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Transcriptome and methylome analysis of CNS germ 
cell tumor finds its cell-of-origin in embryogenesis and 
reveals shared similarities with testicular counterparts
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Abstract
Background. CNS germ cell tumors (GCTs) predominantly develop in pediatric and young adult patients with var-
iable responses to surgery, radiation, and chemotherapy. This study aimed to examine the complex and largely 
unknown pathogenesis of CNS GCTs.
Methods. We used a combined transcriptomic and methylomic approach in 84 cases and conducted an integrative 
analysis of the normal cells undergoing embryogenesis and testicular GCTs.
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Results. Genome-wide transcriptome analysis in CNS GCTs indicated that germinoma had a transcriptomic 
profile representative of primitive cells during early embryogenesis with high meiosis/mitosis potentials, 
while nongerminomatous GCTs (NGGCTs) had differentiated phenotypes oriented toward tissue for-
mation and organogenesis. Co-analysis with the transcriptome of human embryonic cells revealed that 
germinomas had expression profiles similar to those of primordial germ cells, while the expression profiles 
of NGGCTs were similar to those of embryonic stem cells. Some germinoma cases were characterized by 
extensive immune-cell infiltration and high expression of cancer-testis antigens. NGGCTs had significantly 
higher immune-cell infiltration, characterized by immune-suppression phenotype. CNS and testicular GCTs 
(TGCTs) had similar mutational profiles; TGCTs showed enhanced copy number alterations. Methylation 
analysis clustered germinoma/seminoma and nongerminoma/nonseminoma separately. Germinoma and 
seminoma were co-categorized based on the degree of the tumor microenvironment balance.
Conclusions. These results suggested that the pathophysiology of GCTs was less dependent on their site 
of origin and more dependent on the state of differentiation as well as on the tumor microenvironment bal-
ance. This study revealed distinct biological properties of GCTs, which will hopefully lead to future treatment 
development.

Key Points

• Germinomas are characterized by the primordial germ cell-transcriptomic profile.

• Nongerminomatous GCTs have ESC-like expression and immune-suppression 
phenotype.

• CNS and testicular GCTs have commonality in biology, implying the mutual 
cell-of-origin.

CNS germ cell tumors (GCTs) develop mostly in pediatric 
and young adult populations with a strong male preponder-
ance. The WHO classification recognizes five main histolog-
ical subtypes of tumors in the CNS: germinoma, teratoma 
(mature and immature), choriocarcinoma, yolk sac tumor, 
and embryonal carcinoma. Tumors often appear as a combi-
nation of any of these subtypes.1

Germinoma, accounting for approximately 50%–60% 
of GCTs, is generally chemo- and radiation-sensitive and 
has a comparatively good prognosis. However, about 10% 
of germinoma cases are known to have a dismal clinical 
course.2,3 Nongerminomatous GCTs (NGGCTs), which 

include all other types of CNS GCTs, are generally more 
resistant to therapy and require more intensive chemo-
therapy and radiation therapy. These high-dose chemo-
therapy and radiation therapies; however, potentially lead 
to post-therapeutic long-term sequelae including sec-
ondary malignancy and cognitive decline during follow-up; 
this is more prominent because many of the patients are in 
the pediatric and adolescent ages during treatment.4–6

GCTs reflect the normal development of gametes and 
embryos, and their cells of origin are considered PGCs 
that migrate from the yolk sac to the genital ridge.7 The 
multidirectional differentiation of GCTs reflects normal 

Importance of the Study

We report an integrated clinical, transcriptomic, and 
methylomic analysis of CNS germ cell tumors (GCTs) 
registered in the iGCT Consortium. The study re-
vealed that germinomas were characterized by pri-
mordial germ cell (PGC)-like features including high 
expression and low promoter methylation in genes 
related to meiosis/mitosis and sexual reproduction. 
Nongerminomatous GCTs (NGGCTs) resembled embry-
onic stem cells with enhanced expression directed to-
ward tissue formation and organogenesis. Immune-cell 
infiltration was enhanced in NGGCTs, characterized 

with an immune-suppression phenotype. Co-analysis 
with testicular GCTs demonstrated that germinoma and 
seminoma were clustered together on methylation, sep-
arated on expression, and were internally divided based 
on the degree of immune-cell burden. While the muta-
tion frequency was similar, copy number alterations and 
nonseminomatous histological components were more 
prevalent in testicular GCTs. These analyses suggest 
the common ancestry of GCT (likely PGCs) regardless of 
the location and indicate their potential for the develop-
ment of site-agnostic treatment.



