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Abstract

Purpose of Review The last decade has seen significant improvements in the management and understanding of the patho-
genesis of CNS germ cell tumors (GCTs) by studies on genomic and epigenomic analyses, and published results of clinical
trials. This review highlights the new findings to stay up-to-date on the knowledge and better inform the future directions.
Recent Findings CNS GCTs are characterized by either MAPK or PI3K pathway mutations. Germinoma has a striking global
hypo-methylation, analogous to its hypothesized cell-of-origin; primordial germ cell. Micro RNA cluster mir-371-373 and
mir-302/367 are characteristic of GCTs, which have potential for liquid biopsy. Clinical trials have revealed whole-ventricular
irradiation for germinoma and local radiotherapy for localized non-germinomatous GCTs seem to be sufficient for tumor
control.

Summary Advancements in basic, translational, and clinical studies are improving our understanding of this rare disease.
Further studies are needed, especially in the field of radiomics, liquid biopsy, genomic structural variants, and treatment

stratification, to better structure the future management scheme.
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Introduction

Central nervous system (CNS) germ cell tumor (GCT) is a
rare neoplasm which mainly affects pediatric, adolescent and
young adult population, with a peak age of teenagers [1ee,
2]. There is a male predominance, but the gender distribu-
tion is dependent on the site of the tumor. The most com-
mon location is the pineal gland, followed by neurohypophy-
sis and ventricular system, and GCTs at the basal ganglia,
thalamus, cerebral and cerebellar hemispheres, brainstem,
and spinal cord are rare. While there is an even distribution
between genders for GCTs located in the neurohypophysis
[3], there is a strikingly higher incidence in male patients
for pineal GCTs [4]. There is also a difference in incidence
based on geographic distribution; GCTs are more common
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in East Asia, compared with North America and Europe [5,
6]. The site of tumor location is also different geographi-
cally: basal ganglia GCTs are more common in East Asia
and bifocal (neurohypophysis and pineal gland) tumors are
more common in Europe and North America [7e].

GCTs are sensitive to chemotherapy and radiotherapy.
Long-term survival can be achieved in germinoma, with
10-year overall survival (OS) of >90% [1ee, 8—10]. Progno-
sis for non-germinomatous GCTs (NGGCTs) is also improv-
ing, with recent data showing 5-year OS of around 70%
per clinical trials by Clinical Oncology Group (COG) and
International Society of Paediatric Oncology (SIOP) [11,
12ee]. However, long-term survivors can suffer from late
sequelae due to chemotherapy and radiotherapy, including
secondary neoplasms such as glioma and meningioma, and
cavernous malformation, vascular damage, endocrinological
insufficiency, and intellectual decline [10, 13e, 14]. These
long-term side effects of current standard of care treatment
regimens prompt the need for new treatment algorithms
that would reduce treatment-related side effects including a
smaller radiation field and dose, targeted therapy, and strati-
fied treatment intensity.
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Mainly due to its rareness, basic research into the patho-
genesis of GCTs and clinical trials are relatively uncommon
compared with other more common pediatric CNS tumors
such as medulloblastoma or ependymoma. However, in the
past 10 years, we have seen progress in understanding the
disease mechanism through genomic and epigenomic pro-
files, diagnostic methods, imaging studies, and clinical tri-
als across the globe. Furthermore, five international GCT
symposia have been held to discuss the best clinical man-
agement, and consensus was achieved in many aspects of
clinical practice [15]. Although we have not yet developed
molecularly targeted therapy, recent basic and clinical find-
ings are promising. This paper illustrates and summarizes
the up-to-date knowledge for both basic and clinical findings
focusing on articles published within the last 5 years, and
presents potential future methods to better manage this rare
disease.

Molecular Investigations Into Pathogenesis
Mutational Analysis

A study evaluating the mutational profile of 124 CNS GCTs
has revealed that MAPK pathway (KIT/RAS signaling path-
way) alterations are common, including KRAS and NRAS in
48% of samples, and PI3K pathway alterations including
MTOR in 13% of samples were the dominant features in
tumorigenesis [16]. Among all the mutations, KIT and RAS
mutations, which were mutually exclusive, were the most
frequent, accounting for approximately 60% in germinoma
and 8.6% in NGGCTs. Irrespective of KIT mutational status,
KIT expression was immunohistochemically positive in all
germinoma [17].

