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Abstract

Background. We integrated clinical, histopathological, and molecular data of central nervous system germ cell tu-
mors to provide insights into their management.

Methods. Data from the Intracranial Germ Cell Tumor Genome Analysis (iGCT) Consortium were reviewed. A total
of 190 cases were classified as primary germ cell tumors (GCTs) based on central pathological reviews.

Results. All but one of the cases that were bifocal (neurohypophysis and pineal glands) and cases with multiple
lesions including neurohypophysis or pineal gland were germinomas (34 of 35). Age was significantly higher
in patients with germinoma than other histologies. Comparison between tumor marker and histopathological
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diagnoses showed that 18.2% of histopathologically diagnosed germinomas were marker positive and 6.1%
of non-germinomatous GCTs were marker negative, suggesting a limitation in the utility of markers or histo-
pathology alone using small specimens for diagnosis. Comparison between local and central histopatholog-
ical diagnoses revealed a discordance of 12.7%. Discordance was significantly less frequent in biopsy cases,
implying difficulty in detecting all histopathological components of heterogeneous GCTs. Germinomas at
the typical sites (neurohypophysis or pineal gland) showed a better progression-free survival than those at
atypical sites (P = 0.03). A molecular clinical association study revealed frequent mitogen-activated protein
kinase (MAPK) pathway mutations in males (51.4% vs 14.3%, P = 0.007), and phosphatidylinositol-3 kinase/
mammalian target of rapamycin (PI3K/mTOR) pathway mutations in basal ganglia cases (P = 0.004). Basal
ganglia cases also had frequent chromosomal losses. Some chromosomal aberrations (2q, 8q gain, 5q, 9p/q,
13q, 159 loss) showed potential prognostic significance.

Conclusions. The in-depth findings of this study regarding clinical and molecular heterogeneity will increase

our understanding of the pathogenesis of this enigmatic tumor.

Key Points

Importance of the Study

We report anintegrated clinical, histopathological, and mo-
lecular analysis of 190 primary CNS GCT cases registeredin
the iGCT Consortium. The study revealed that germinomas
occurring at atypical sites had worse prognoses than
those at typical sites (neurohypophysis or pineal gland)
(P=10.03). Comparison between tumor markers and histo-
pathological diagnoses showed that 18.2% of histopatho-
logically diagnosed germinomas were marker positive and
6.1% of non-germinomatous GCTs were marker negative,
suggesting a limitation in the utility of either tumor markers

Central nervous system (CNS) germ cell tumors (GCTs)
predominantly occur in pediatric and young adult males.’
They arise preferentially in midline structures, including
pineal gland and neurohypophysis. The World Health
Organization (WHO) classification system recognizes 5
major histological subtypes: germinoma (G), teratoma,
choriocarcinoma (CC), yolk sac tumor (YST), and embry-
onal carcinoma (EC).2 GCTs often consist of more than
one of these components. Germinoma has a relatively
good prognosis, with a 5-year progression-free survival
(PFS) rate of approximately 90%. However, it is still chal-
lenging to achieve long-term survival in patients with
non-germinomatous GCTs (NGGCTs) (5-year PFS/overall
survival [0OS] of 68-72/75-82%),%* although improved out-
comes using established treatment regimens have recently

or histopathology alone for making diagnosis. Discordance
between local and central histopathological diagnoses
was found to be 12.7%, implying difficulty in detecting all
histopathological components in large heterogeneous
specimens, and advantage of performing a central review.
The study showed that MAPK pathway mutations were
significantly more common in males, that basal ganglia
cases were enriched in PI3K/mTOR pathway mutations
and chromosomal losses, and that some chromosomal ab-
errations had prognostic significance.

been reported by treatment groups in the United States
(5-year PFS/OS of 84/93%).5

CNS GCTs are rare in Western countries. According
to the Central Brain Tumor Registry of the United States,
the US frequency was 3.9% among brain tumor patients
under the age of 20.6 By comparison, CNS GCTs are more
common in East Asia. The frequency in Japan was 16.9%
among brain tumor patients under the age of 20, making
them the second most common brain tumor type after
astrocytoma." In Japan, the treatment regimen is generally
based on the histopathology of surgically obtained speci-
mens. Patients are treated based on placement in one of
3 prognostic groups based on histopathological classifica-
tion.”8 The details of the treatment regimen are described
in the Materials and Methods section.