 1248 Takami et al. Transcriptome of CNS germ cell tumors

embryogenesis; however, their tumorigenic, unorgan-
ized development remains enigmatic. The pathogenesis 
of GCTs is possibly caused by the failure of apoptosis and 
the arrest in the maturation of PGCs into normal gametes 
till the pediatric and young adult period, with oncogenic 
transformation resulting from genetic abnormalities, such 
as MAPK and PI3K pathway mutations and/or copy number 
alterations, including the gain of 12p.8–10 The aberrantly dir-
ected movement of PGCs away from gonads and/or failed 
apoptosis of these cells are considered the underlying 
mechanism of extragonadal GCT development.

However, there has been no consensus on the cell of or-
igin of GCT. Some believe GCTs originate from misplaced 
embryonic cells at various stages of embryogenesis during 
neural tube formation.11

Transcriptome analysis of CNS GCTs revealed that 
germinomas were characterized by the expression of genes 
involved in self-renewal and immune response, while 
NGGCTs were characterized by that involved in neuron dif-
ferentiation, the Wnt/beta-catenin pathway, invasiveness, 
and epithelial-mesenchymal transition.12 However, the 
study was performed on a relatively small number of cases 
(n = 21); therefore, a more thorough investigation into the 
pathogenesis of GCTs is warranted.

In this study, we investigated the pathogenesis of CNS 
GCTs from a multidimensional perspective through 
transcriptomic analysis, integrative analysis of the tran-
scriptome and methylome, comparative analysis be-
tween CNS GCTs and their testicular counterparts, and 
developmental analysis by incorporating previously pub-
lished data for normal human embryogenic cells, such 
as PGCs.13–16 We observed the distinct molecular profiles 
of germinomas and NGGCTs, positioning of GCTs in the 
lineage of normal embryogenesis, and overall similarities 
and partial differences between CNS and testicular GCTs.

Materials and Methods

See Supplementary Materials and Methods.

Results

Unsupervised Hierarchical Clustering Clearly 
Separates GCTs by their Histological Subtypes

Expression data of 61 GCT samples and two normal sam-
ples (brain and adult testes) were analyzed using the un-
supervised hierarchical clustering method (Figure 1A). 
A heatmap was created using 2044 transcripts with CV > 
3. This distinctly separated germinoma and mixed GCTs/
NGGCTs (as NGGCTs inclusive), the latter of which in-
cluded two out of three TGCTs and two normal samples. 
All germinoma cases, except for two, were clustered to-
gether. In the NGGCT cluster, five YST cases and two mixed 
GCTs with a YST component aggregated specifically. The 
highly expressed transcripts in the YST cases shown as * 
(n = 46) in the heatmap are delineated in Supplementary 
Table S2. The gene ontology for these genes analyzed 

using DAVID revealed “extracellular region part” as the top 
ontology term.

Genes Characteristic to Germinoma and NGGCT

To identify the differentially expressed genes and expres-
sion profiles in germinoma and NGGCTs, the expression 
of 35 germinomas and 23 NGGCTs were compared (Figure 
1B). Germinoma showed 5912 significantly upregulated 
transcripts (false discovery rate (FDR)-adjusted P value < 
.05, and FC > 2)  and NGGCTs showed 4015 significantly 
upregulated transcripts. The highly expressed protein-
coding transcripts in germinomas included abundant 
characteristic PGC/meiosis markers such as PIWIL1, DAZL, 
DDX4, NANOS3, and ERVW-1 and cancer-testis antigen 
(CTA) genes such as MAGEB1, MAGEB16, and MAGEC2. 
Gene ontology and functional category analysis of these 
differentially expressed genes using DAVID indicated 
“spermatogenesis”, “meiosis”, “tumor antigen” and “im-
mune response” among the top signature ontology terms 
for germinoma. NGGCTs were characterized by terms 
such as, “extracellular matrix”, “homeobox”, and “skeletal 
muscle development” among others (Supplementary 
Tables S3 and S4).