Another interesting finding was that the JMJDIc ger-
mline variant was found to be 4.8 times higher in the Japa-
nese patient cohort compared with other cohorts of different
ethnicity. JMJDIc codes a histone demethylation enzyme,
which is involved in the maintenance of primordial germ
cells (PGCs) in mice. This was suspected to be one of
the factors responsible for the difference in the incidence
between ethnicities [18]. Inhibitors for MTOR and KIT are
potential molecularly targeted drugs, the former of which
was partially verified in vitro [19] and both of which are
already in clinical use for other types of tumors. Other
tyrosine-kinase inhibitors such as MEK or ERK inhibitors
are also potentially effective [18]. So far, however, no bio-
marker-based clinical trial has been conducted using targeted
drugs for CNS GCTs.
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Copy Number Analysis

GCTs are characterized by highly enriched copy number
abnormalities and imbalanced chromosomes. Array compar-
ative genome hybridization (aCGH), SNP array, and fluores-
cent in situ hybridization (FISH) revealed frequent gains in
1q, 12p, 21q, X and loss in 13q. Chromosome 12p contains a
representative gene, KRAS, which often has mutation in CNS
GCTs. So far, however, no specific gene has been linked with
the pathogenesis, in line with corresponding chromosomal
aberrations [17]. Congenitally acquired diseases associated
with CNS GCTs include Klinefelter syndrome (47, XXY)
and Down syndrome (21 trisomy) [20, 21]. Higher incidence
of CNS GCTs in these syndromes suggests the presence of
potential causative genes in chromosomes X and 21, but this
has not been established.

Methylation Analysis

According to the methylation profiling of 61 CNS GCTs
analyzed by Illumina 450 K array, germinoma was found to
be highly characterized by whole genome demethylation,
which shows a striking contrast to any other tumors in the
body. This demethylation status is analogous to that of the
hypothesized cell-of-origin, PGCs [22]. Hypomethylation in
germinoma was also evidenced by negative immunohisto-
chemistry with 5-methylcytocine at tumor cell nuclei [23].

Other CNS GCTs showed similar methylation patterns to
somatic tissues, and depended on the level of differentiation
of the tissue. Another interesting finding was that microdis-
section of each histological subtype in mixed GCTs revealed
that mutational status was shared throughout the tumor, con-
trary to the different methylation status between different
histological components. This suggests that cell-of-origin
firstly acquires mutation, followed by the change in methyla-
tion, resulting in different phenotypes [22].

Expression and Transcriptome Analysis

Immunohistochemical analyses demonstrated that genes
related to pluripotency including KIT, Oct3/4, NANOG, and
TFAP2c and genes related to germ cells including MAGEA4,
NY-ESO-1, and TSPY were highly expressed in GCTs, sug-
gesting that GCTs represent both primitive and gonad-
destined cells [24]. Microarray gene expression analysis
corroborated the above findings, demonstrating that pluri-
potency-related genes including KLF4 and immune-related
genes were highly expressed in germinoma. NGGCTs were
characterized by the genes related to Wnt/beta-catenin path-
way, invasion, and epithelial-mesenchymal transition [25].
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GWAS

Genome-wide association study (GWAS), which is investi-
gating the statistical association between single-nucleotide
polymorphism (SNP) and disease, is now being conducted
for CNS GCTs in Japan, the results of which are pending.
For testicular GCTs, there have been several reports on
identifying representative SNPs in association with disease
by GWAS, and the genes were found to be related to germ
cell development, differentiation, telomere function micro-
tubule assembly, and DNA repair [26]. Furthermore, there
have been reports about familial testicular GCTs, with the
risk elevated to 8—10 times between brothers and 4—6 times
between father and son [27]. The findings of SNPs in CNS
GCTs are awaited.

New Diagnostic Methods
Tumor Marker

Standard tumor markers examined in daily clinical practice
include human chorionic gonadotropin (HCG) and alpha-
fetoprotein (AFP) in the blood serum and CSF. These can
be used as diagnostic methods to differentiate germinoma
and NGGCTs, the latter of which usually have elevated lev-
els, especially HCG in choriocarcinomas and AFP in yolk
sac tumors and occasionally teratomas. HCG-producing
germinoma including germinoma with syncytiotrophoblas-
tic giant cell (STGC) is usually treated as pure germinoma
as all germinomas secrete HCG to varying extent [28], but
there is a report about worse prognosis with germinoma with
elevated HCG [29]. Tumor markers were also found to be
useful in differentiating tumor progression and “growing
teratoma syndrome” during chemo- and radiotherapy, as the
latter is defined as normalization of tumor markers despite
tumor growth [30]. Additionally, monitoring of tumor mark-
ers is essential in detecting a relapse in follow-ups [31ee,
32]. Another tumor marker, placental alkaline phosphatase
(PLAP), was recently investigated, which in combination
with other standard tumor markers can differentiate ger-
minomas, choriocarcinomas, and other NGGCTs, and can
also be useful in immunohistochemistry in the diagnosis of
germinoma [33].