In North America and Europe, CNS GCTs are divided
into the risk groups germinoma and NGGCTs. According
to the latest Children’s Oncology Group (COG) study pro-
tocol, localized germinoma and NGGCT are treated with
platinum-based chemotherapy, followed by whole ventricle
irradiation (WVI), with additional irradiation of the tumor,
on the latest protocol and study. In Europe, germinoma is
treated with either low-dose craniospinal irradiation (CSI)
alone or chemotherapy.® NGGCT is treated with chemo-
therapy followed by focal radiation or CSI depending on the
metastasis status according to the European International
Society of Paediatric Oncology (SIOP) CNS GCT 96 trial.®
A promising recent report by SIOP indicates that localized
NGGCTs can be safely treated with focal radiation and che-
motherapy, avoiding CSI.3 In North America and Europe,
the common practice is to diagnose GCTs based on clin-
ical manifestations and tumor markers, rather than on
histopathology.

In the fourth international CNS Germ Cell Tumor
Symposium, 34 consensus statements regarding clin-
ical managements were agreed upon.’® However, sig-
nificant geographical differences still exist in diagnosis
and treatment, and clinical questions remain to be
addressed.'®

The Intracranial GCT Genome Analysis (iGCT)
Consortium was established in Japan in 2011 to facil-
itate biological research. It has so far collected tissue
samples from more than 200 CNS GCTs and has pub-
lished a number of papers reporting a high frequency
of mutations in the mitogen-activated protein kinase/
phosphatidylinositol-3 kinase/mammalian target of ra-
pamycin  (MAPK/PI3BK/mTOR)  pathway,"'?2  aberrant
copy number alterations in germinomas,” and global
hypomethylation in germinoma.'® Here we report a ret-
rospective analysis of clinical data from 190 primary CNS
GCTs from the iGCT Consortium. This report provides a
snapshot of current clinical management of CNS GCTs in
Japan based on therapeutic classification regimen,' cen-
trally reviewed histopathological diagnoses, and clinical/
molecular associations.

Materials and Methods
Patients and Histopathological Diagnoses

A total of 217 locally diagnosed CNS GCTs from 24 institu-
tions had been curated by the consortium prior to March
2016, including tissue samples from all histological sub-
types; pathological specimens were centrally reviewed by
an expert neuropathologist (Y.N.) (Supplementary Table
1). Clinical information was recorded, including age, sex,
tumor location, treatment (surgery, radiation and chemo-
therapy), laboratory results (tumor markers), and follow-up
data. Of the total 217, diagnosis of primary GCT was made
in 190, while 12 were metastatic and 15 were non-GCTs.
Metastasis was diagnosed when a primary lesion(s) was
identified outside the extracraniospinal regions, such as
in testis, ovary, or mediastinum. This paper focuses on the
clinical features of the 190 primary GCTs. Tumor markers
were measured in serum and/or cerebrospinal fluid (CSF)
pre- or intraoperatively. CSF was obtained by preoperative

Takami et al. Germ cell tumor integrated analysis

lumbar puncture or intraoperative ventricular drainage.
Multifocal cases were defined as cases with tumors pre-
sented at more than one site, including bifocal tumors (neu-
rohypophysis and pineal gland). Cases with atypical sites
were classified as harboring a lesion outside of the pineal
gland or neurohypophysis, such as basal ganglia and cere-
bral cortex.

The investigation was approved by the ethical committee
of the National Cancer Center, Tokyo, Japan, and the re-
spective local institutional review boards.

Treatment

In Japan, treatment regimens are generally based on his-
topathological diagnoses that categorize patients into
3 risk groups.8' The good prognosis group consists of
germinomas and mature teratomas (MTs). The inter-
mediate prognosis group includes germinomas with
syncytiotrophoblastic giant cells (STGCs), immature
teratomas (ImTs), teratomas with malignant transforma-
tion, and mixed tumors composed mainly of germinoma
or teratoma. The poor prognosis group includes CC, YST,
EC, and mixed tumors mainly composed of these malig-
nant types. Platinum-based chemotherapy is administered
to all groups, followed by WVI of 24 Gy for the good prog-
nosis group, WVI of 30 Gy with boosted tumor irradiation
(20 Gy) for the intermediate prognosis group, and CSI of
30 Gy with boosted tumor irradiation (30 Gy) for the poor
prognosis group. The chemotherapy regimen also varies
with prognosis group; 3 courses of carboplatin + etoposide
(CARE) for the good prognosis group, 3 courses of CARE
followed by 5 maintenance courses for the intermediate
prognosis group, and 1 course of ifosfamide + carboplatin
+ etoposide (ICE) followed by 5 courses as maintenance for
the poor prognosis group. MTs are treated by surgical re-
section alone. Germinoma with STGC is currently treated
similarly to germinoma.