To further investigate the expression profile of 
germinoma, gene set enrichment analysis (GSEA; 
MSigDB) was applied to 15 germinoma cases with tumor 
content >50% upon methylation analysis and compared 
with 11 NGGCTs without a germinoma component. As 
Figure 1C shows that the immune-cell infiltration is rel-
atively homogeneous in NGGCT cases compared with 
germinoma cases, all NGGCT cases were included in the 
analysis irrespective of the tumor content. There was no 
statistically significant (FDR-adjusted P value < .25) gene 
set in NGGCTs; however, germinoma was characterized by 
“mitotic cell cycle”, “meiosis”, “double strand break repair”, 
“nucleoplasm”, “DNA damage checkpoint”, “nuclear DNA 
directed RNA polymerase complex”, “chromatin assembly” 
among others (Supplementary Figure S1; Supplementary 
Table S5).

Expression of Genes Representative of Embryo 
Development

The expression of genes that are representative of and are 
highly expressed during the various stages of normal em-
bryonic development were investigated across the histo-
logical subtypes of GCTs. This was based on the hypothesis 
that the transcriptomic signatures of each histological sub-
type mirror that of developing embryonic cells, confirmed 
by the GCTs’ histological similarities to various normal de-
velopmental tissues as well as the hypothesis that GCTs’ 
cell-of-origin are the PGCs.

Genes were selected and categorized into the following 
six groups: “PGC markers (early and late)”, “pluripotency”, 
“meiosis”, “primitive endoderm/mesoderm”, “trophecto-
derm”, and “gonadal somatic/control”. Thirty-two genes 
were selected based on the key reports on the study of 
normal human embryonic development.13–18 Expression 
of the 32 representative genes in the 61 samples of 

http://academic.oup.com/neuro-oncology/article-lookup/doi/10.1093/neuonc/noac021#supplementary-data
http://academic.oup.com/neuro-oncology/article-lookup/doi/10.1093/neuonc/noac021#supplementary-data
http://academic.oup.com/neuro-oncology/article-lookup/doi/10.1093/neuonc/noac021#supplementary-data
http://academic.oup.com/neuro-oncology/article-lookup/doi/10.1093/neuonc/noac021#supplementary-data
http://academic.oup.com/neuro-oncology/article-lookup/doi/10.1093/neuonc/noac021#supplementary-data
http://academic.oup.com/neuro-oncology/article-lookup/doi/10.1093/neuonc/noac021#supplementary-data
http://academic.oup.com/neuro-oncology/article-lookup/doi/10.1093/neuonc/noac021#supplementary-data
http://academic.oup.com/neuro-oncology/article-lookup/doi/10.1093/neuonc/noac021#supplementary-data


1249Takami et al. Transcriptome of CNS germ cell tumors
N

eu
ro-

O
n

colog
y

  

Histology

A

B

C

E

D
Histology

Germinoma

Mixed GCT w/
germinoma

Mature
teratoma

Immature
teratoma

Mixed GCT w/o
germinoma

Yolk sac tumor

Embryonal
carcinoma

Squamous
epithelial tumor

B cell

–15 –5 5
Value

15

–15 –5 5
Value

15

T cell

CD8 T cell

C
ha

ra
ct

er
is

tic
 g

en
es

 fo
r 

ea
ch

 c
el

l t
yp

e

Cytotoxic cell

NK cell

Dendritic cell

Eosinophil

Macrophage

Mast cell

Neutrophil

Cancer-testis
antigen genes

Histology

Histological
component

Gender
Age

Origin 3.0

2.5

2.0

1.5

1.0

Germinoma
(tumor ≥50%)

0.5

2

0

–2

M
ed

ia
n 

ge
ne

 e
xp

re
ss

io
n

of
 c

an
ce

r-
te

st
is

 a
nt

ig
en

 g
en

es

–4

–6

–8

–10

M
ed

ia
n 

ge
ne

 e
xp

re
ss

io
n

of
 im

m
un

e-
re

la
te

d 
ge

ne
s

γδ T cell

Germinoma
(tumor <50%)

NGGCT

p < 0.0001

p <0.0001

Germinoma
(tumor ≥50%)

MonocytesNK cells activatedT cells CD8Total immune cells

1.4

0.25
0.12

0.20 0.5

0.4

0.3

0.2

0.1

0.0

0.15

0.10

0.05

0.00

0.10

0.08

0.06

0.04

0.02

0.00

0.20

0.15

0.10

0.05

0.00

1.2

1.0

0.8

A
bs

ol
ut

e 
sc

or
e

0.6

0.4

0.2

Germinoma NGGCT Germinoma NGGCT Germinoma NGGCT Germinoma NGGCT Germinoma NGGCT

NS

Macrophage M2

p = 0.0005*p = 0.0009*p = 0.0002* p < 0.0001*

Germinoma
(tumor <50%)