Micro RNA

MicroRNAs from miR-371a-373p and miR-302/367 clusters
have been detected in the serum and CSF of patients with
CNS malignant NGGCTs. These biomarkers were found to
have higher sensitivity and specificity compared with stand-
ard tumor markers in cases of testicular counterparts [34].
MicroRNA detection has potential as diagnostic measures

and gauging treatment response and relapse [35¢]. Another
study found 27 differentially expressed microRNAs between
germinoma and NGGCTs, some of which were related to
epigenetic status and platinum-agent resistance [36]. Estab-
lishment of standardized measurement methodology and
clinical feasibility of microRNA assessment are warranted.

White Blood Cell Differential in CSF

A recent study revealed that the white blood cell fraction
in CSF was closely related to the histopathological entity.
Germinoma was associated with high percentage of lym-
phocytes and NGGCT with monocytes. Also, the multi-
plicity of tumors in CNS was related to a high percentage
of lymphocytes [13e]. This finding is seemingly reflecting
the well-known pathological feature of germinoma harbor-
ing coexistent lymphocytes in its tissue, which is called a
“two-cell pattern” [37]. Furthermore, transcriptomic analy-
sis on NGGCTs in preliminary studies found that they have
abundant macrophage in their tissue. These features reflect
another perspective of the pathogenesis of GCTs from the
angle of the microenvironment, and can aid in the diagnosis
of histopathological categorization, and potentially can be
lead to consideration of treatments such as immunotherapy.
These findings warrant external validation before their prac-
tical use.

Clinical Trials

There are three major organizations where clinical trials tar-
geting germinoma and NGGCTs in a large scale have been
conducted: COG in North America, SIOP in Europe, and
CNS Germ Cell Tumor Study Group in Japan. Clinical trials
in these three independent groups have historically shaped
current management schemes. While there have been differ-
ences in the classification and treatment regimens of these
tumors, the medications used and the radiation coverage and
dose are mostly congruent.

coG

In ACNSO0122 clinical trial targeting NGGCTs, alternating
the chemotherapy agents carboplatin and etoposide with
ifosfamide and etoposide, followed by craniospinal irradia-
tion (CSI) 36 Gy and local radiotherapy (LRT) 18 Gy, were
employed. The study achieved 5-year event-free survival and
overall survival (OS) of 84 +4% and 93 + 3%, respectively
[38]. The next clinical trial was ACNS1123, and the result of
the study for localized NGGCT (stratum1) has already been
published. The chemotherapy regimen was about the same
with an increase in the dose of etoposide, but the radiation
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field was limited to whole ventricular irradiation (WVI) of
30.6 Gy instead of CSI and LRT of 23.4 Gy. Three-year
progression-free survival (PFS) and OS were reported to
be 88 +4% and 92 + 3%, respectively. This is comparable to
the results of trial ACNS0122, from which WVI was found
to be sufficient for a selected cohort of localized NGGCTs.
In ACNS1123, patients with germinoma in stratum 2 were
treated with WVI 18 Gy and LRT 12 Gy if tumor showed
CR to carboplatin and etoposide, and WVI 24 Gy and LRT
12 Gy if the tumor showed non-CR. Though data from stra-
tum 2 has not officially been published yet, 3-year PFS was
reported to be 94 +3% [39].

SIOP

In CNS GCT-96 clinical trial, patients with germinoma
were treated either with CSI 24 Gy and LRT 16 Gy or LRT
40 Gy and carboplatin and etoposide alternating with ifos-
famide and etoposide (“CarboPEI”) for non-disseminated
cases. Five-year event-free survival was 97 +2% and
88 +4%, respectively. This study revealed that most of the
recurrences in the LRT group were outside of the radiation
field, giving us evidence that LRT was insufficient in treat-
ing germinoma [40]. The recently closed CNS GCTII trial
employed WVI 24 Gy for cases with CR to “CarboPEI” and
combination WVI 24 Gy with LRT 16 Gy for non-CR cases.
The results are yet to be published. For NGGCTs, cisplatin,
etoposide, and ifosfamide (“PEI”’) and LRT 54 Gy for local-
ized NGGCTs and PEI chemotherapy, CSI 30 Gy and LRT
24 Gy for disseminated cases were employed. Five-year PFS
and OS were 72 +4% and 82 +4% for localized cases and
68 £9% and 75 + 8% for disseminated cases, respectively.
They also showed that AFP > 1000 ng/ml at presentation
and residual disease at the end of treatment were unfavora-
ble prognostic factors in NGGCTs [11]. The following CNS
GCTII clinical trial uses upfront high-dose chemotherapy
for these high-risk cases.