Molecular Data

Somatic mutation data were obtained by whole-exome
or targeted sequencing. Chromosomal aberrations were
identified by array-comparative genomic hybridization,
as described previously.™'2 Mutational and chromosomal
analyses were performed in 123 and 74 cases (74 were
analyzed for both) of the total 190 cases, respectively,
which mostly overlap with the cases from the previous
studies."1?

Statistical Analysis

Nonparametric values were compared using Wilcoxon's
test. Categorized data were compared between sub-
groups using the Pearson chi-square test. Multivariate
analyses were performed with logistic or least square re-
gression methods. Survival data were analyzed using the
log-rank test and multivariate Cox regression analysis,
and the results were shown as Kaplan—-Meier curves.
All statistical analyses were carried out using JMP 13
(SAS Institute). A P-value below 0.05 was considered
significant.
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Fig. 1 (A) Age distribution of GCT patients is shown in a bar graph (blue, male; pink, female). Mean and median ages were 17.5 and 16 years. The
pie chart shows the male to female ratio (approximately 5:1). (B) Left: The distribution of histological subtypes according to age. Of note, patients
<6 years (n =12) had mostly teratomas and yolk sac tumors (n =10, 83.3%). Patients >30 years (n = 17) mostly had germinomas (n = 16, 94.1%).
Right. Germinomas (19.7 + 9.0) occurred in significantly older patients than did teratomas (12.5 + 7.7, *P < 0.0001), mixed germinomas (15.7 + 6.7,
**P=0.03), or non-germinomatous GCTs (13.2 + 5.8, ***P=0.004). (C) Left. The distribution of histology according to tumor locations. The majority
of bifocal or other multifocal tumors (34/35 cases, 97.1%) were germinomas. About half of cases with solitary lesions were germinoma. Half were
non-germinoma (NGGCT) or mixed GCTs with a germinoma component (mixed GCTs). Right: The pie chart shows the distribution of tumor locations
in germinoma cases. Bifocal germinomas constitute 15.0% of total germinomas.

P patients were teens (10-19'y, n =102, 63.7%), and the mean

Results and median ages were 175 and 16 years, respectively.
Germinoma occurred at a significantly older age than other
Patient Demographics histologies, and patients at or older than 30 years of age

mostly had germinomas (16/17, 94.1%). The majority of bi-
Among the 190 cases, 160 of the patients (84.2%) were male  focal or other multifocal tumors (34/35 cases, 97.1%) were
and 30 (15.8%) were female (Fig. 1 inset). The majority of = germinomas, and bifocal germinomas constituted 15.0%



of total germinomas (Supplementary Table 2). Forty-eight
patients (25.3%) were in their 20s. Twenty-three patients
(12.1%) were under 10 years old. Fourteen patients (7.4%)
were in their 30s, two (1.05%) in their 40s, and one (0.5%) in
their 60s. As a surgical procedure, biopsy, subtotal resec-
tion, and gross total resection were performed for 81, 55,
and 48 cases, respectively (data not available for 6 cases)
(SupplementaryTable 3).

Histopathological Diagnoses

Central histopathological reviews identified 114 (60.0%)
germinomas, 30 (15.8%) mixed GCTs with a germinoma
component (“mixed GCT” hereafter), 17 (8.9%) MTs,
12 ImTs (6.3%), 1 teratoma with malignant transforma-
tion (0.5%), 8 YSTs (4.2%), 3 CCs (1.6%), 2 ECs (1.1%), and
3 mixed GCTs without a germinoma component or high
grade GCTs (1.6%). In young children less than 6 years
old (n = 12), teratoma (MT and ImT) and YST were domi-
nant (10 out of 12 cases). Two other cases had teratoma in
their mixed components. By contrast, 18 of the 19 adult pa-
tients over 30 years had germinoma. The single remaining
case was a mixed GCT with a germinoma component (Fig.
1B, left). Age distribution based on histology is shown in
Figure 1B, right, revealing that germinoma patients were
significantly older than the others.

Correlation Between Local and Central
Histopathological Diagnoses

Of the 190 cases diagnosed locally (in each institution)
and centrally, there were 157 newly diagnosed (not recur-
rent) cases for which detailed information on their histo-
pathological components was available (for example, not
just labeled as “mixed GCT” [see Supplementary Table
1]). Complete concordance between the 2 diagnoses was
seen in 137 cases (87.3%). Discordances were observed in
20 cases (12.7%). Central diagnoses could have changed
the classification from “good” to “intermediate” in 2 cases
(1.3%) due to identification of new components, including
“malignant transformation of teratoma” and “ImT"” in one
case and change of “germinoma” to “non-germinoma” in
the other (Table 1). Whereas 48.5% of the 137 concordant
cases were biopsied, only 20.0% of the 20 discordant cases
were biopsied (P = 0.017). There was no statistical differ-
ence in prognosis between the concordant and discordant
cases in NGGCTs (data not shown).