NGGCT

Histology:
Histological component:
Gender:
Age:
Site of origin: CNS Testis

<10 10–19 20–29 30– (y.o.)
Female Male

Germinoma

Germinoma

Germinoma MT ImT YST EC CC
NGGCT

B
ra

in

Te
st

is

NGGCT

KRT4 PIWIL1
DAZL

DPPA5
MAGEB1

DDX4

MAGEB16, NANOS3
DMRT1, ERVW-1

CER1
GPC3, AFP

KRT15, MYOG,
HOXA11, PITX2

GATA5, HOXC8
KRT19, PDX1

5

4.5

4

3.5

3

2.5

–l
og

10
 (

un
ad

ju
st

ed
 P

 v
al

ue
)

2

1.5

1

0.5

0
–15

No conditions met
FDR-adjusted p value < 0.05 and fold change >2 or < –2

–10 –5 0

Log
2
 fold change between

Germinoma and NGGCT

5 10 15

Mixed GCT

TCL1A TTR
SULT1E1
APOA2
HMGCS2
HSD17B2
APOC3
HABP2
AHSG
KRT4
FABP1
CER1
APOA4
APOA1
GPC3
AFP
TFF1
NPPB
FGB
TM4SF5
SERPINA4
SLN
CTSE
ITGB6
HMGA2
SPRR3
KRT15
SMPX
PRSS1
ARL14
MYOG

8.48
FC p value FC p value

–10.50
–10.08
–9.74
–9.62
–8.87
–8.69
–8.59
–8.59
–8.54
–8.31
–8.30
–8.15
–8.07
–8.07
–8.01
–7.91
–7.82
–7.76
–7.51
–7.43
–7.41
–7.35
–7.33
–7.30
–7.17
–7.16
–7.03
–7.01
–7.01
–7.01

1.15E-05 1.15E-05
1.15E-05
1.15E-05
1.15E-05
1.15E-05
1.15E-05
1.15E-05
1.15E-05
1.15E-05
1.15E-05
1.15E-05
1.15E-05
1.15E-05
1.15E-05
1.15E-05
1.15E-05
1.21E-05
1.15E-05
1.15E-05
1.15E-05
1.15E-05
1.15E-05
1.15E-05
1.15E-05
1.15E-05
1.15E-05
1.15E-05
1.15E-05
1.15E-05
1.15E-05

1.15E-05
1.15E-05
1.15E-05
1.15E-05
1.15E-05
1.15E-05
1.15E-05
1.15E-05
1.15E-05
1.15E-05
1.15E-05
1.15E-05
1.15E-05
1.15E-05
1.15E-05
1.21E-05
1.15E-05
1.15E-05
1.15E-05
1.15E-05
1.15E-05
1.15E-05
1.15E-05
1.15E-05
1.15E-05
1.15E-05
1.15E-05
1.15E-05
1.15E-05

8.31
8.23
8.15
7.84
7.69
7.68
7.64
7.48
7.48
7.48
7.43
7.38
7.34
7.33
7.23
7.23
7.18
7.15
6.95
6.88
6.84
6.81
6.80
6.78
6.74
6.67
6.60
6.60
6.59

MPC1L
LUZP4
PIWIL1
OR7E24
DCAF4L2
MS4A12
IQCF5
ANHX
MT4
OTUD6A
DAZL
CETN1
RNASE10
RBMXL3
TCL1B
DPPA5
TDRD12
KHDC3L
RBM46
MAGEB1
ZNF479
PRR23A
TGIF2LX
HDGFL1
UTF1
FTHL17
ZNF716
DDX4
C15orf43