Japan

In the multicenter prospective study (1995-2003) funded by
the former Ministry of Health and Welfare Cancer Research
Grant, germinoma was treated with extended LRT 24 Gy
(equal to WVI except for not covering the lower half of the
fourth ventricle) and carboplatin and etoposide (“CARE”),
resulting in 10-year OS of 98% [41]. The current clinical
trial GRCTs031180223) which has already completed enroll-
ment is using WVI 23.4 Gy and CARE regimen. Japanese
clinical trials are unique in the classification of NGGCTs
into further two groups: an intermediate and a poor prog-
nosis group. The former is defined by patients with mixed
GCTs with a dominant germinoma component or immature
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teratoma, and the latter includes patients with dominant
malignant components (yolk sac tumor, embryonal carci-
noma, and choriocarcinoma) or excessively-high tumor
markers (HCG > 2000 IU/1 or AFP > 2000 ng/ml). A multi-
center prospective study conducted from 1995-2003 treated
an intermediate prognosis group with extended LRT 30 Gy
and LRT 20 Gy with CARE regimen, and the poor prog-
nosis group was treated with CSI 30 Gy and LRT 30 Gy
with ifosfamide, cisplatin, and etoposide (“ICE”) regimen.
Patients in this study had a 5-year PFS and OS of 85 and
95%, respectively, for the intermediate prognosis group, and
59% for both PFS and OS in the poor prognosis category. In
an ongoing clinical trial, patients in the intermediate prog-
nosis group are treated with WVI 23.4 Gy and 27 Gy with
CARE regimen, and the poor prognosis group CSI 30.6 Gy
and LRT 30.6 Gy with ICE. The final results of this study
is expected soon.

Other New Findings

Bifocal tumors are regarded as highly likely germinoma and
often treated as such as long as tumor markers are negative
and the imaging features are compatible, although there is
a certain degree of disagreement among clinicians to this
approach [15]. A recent study on bifocal tumors among
patients with diabetes insipidus and negative tumor markers
revealed 3.4% (3 out of 89 cases) were histopathologically
NGGCTs [42¢]. Another study found 3 NGGCT cases out
of 14 patients with bifocal tumors, which showed normal or
only mildly-elevated tumor markers [43]. Other tumors can
also present in the bifocal location; for instance, two cases
of bifocal PNET were also reported [44]. These studies raise
concern about treating bifocal tumors as germinoma without
histopathological confirmation, and biopsy should be given
consideration for confirmation.

There is also controversy over treating patients with ger-
minoma with CSI when the cytology of CSF is positive, as
whether positive cytology reflects spinal dissemination has
not been verified. A recent study of 66 patients with germi-
noma showed that a spinal lesion was present almost equally
in cases with and without positive cytology results. They
further demonstrated that the prognosis was the same when
treated with or without CSI among the patients with positive
cytology results. CSI might be unnecessary for patients with
positive cytology results without evidence of spinal lesion
on imaging [45].

A recent study on relapsed GCTs reported dismal progno-
sis despite treatment. One well-known phenomenon is that
GCTs can relapse as either the same histology, or transform
to NGGCTs. In one small study, patients with relapsed GCTs
were treated with salvage standard-dose chemotherapy and
irradiation or high-dose chemotherapy and autologous stem
cell rescue with or without re-irradiation. Patients who had
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an original diagnosis of germinoma, no matter the histol-
ogy on relapse, faired much better than those with an origi-
nal diagnosis of NGGCT, who had a 5-year OS of 9%. No
valid treatment option is available, whether chemotherapy or
radiotherapy [46]. Urgent need is recognized for a treatment
strategy beyond high-dose chemotherapy.

Potential Future Clinical Trials

Further efforts should be made to reduce the treatment bur-
den for the young patients. One way of treatment reduction
is to identify a subgroup with a certain molecular or histo-
pathological feature that can be safely treated with reduced
treatment. Recent studies have shown that low tumor cell
content percentage in the pathological specimen can be a
favorable prognostic factor in germinoma. The study dem-
onstrated that tumor cell content varied significantly in the
range of <5 to 90%, with the median of 50%. Those har-
boring tumor cell content < 50% showed longer PFS than
those who had higher percentages [47ee]. Though limited
by small cohort size, no patients experienced disease recur-
rence who had <50% tumor cell content after treatment
with platinum-based chemotherapy and LRT [48]. Another
study has shown that chromosomal 12p gain was prevalent
in NGGCTs especially with a malignant component, and was
a poor prognostic factor among NGGCTSs (in submission).
These histopathological and molecular features can be lever-
aged in identifying cases for which treatment intensity can
be modified, although these findings need validation before
clinically employed.