Bifocal Tumors

Among the 188 cases with information on tumor locations,
9 cases occurred bifocally (neurohypophysis and pineal
gland). Another 9 cases with bifocal with additional le-
sions included oneYST (Fig. 1C, Table 2). Multifocal tumors
that included either neurohypophysis or pineal gland (n =
17) were all germinomas. Tumor markers in serum and/or
CSF were measured in 15 bifocal cases. Most of these (12
cases, 80.0%) showed normal values. Two cases showed
mild elevation of human chorionic gonadotropin (HCG)
(GCT185: 16 IU/L in CSF, GCT206: 27.2 IU/L in serum). One
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case showed exceedingly high serum alpha-fetoprotein
(AFP) (12200 ng/mL), which conferred a histopathological
diagnosis of YST (Table 2).

Correlation Between Tumor Markers and
Histopathological Diagnoses

A total of 124 cases with tumor marker (“marker” here-
after) data available were analyzed. We analyzed only
newly diagnosed (not recurrent) cases to avoid potential
treatment effects. There were 85 cases which were exam-
ined for HCG (29 for both serum and CSF, 51 for only
serum, and 5 for only CSF) and 108 cases for AFP (69 cases
for only serum and 39 cases for both). Cases were strati-
fied into 4 categories: normal, mild, moderate, and severe
elevation. Since cases were from multiple institutions, we
chose 5 IU/L and 10 ng/mL as cutoff values for normal HCG
and AFP levels, and 50 IU/L and 25 ng/mL as cutoff levels
distinguishing mild and moderate HCG and AFP levels, re-
spectively, by referring to representative standards and the
SIOP guideline.® We used concentrations 10 times higher
than the cutoffs between mild and moderate as boundaries
between moderate and severe. Table 3 shows the cases
of each histopathological subtype stratified according to
tumor marker levels. Of the 25 cases with elevated serum
HCG, 6 cases were germinoma, and 2 cases were MT. Of
the 14 cases with elevated CSF HCG, 5 were germinoma
and 1 was MT. Of the 33 cases with elevated serum AFP, 4
were germinoma and 1 was MT. Of the 11 cases with ele-
vated CSF AFP, 1 was germinoma.

Of 69 cases in which both markers were examined, 38
cases had normal levels of both markers. The majority of
these were germinoma (n =34) or MT (n = 1), although this
group also included mixed GCT (n = 3; 2 G+MT, G+ImT).
There were 3 additional cases in which both markers were
below the threshold for NGGCT (ie, below moderate ele-
vation). These included 2 germinomas and 1 mixed GCT
(EC>>G) (SupplementaryTable 4).

In 22 cases, one marker showed severe elevation. Most
of these (n = 21) were NGGCT, but also included one
germinoma.

We then investigated correlations between tumor loca-
tion and markers, incorporating histology (germinoma
vs NGGCT) as a parameter in multivariate analyses.
Tumors at the neurohypophysis were significantly as-
sociated with elevated serum/CSF HCG levels and tu-
mors at the pineal gland were associated with decreased
serum/CSF HCG levels, irrespective of their histology
(Supplementary Table 5).

Prognosis Analyses

Survival rates between each of the 3 histological categories
(germinoma, MTs, and NGGCTs) were compared (Fig.
2A, B). Five-year PFS/OS rates for the 96 germinoma,
7 MTs, and 40 NGGCTs were 87.3 + 12.7/98.6 = 1.5,
100.0 + 0.0/100.0 + 0.0, and 79.5 + 20.6/76.1 = 24.0%,
respectively.

