nan.12570
https://doi.org/10.3171/2019.11.JNS191576
https://doi.org/10.3171/2019.11.JNS191576
https://doi.org/10.1038/s41598-023-42842-3
https://doi.org/10.1038/s41598-023-42842-3
https://doi.org/10.1186/1471-2164-11-132
https://doi.org/10.1186/1471-2164-11-132
https://doi.org/10.1038/nature13296

	Advances in genetic abnormalities, epigenetic reprogramming, and immune landscape of intracranial germ cell tumors
	Abstract 
	Introduction
	Somatic mutation
	Chromosomal aberrations
	Transcriptomic characteristics
	Epigenetic reprogramming
	Immune landscape
	Discussion
	Acknowledgements
	References