Recent studies have revealed that 74-90% of germinoma
cells show positivity for PD-L1 [47ee, 49]. The microen-
vironment of germinoma is rich in T-cells in some cases.
Although the mutation burden does not seem to be high in
general [19], these findings suggest a possible therapeutic
role for immune checkpoint inhibitors [50].

Unresolved Issues

One of the unestablished matters surrounding GCTs is
the most appropriate cutoff levels for tumor markers to
distinguish germinoma and NGGCTs. NGGCTs are often
diagnosed based on the elevated tumor markers without
histopathological confirmation: phCG > 100 IU/ml or
AFP > 10 ng/ml in COG ACNS1123 and phCG > 50 IU/
or AFP > 25 ng/ml in SIOP CNS GCTII. Omitting confir-
mation of diagnosis with a histopathological specimen can
potentially lead to over-treatment, such as in patients with
HCG-producing germinomas and marker-positive terato-
mas. Furthermore, different cutoffs in tumor markers make
it difficult to compare the treatment outcomes between

different clinical trials. In contrast, diagnosis on surgical
specimens obtained by biopsy has an inherent limitation,
as it only represents part of the entire tumor and can lead
to misdiagnosis in cases of mixed tumors. Verifications of
the appropriate cutoff levels to minimize the possibility of
under-or over-treatment are thus necessary.

Another important issue to be resolved is the develop-
ment of treatment for relapsed GCTs, especially relapsed
NGGCTs, in the framework of clinical trials. As described
previously, the current treatment regimen involving high-
dose chemotherapy with autologous stem cell implanta-
tion and re-irradiation has shown only a limited effect.
Completely new modalities or drugs might be necessary,
including the introduction of immunotherapy such as
immune-checkpoint inhibitors. The promising news is
that a research group at Baylor College established the
first patient-derived xenograft model of germinoma. This
will surely help in testing new drugs in the preclinical
setting [51].

Future Directions and Perspectives

Although the pathogenesis of CNS GCTs has been par-
tially disclosed with the discovery of characteristic muta-
tional profiles, highly-sensitive miRNAs, global demeth-
ylation status of germinomas, prognostic significance of
tumor cell content in H-E specimen and 12p gain, to date,
none of these has led to the development of new treatment
strategies. One of the issues is that a genomic variant has
not been unraveled yet. The next step would be to analyze
the whole genome sequence to probe non-coding regions
or structural variants that cannot be clarified by RNA
sequence. As pediatric tumors are often associated with
single genomic structural abnormality, this might be true
for CNS GCTs as well. Molecularly targeted therapy is
strongly needed, especially for approximately 10% of ger-
minoma that are resistant to conventional chemotherapy
and radiotherapy, NGGCTs that need intensified chemo-
therapy and high-dose radiotherapy and relapsed GCTs.

Radiomics analysis is being developed and studied in
the diagnostic imaging of brain tumors, and will likely to
have a bigger role in the daily clinical practice [52]. Poten-
tial ways of its usage in the field of CNS GCTs include dif-
ferentiation of GCTs from other entities, germinoma from
NGGCT, or specifying the histopathological components
in the mixed GCTs on imaging. These technologies would
be helpful when combined with tumor markers, to mini-
mize the possibility of under- or over-treatment caused by
sampling errors in biopsy cases, or diagnostic errors when
skipping histopathological confirmation.
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Conclusions

The last decade has seen a significant improvement in under-
standing the pathogenesis of GCTs with the development of
genomic and epigenomic technologies, including mutational,
epigenomic, transcriptomic, and miRNA profiles. Further-
more, clinical trial results have been published worldwide,
leading to the reduction of the treatment burden on the gen-
erally young patient population. Still, there remains a gap
in the knowledge, and though potential molecular targets
have been identified, none has been studied in clinical trials
to date. Hopefully, this decade will see further unraveling
of the origins of these tumors, improved imaging and body
fluid diagnoses supported by developing technologies, and
new modalities and drugs to more accurately target the key
elements in the pathogenesis with the aim of curing disease
without risk of long-term sequela related to treatment.

Funding This study was supported by Grant-in-Aid for Young Scien-
tists, KAKENHI No. 20K17918 from the Japan Society for the Promo-
tion of Science (JSPS).
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