We next compared the PFS of germinoma cases in the
following tumor locations: (i) typical sites (pineal gland or
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Table2 Total 18 cases of bifocal GCTs and their tumor markers

GCT No. Histology Tumor Tumor HCG Serum HCG CSF  AFP Serum  AFP CSF Site of
Location Marker (lU/L) (lUL) (ng/mL) (ng/mL) CSF
GCT13 Germinoma 8 M Bifocal Negative <0.1 ND <5.0 ND NA
GCT14 Germinoma 25 M Bifocal Negative <0.1 ND <5.0 ND NA
GCT34 Germinoma 45 M Bifocal Negative 0.1 0.8 3.2 <0.4 L
GCT50 Germinoma 12 M Bifocal Negative <0.1 ND 2 ND NA
GCT133 Germinoma 15 M Bifocal Negative 1.2 ND 6 ND NA
GCT185 Germinoma 15 M Bifocal Mild 1.6 16 6.4 5 \%
GCT206 Germinoma 20 M Bifocal Mild 272 ND ND ND NA
GCT210 Germinoma 15 M Bifocal ND ND ND ND ND NA
GCT215 Germinoma 15 M Bifocal Negative 0.8 ND ND ND NA
GCT10 Germinoma 13 M Bifocal +V Negative <0.1 ND <5.0 ND NA
GCT35 Germinoma 15 M Bifocal +V Negative <0.1 0.14 1.5 <0.4
GCT45 Germinoma 20 M Bifocal +V Negative <0.1 <0.1 1 1 \
GCT54 Germinoma 12 M Bifocal +V Negative ND ND 1 ND NA
with STGC
GCT96 Germinoma 16 M Bifocal +V Negative <0.1 ND 4.5 ND NA
GCT100 Yolk sac tumor 12 M Bifocal + O Severe ND ND 12200 ND NA
GCT157 Germinoma 14 M Bifocal +V Negative <0.1 ND <5.0 <0.6 \Y
GCT238 Germinoma 39 M Bifocal +V ND ND ND ND ND NA
GCT241 Germinoma 15 M Bifocal + O ND ND ND ND ND NA

Abbreviations: AFP: alpha fetoprotein; CSF: cerebrospinal fluid; HCG: human chorionic gonadotropin; LP: lumbar puncture; M: male; NA: not appli-
cable; ND: no data; O: other locations; V: ventricle; VD: ventricular drainage.

neurohypophysis), (ii) multiple sites (including bifocal tu-
mors), and (iii) atypical sites (including basal ganglia and
cerebral cortex). We limited the cases in this analysis to
newly diagnosed (not recurrent) cases in which patients
had received chemotherapy and radiation therapy. Those
at typical sites showed significantly longer PFS than those
at atypical sites, which had the shortest PFS (P = 0.03);
however, there was no significant difference between
cases with tumors at typical sites and those with tumors at
multiple sites (Fig. 2C).

Finally, PFS of marker-positive germinoma (AFP >25 ng/
mL or HCG >50 IU/L) and marker-negative germinoma
(both being below the above criteria) were compared
using the above criteria (chemotherapy and radiation
therapy) for eligible cases. All these cases received chemo-
therapy and radiation therapy at least covering the whole
ventricles. Marker-positive germinoma showed shorter
PFS than marker-negative germinoma (P = 0.006) (Fig. 2D).

Clinical and Molecular Association

Most of the following genomic data are from previous
studies.”'2 MAPK pathway mutations (KRAS, NRAS,
HRAS, RRAS2, KIT, NF1, CBL, FGD6, FGFR2, TRAF6, or
F2R)'? were significantly more frequent in males than in fe-
males (52.3%, vs 14.3%, P=0.007; Fig. 3A). Cases with ven-
tricular lesions and those with basal ganglia lesions had
a higher frequency of mutations in the MAPK and PI3K/
mTOR pathways (MTOR, PTEN, PIK3C2B, and PIK3R2),

respectively (Fig. 3B). The latter correlation (PI3K/mTOR
pathway mutation-basal ganglia lesion) remained signifi-
cant in multivariate analyses after incorporating sex and
histology as parameters (Supplementary Table 6).

A trend was observed toward a direct correlation between
increasing age and chromosomal instability (P = 0.08), which
was significant with regard to gain of 1q, 2p/q, 3q, 6q, 7p/q, 8p/q,
14q, 20p, 21q, andYp/q, and loss of 9q, 15q, and 18q (P< 0.05).

Cases with basal ganglia lesions were characterized by
loss of numerous chromosome arms, especially 1p, 3p/q,
4p, 9p/q, 10p/q, 11p, 13qg, 18p/q, 19p/q, and 20p (P < 0.05).
On average, 12.3 chromosomal arms were lost per case
with a basal ganglia lesion, compared with 4.7 arms
lost in cases with lesions at other locations (P = 0.017).
Supplementary Figure 1 presents a heatmap of chromo-
somal aberrations found in 74 cases. Cases with significant
aberrations cluster on the left and are enriched in basal
ganglia cases, cases in older patients, and cases with PI3K/
mTOR pathway mutations.