*

Fig. 1 (A) Heatmap with unsupervised hierarchical clustering of transcriptome profiles of 61 germ cell tumors (GCTs) and 2 normal samples (brain 
and testis) shows expression profiles GCTs. Each row represents a gene, and each column represents a sample. The level of expression (log-
transformed RPKM) is represented in a color scale as depicted at the top right. Histology, histological components, gender, and age are indicated 
at the bottom. Germinoma and nongerminomatous GCTs (NGGCTs) are clearly separated. Genes highly expressed in yolk sac tumors are marked as 
* on the left side, which were used for gene ontology analysis. (B) Detection of histology-specific differences in the gene expression of germinoma 
and NGGCTs. Volcano plot illustrates the log two-fold change (FC) in gene expression (germinoma vs. NGGCT) on the x-axis and log-converted 
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GCTs and normal tissues are presented as bar graphs 
(Supplementary Figure S2). PGC marker genes (early and 
late) were highly expressed in germinomas, and genes for 
the late stage of PGC were highly expressed in the testis. 
Pluripotency genes were expressed in germinomas and 
other histological subtypes of GCTs; in addition, some 
pluripotency genes (POU5F1 and NANOG) were highly ex-
pressed in embryonal carcinoma. Meiosis-related genes 
were highly expressed in germinomas and testes. Genes, 
which represent differentiation in specific directions, such 
as primitive endoderm, mesoderm, or trophectoderm, 
exhibited distinct expression patterns, and they were ex-
pressed variably in germinomas but predominantly in 
NGGCTs.

Immune-Cell Infiltration in GCT

The 480 previously selected immune-related genes19 
were variably expressed, especially among germinomas, 
possibly reflecting the variable ratio of germinoma and 
immune-cells in the samples (Figure 1D). To minimize 
the influence of the germinoma cell-immune-cell ratio, 
germinoma cases were divided into two groups depending 
on the cutoff of the tumor cell percentage estimated in 
H-E pathological specimens. Germinomas with a small 
tumor content exhibited abundant immune-cell infiltra-
tion when compared with germinomas with high tumor 
content and NGGCTs. The CTAs were highly expressed in 
germinomas with high tumor content when compared to 
that in the nongerminomas, which can be regarded as an-
other germinoma characteristic (P < .0001) (Figure 1E).

CIBERSORT was used to probe the amount of immune-
cell infiltration. On an average, germinomas showed var-
iable amounts of immune-cell infiltration, while NGGCTs 
showed solid and higher immune-cell infiltration. The 
amount of CD8+ T cells did not differ between germinomas 
and NGGCTs. However, the populations of natural killer 
cells (NK cells), monocytes, and macrophages M2 were sig-
nificantly enriched in NGGCTs (Figure 1C, Supplementary 
Figure S3).

Subdivision of Germinoma on Transcriptome and 
Integrated Analysis With Methylation

Germinomas were best divided into two groups, based on 
unsupervised hierarchical clustering and silhouette width 
score analysis (Figure 2A, Supplementary Figure S4A). To 

rule out the possibility of an incidental separation in clus-
tering, a second analysis was performed without the NGGCT 
cases, using different sets of transcripts selected based on 
CV > 3 (n = 582). This showed the same clustering and the 
germinoma cases were again subdivided into two groups 
(Supplementary Figure S4B). This indicated that Group  1 
had noticeably lower tumor content compared to Group 2.

We selected 208 transcripts out of 2044, having CV 
> 3 (Figure 2), which were visibly highly expressed in 
Group 2, and subjected them to GO analysis. This group 
of transcripts included pluripotency genes such as UTF1, 
GDF3, GBX2, and TCL1A, and meiosis genes such as 
DAZL, MAEL, PIWIL2, and SYCE1. Enriched ontology 
terms were “meiotic prophase”, “regulation of transcrip-
tion, DNA-dependent” or “sexual reproduction”, all of 
which represented PGC characteristics (Supplementary 
Table S6). In Figure 2, 374 highly expressed Group 1 tran-
scripts reflect abundant immune-related genes, such 
as those of B-cells, T-cells, NK cells, and dendritic cells. 
GO analysis of Group 1 transcripts ranked “immune re-
sponse” as the top term with extremely low P values 
(Supplementary Table S7).

For investigating the clinical features, we compared 
age, sex, location of tumors, tumor content in the patho-
logical specimen, and progression-free survival after che-
motherapy and radiation therapy covering the ventricles. 
Figure 2B shows that the peak age was 10–19  years for 
Groups 2, while it was 20 years or older for Group 1. There 
were no significant differences in sex and tumor location 
(Figure 2C and D); however, there was a marked difference 
in the tumor content (Figure 2E). There was no significantly 
different prognosis between the two germinoma groups 
(Figure 2F). One case (GCT02) was omitted from the ana-
lyses for tumor location and prognosis as lacking these 
information.

Next, 32 cases having both expression and methylation 
data were analyzed for clustering, based on methylation 
data. Consequently, germinoma cases were subdivided 
into two or four subgroups (Supplementary Figure S4A 
and B).