We also looked for correlations between tumor markers
and mutations by multivariate analyses of parameters, in-
cluding histology and tumor locations. This showed that
MAPK pathway mutations were positively correlated with
increased serum AFP (P=0.04) (SupplementaryTable 7).

Finally, using the Cox proportional hazards model and
incorporating tumor location as a covariate, we ana-
lyzed chromosomal instability to assess its prognostic
significance in germinoma (PFS). Among all observed
aneuploidies, gain of 2q and 8q, and loss of 5q, 9p/q, 13q,
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(A, B) Kaplan—Meier curves showing PFS and 0S of GCT patients. Tables in the lower panel show 5-, 10-, and 15-year PFS and 0S values.

PFS of germinomas and NGGCTs were not statistically different, although all 7 cases of mature teratoma did not show recurrence. 0S of these 3
histological classifications were markedly statistically significant. (C) Kaplan—Meier curves of PFS for germinomas at different locations show that
those at a typical single site (neurohypophysis or pineal gland) (n =51) had significantly longer PFS than those at atypical sites (n =12) (P=0.03).
(D) Kaplan—Meier curves of PFS for marker-positive germinoma and marker-negative germinoma. Marker-positive germinoma cases showed signif-

icantly worse PFS than marker-negative germinoma cases (P = 0.006).

and 15q were found to significantly worsen prognosis in
multivariate analysis (Fig. 3D, SupplementaryTable 8).

Discussion
General Clinical Profiles and Perspectives

Here we report an overview of clinical features of CNS GCTs
from a large retrospective cohort collected through the iGCT
consortium. A strength of this study was that all 190 cases
underwent surgical resection and central pathological re-
view. This enabled precise and detailed investigations into
various clinical features and clinical-molecular associations.

The histopathology of GCTs in infants and young children
<6 years old were mostly (83.3%)YST or teratoma (mature and
immature). This finding suggests that CNS GCTs in this age

group may belong to a biologically different subset that corres-
ponds to type | GCTs as proposed by Oosterhuis et al,'® which
may require intensive treatment, at least for yolk sac tumors.
This may coincide with the therapeutic strategy of the SIOP
protocol, in which stem cells are harvested, and intensive che-
motherapy is administered in patients aged less than 6 years
and/or serum/CSF AFP >1000 ng/mL." In contrast, GCTs in
older adults (>30 y) were almost always germinoma (94.1%).
This suggests that pathogenesis of GCTs differs depending on
age of onset. This is congruent with reports on gonadal GCTs,
which suggest that GCTs from different age groups are biologi-
cally distinct; those occurring in neonates and children are clas-
sified as type |, represented by YST and teratoma, while GCTs
in older patients (>50 y) are classified as type lll, described as
spermatocytic seminoma.'® Types of chromosomal instability
among these classifications were diverse.'® Age dependence
of chromosomal instability will be discussed below.
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Fig.3 (A) Percent presence of MAPK pathway and PI3K/mTOR pathway mutations is shown partitioned by sex. MAPK pathway mutations were
significantly more frequent in male cases. There was no statistical difference in frequency of PI3K/mTOR pathway mutations (female: 21.4%, vs
male: 11.9%, P=0.32). (B) MAPK pathway mutations (top row) and PI3K/mTOR pathway mutations (bottom row) were analyzed for association with
tumor locations. MAPK pathway mutations were more common in cases with ventricular lesions, whereas PI3K/mTOR pathway mutations were
more common in cases with basal ganglia lesions. (C) Distribution of chromosome aberrations in 74 cases was described in a heatmap, with clinical
and molecular (mutation) information at the bottom. Two major clusters were created based on chromosomal instability data, one with abundant
alterations (left) and one with scant alterations (right). Of note, cases with basal ganglia lesions, cases in older patients, and cases with PI3K/mTOR
mutations obviously preferentially aggregated in the left cluster with abundant chromosomal aberrations. Detailed multivariate analyses of clinical
factors significantly associated with each chromosomal arm aberration are listed to the right of the heatmap.



Bifocal GCTs

One statement that did not achieve consensus at the fourth
CNS GCT symposium was that bifocal lesions with typical
imaging and negative tumor markers could be assumed to
be germinomas without biopsy.” In our series, all 9 cases
with bifocal origins, and 8 of 9 bifocal cases with additional
locations, were germinoma.The only exception was oneYST
case, which showed distinctly elevated AFP.Thus, all bifocal
GCTs lacking tumor marker elevation were germinomas.

By contrast, Aizer et al reported that 3 of 9 bifocal GCTs were
NGGCTs histologically, one of which showed a normal AFP
level."” Diabetes insipidus usually accompanies germinoma
at neurohypophysis,'® but this did not help in their series to
rule out NGGCT. Further study to find methods, including im-
aging, to completely differentiate NGGCT is warranted.

Histopathological Diagnostic Difficulties of GCTs

Another ongoing argument is whether pathological re-
view should be made by secondary independent patholo-
gists.’0 Here, while 87.3% of local and central pathological
diagnoses were made in complete concordance, including
histological components, 12.7% were discordant. Among
discordant cases, histological diagnoses rendered by the
central review recategorized tumors into different prog-
nostic groups in 2 cases (1.3%). Furthermore, there was
a case in which histopathological diagnosis was totally
changed (choriocarcinomato immature teratomain GCT66)
and a case in which important NGGCT components were
missed (YST and EC in GCT86). In terms of “germinoma
or NGGCT,” 1 case would have been recategorized. As de-
scribed, 94.3% of cases where specimens were obtained by
biopsy were concordant. Concordance dropped to 81.4% in
cases with “bigger” specimens. This suggests that experi-
enced neuropathologists can take advantage of generous
availability of pathological slides to find every component.
The results of our systematic central review highlighted
the difficulties in making diagnoses of GCTs. Accordingly,
central pathology review is recommended to achieve accu-
rate diagnoses and proper treatment for this rare disease.

Tumor Markers and Diagnoses

Another unsettled matter concerned the reliability of tumor
markers for differentiating NGGCTs from germinoma
or MT.® Our study produced 41 “clinical” diagnoses of
NGGCT (ie, secreting GCTs; AFP >25 ng/mL or HCG >50
IU/L, excluding MT) and 41 non-secreting GCTs which were
not supposed to be diagnosed as NGGCT (in which both
markers were less than the above criteria, excluding MT).
Concordance between “clinical” and “histopathological”
diagnoses was achieved for 70 cases. Diagnoses were dis-
cordant for 12 cases. Interestingly, the biopsy rates in con-
cordance/discordance cases were similar; 37.1% and 41.7%,
respectively (P=0.77).This suggests that malignant compo-
nents are not necessarily missed due to a small size of spe-
cimens, but that there exist marker-positive germinomas (8
out of 44 germinomas) and marker-negative NGGCT cases
(2 out of 33 NGGCTs). Marker-positive MT cases were often
diagnosed in cases with elevated tumor markers as well,
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accounting for 2 out of 15 in serum HCG, 5 out of 33 in
serum AFP, and 2 out of 11 in CSF AFP.

We have previously shown that HCG is universally ex-
pressed in GCT cells.” By ultra-sensitive enzyme immuno-
assay, HCG was also detected in most germinoma cases.?
In testicular GCTs, serum markers have been reported to be
elevated in approximately 20-30% of seminoma cases at
diagnosis.?’ Here we showed cases of mismatch between
marker and histopathology in a large series. This suggests
that diagnosis should not rely solely on markers or his-
tology alone. Surgical specimens, especially biopsy sam-
ples, inevitably carry the possibility of not representing a
whole tumor, considering that GCTs are inherently heteroge-
neous. Of note, germinoma with elevated tumor marker was
shown to have significantly shorter PFS than those without
tumor marker elevation, suggesting that marker-positive
germinoma needs extra caution during treatment, especially
when the histopathological diagnosis is based on a small
specimen, which risks underdiagnosis (5 of 7 cases were
diagnosed based on biopsy specimen). At the same time,
this does not necessarily support the idea that germinoma
with mildly or moderately elevated tumor markers should be
treated as NGGCTs. Thus, we recommend collecting all in-
formation, including tumor markers and histology, to make
an integrated clinical diagnosis to guide appropriate treat-
ment, especially for those cases without high levels of tumor
markers. Supplementary Table 8 provides the findings from
the current study lined up with the statements which reached
consensus or did not reach consensus in fourth international
CNS Germ CellTumor Symposium.

Prognosis

Five-year PFS and OS rates for germinoma are 87.3% and
98.6%, respectively (Fig. 2A), which are relatively con-
sistent with data from the Brain Tumor Registry Japan,
reporting 89.8% and 97.6%, respectively. The SIOP study
reported good results for management of germinoma,
with 5-year PFS of 88% or 97% depending on choice of
focal radiation therapy with chemotherapy, or CSl for local-
ized diseases. The 10-year OS of 98.6% was also similar to
the 92.3% reported in the Surveillance, Epidemiology, and
End Results database.??