Finally, data from both platforms were integrated, and 
two clusters were created by similarity network fusion 
(SNF) analysis, which were concordant with the methyl-
ation subgroups and mostly overlapped with expression 
subgroups (Supplementary Figure S6A). These integrated 
subgroups were characterized by distinct tumor content 
and marginally different prognosis (Supplementary Figure 
S6B and C).

unadjusted p value between germinoma and NGGCT on the y-axis. Differentially expressed transcripts (FDR-adjusted P value < .05 and FC > 2 
or <−2) between germinoma and NGGCT are highlighted in blue and pink, respectively. The top 30 protein-coding genes with the highest ratio 
between germinoma versus NGGCTs are shown in the table on the right. (C) Heatmap with 480 immune-related genes is displayed in the order of 
immune categories and histology. (D) Germinomas with low tumor content (<50%) were strongly infiltrated by immune-cells (P < .0001). Genes re-
lated to cancer-testis antigens were highly expressed in germinoma, especially among cases with high tumor content (P < .0001). (E) The degrees 
of immune-cell infiltration calculated using CIBERSORT for selected cell types. Immune-cells were more populated in NGGCTs, although some 
germinoma cases showed quite high immune-cell infiltration (P = .0002). Activated natural killer cells, monocytes, and M2 macrophages were 
more dominant in NGGCTs.
  

Fig. 1  Continued
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unadjusted p value between germinoma and NGGCT on the y-axis. Differentially expressed transcripts (FDR-adjusted P value < .05 and FC > 2 
or <−2) between germinoma and NGGCT are highlighted in blue and pink, respectively. The top 30 protein-coding genes with the highest ratio 
between germinoma versus NGGCTs are shown in the table on the right. (C) Heatmap with 480 immune-related genes is displayed in the order of 
immune categories and histology. (D) Germinomas with low tumor content (<50%) were strongly infiltrated by immune-cells (P < .0001). Genes re-
lated to cancer-testis antigens were highly expressed in germinoma, especially among cases with high tumor content (P < .0001). (E) The degrees 
of immune-cell infiltration calculated using CIBERSORT for selected cell types. Immune-cells were more populated in NGGCTs, although some 
germinoma cases showed quite high immune-cell infiltration (P = .0002). Activated natural killer cells, monocytes, and M2 macrophages were 
more dominant in NGGCTs.
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Correlation Between Expression and Methylation 
for Identifying Methylation-Associated Genes in 
Germinoma and NGGCT

To investigate the relationship between methylation and ex-
pression, and to define groups of genes whose expression 
might be positively regulated by methylation, we compared 
15 germinoma cases with tumor content of more than 50% 
on methylation-based analysis and 23 NGGCT cases. A total 
of 7,545 protein-coding genes with methylation probes 
within CpG islands and transcription start site 200 were 
selected, in which methylation beta values were averaged if 
more than one probe existed in each gene (Supplementary 
Figure S7A). The signature genes, including 15 PGC-related 
genes, 19 meiosis-related genes, and 7 pluripotency-related 
genes were mapped. In particular, PGC- and meiosis-
related genes were less methylated and more highly ex-
pressed in germinomas than in NGGCTs. There were 206 
genes with a fold change >2, and 84 genes with absolute 
methylation difference >0.3. Twenty-one genes were both 
hypomethylated and highly expressed in germinomas 
compared to NGGCTs. Gene ontology analysis by DAVID 
showed terms associated with piRNA, gamete generation/
fertilization, and meiosis among others (Supplementary 
Figure S7B; Supplementary Table S8).

Principal Component Analysis of Expression in 
GCTs and Normal Embryonic Cells

GCTs may reflect the developmental stages of embryo-
genesis; therefore, we compared the expression of GCTs 
in the histological subtypes and normal embryonic cells 
and integrated to establish a three-dimensional PCA 
(Figure 3A). During the early embryonic development 
from the zygote through the epiblast (curved arrow in 
blue), PGC and ESC appeared to branch out. NGGCTs 
were located close to ESCs, whereas germinomas were 
close to PGCs. A  two-dimensional PCA analysis indi-
cated similar results: normal embryogenic cells were 
aligned in their sequential development and GCTs 
were positioned next to ESC/PGC (Supplementary 
Figure S8A); PGCs and ESCs diverged after epiblast, 
clustering with germinoma, and NGGCT, respectively 
(Supplementary Figure S8B). These results suggest that 
NGGCTs may have a phenotype similar to that of ESCs, 
while germinoma to PGCs.