For NGGCTs, the 5-year PFS and OS were 79.5% and
76.1%, respectively. Although it is difficult to interpret Brain
Tumor Registry Japan results because they are categor-
ized by detailed histopathological classification, the 5-year
PFS and OS in NGGCTs were 51.9-100% and 73.3-100%,
respectively (5-year PFS/OS for YST were 68.8/74.5%, re-
spectively, for example). In the recent studies by SIOP,
the 5-year PFS and OS were 68-72% and 75-82%, respec-
tively.3The Children’s Oncology Group presents the 5-year
PFS and OS as 84% and 93%, respectively.® Of note, these
clinical studies did not require histopathological diag-
noses when markers were elevated; thus, NGGCTs likely
included germinoma with elevated markers, mixed GCTs
with a germinoma component, and MT.The effect of those
“mixed NGGCTs"” and germinomas with elevated markers
(especially HCG) on the prognosis among the NGGCT pop-
ulation is unclear.'420.23

Although it is known that GCTs rarely occur in locations
such as basal ganglia, thalamus, the cerebral hemispheres,




Takami et al. Germ cell tumor integrated analysis

or the cerebellum,? the clinical behavior of GCTs at
these atypical sites has not been unraveled. Here, prog-
nosis of germinoma appeared to be different depending
on location and distribution. This difference in prognosis
also raises a concern that uniform radiation coverage for
germinoma, regardless of its location, may not be appro-
priate, although this is confounded by discrepancies in
treatment courses. This finding needs to be further investi-
gated, and treatment intensity or regimen may need to be
reconsidered according to location.

Clinical-Molecular Correlations

We found complex but significant relationships between clin-
ical and molecular features of GCT. One of these was a dif-
ference in mutation profiles between sexes; mutations in the
MAPK pathway were found in half of the male cases, but they
were rare in female cases. Considering the possible acquisi-
tion of MAPK alterations at a very early stage of embryogen-
esis,'3 this suggests that the key component in tumorigenesis
may be different between sexes, and female GCTs may
mostly develop independently of MAPK pathway alterations.
Contribution of chromosome Y or genomic imprinting may
play a role. Further molecular research is necessary to un-
ravel the potential sex-specific pathogenesis of GCTs.

As previously described, the MAPK pathway mutation
frequency was significantly associated with histology (ie,
mutations were more frequent in germinoma than in other
tumors).'? Basal ganglia GCTs are not common, often ac-
company various neurological deficits, including cognitive
decline, and are deeply seated in the brain, which all make
management difficult.?®> We found that basal ganglia le-
sions were positively correlated with PI3K/mTOR pathway
mutations and had numerous chromosomal instabilities,
especially losses (1p, 3p/q, 4p, 9p/q, 10q, 11p, 13q, 18p,
19p/q). Elevated serum HCG was also associated with cases
with basal ganglia lesions. These show that basal ganglia
GCTs have clinically and molecularly distinct character-
istics. Furthermore, some chromosomal alterations cor-
related significantly with worse prognosis in germinoma
cases. Although our study is preliminary and retrospective,
the findings suggest that GCTs are highly heterogeneous,
most likely develop through complex and diverse mechan-
isms of pathogenesis and may require different treatment
strategies depending on clinical/molecular factors.

Limitations

As the principal aim of the iGCT Consortium is genomic in-
vestigations, cases without specimens were not registered.
This potentially creates a bias by excluding cases with typ-
ical imaging and/or elevated markers. However, consid-
ering that histopathological diagnoses are the standard in
many Japanese neurosurgical institutions, the influence
of this factor is deemed relatively small. Another limita-
tion is related to the inherent spatial and temporal heter-
ogeneity of GCTs. A specimen may not reflect the overall
histology of the case, which can result in underdiagnosis.
A safe strategy to avoid undertreatment in case of a mis-
match between histopathology and markers is to consider

those factors that point to poorer prognosis and plan treat-
ment accordingly. Finally, this retrospective study exam-
ined cases collected from 24 centers, which inevitably
subsumed a variety of diagnosis and treatment practices,
including inconsistent investigation of spinal dissemina-
tion. An advantage is that many of these cases had a very
long clinical follow-up, which allowed us to follow a nat-
ural history of these very rare tumors. The data presented
reflect general clinical practices for CNS GCTs in neurosur-
gical centers in Japan and will hopefully provide insights
to guide future treatment strategies and prospective clin-
ical studies of CNS GCTs.

Supplementary Material

Supplementary data are available at Neuro-Oncology
online.
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