We performed an unsupervised hierarchical clus-
tering analysis using the group of genes representing 
“pluripotency”, “early stage of PGC”, and “late stage 
of PGC”, obtained from previous reports. This reiter-
ated that germinoma was clustered with PGC, while 
NGGCTs with ESCs. Oocytes, zygotes, 2-, 4-, and 8-cell 
stages, and morulae were clustered in a separate group 
(Figure 3B).

Shared Copy Number Status Among Different 
Histological Components in Mixed GCTs

Four representative mixed GCT cases were subjected 
to tissue microdissection and methylation analysis. The 
copy number status was similar in all the analyzed cases 
(Supplementary Figure S9).

Comparison of Pathological and Genomic 
Backgrounds of CNS and Testicular GCTs

The 84 CNS GCTs were combined with 134  TGCTs from 
The Cancer Genome Atlas (TCGA) to make 218 GCTs 
in total (Figure 4A). Histopathologically, the ratios of 
germinoma in CNS GCTs and seminoma in TGCTs were 
similar (43/84, 51.2% vs. 64/134, 47.8%); however, NGGCTs 
without a germinoma component were less frequent 
(22/84, 26.2%) than the nonseminomatous germ cell tu-
mors (NSGCTs) without a seminoma component (53/133, 
39.9%, P = .042). The histological components, YST and EC 
were more frequent in TGCTs. The frequency of mutations 
in KIT, KRAS, and NRAS was similar between CNS GCTs 
and TGCTs in each histological category (Figure 4B). The 
copy number alterations was more prominent in TGCTs, 
although the pattern was similar (Figure 4C). Statistically 
significant differences in copy number alterations and their 
frequency between CNS GCTs and TGCTs included a gain 
of chromosomes 7, 8, and 12p, and loss of chromosomes 
4,5,10,11,13,18.

The top 5,000 probes of standard deviation (SD) were 
used in the 450K methylation array data and all GCTs were 
clustered into two representative groups based on the tSNE 
analysis using the highest silhouette score (Figure 4D). 
The two clusters in tSNE were closely related to histology; 
one of the clusters (“Group A” in tSNE) was dominated by 
germinomas and seminomas and the other (“Group B”) 
was composed of mixed GCTs and NGGCTs/NSGCTs. The 
heatmap showed three well-separated clusters.

On analyzing the germinoma/seminoma cases sepa-
rately, they were classified into two groups, based on the 
silhouette width score analysis (Figure 5A, Supplementary 
Figure S10). These groups were characterized by their de-
gree of tumor content. Gene ontology analysis was per-
formed for transcripts with fold change >2 and q-value < 
0.05. The highest tumor content group (“Group I”) was 
characterized by the gene ontology terms, such as “sper-
matogenesis”, “synapsis”, and “multicellular organism de-
velopment”, which mostly represent male reproductive 
system and organ development. Group II, with low tumor 
content, was characterized by the gene ontology terms, 
such as “immune response”, “inflammatory response”, and 
“integral component of plasma membrane”, together sum-
marized as immune response (Figure 5A, Supplementary 
Tables S9 and S10).

tumor content. (F) Progression-free survival (PFS) in each subgroup was shown using Kaplan–Meier curves. The differences in PFS among these 
groups were not significant (P = .22, log-rank test); however, Group 1 was better in prognosis. One case (GCT02) was omitted from the analyses for 
tumor location and prognosis as it lacked this information.
  

Fig. 2  Continued
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The transcriptomes of CNS GCTs and TGCTs were com-
pared using 2901 transcripts with a CV > 3 (Figure 5B). 
tSNE distinctly separated germinomas from seminomas; 

they were separately clustered from NGGCTs/NSGCTs; 
however, NGGCTs and NSGCTs were clustered together. 
GSEA showed “protein localization to Golgi apparatus” 
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and “retrograde transport vesicle recycling within Golgi” 
as characterizing CNS GCTs, and “viral life cycle”, “estab-
lishment of protein localization to membrane”, “protein 
targeting to membrane” as characterizing TGCTs.

Discussion

This study is the first to analyze the combined genome-
wide transcriptome and methylome of CNS GCTs. We ad-
dressed the long-standing question of the cell-of-origin of 
CNS GCTs from a transcriptome perspective. This study 
elucidated the transcriptomic resemblance of GCTs to the 

stages of normal embryonic cell development. This patho-
physiological investigation was previously discussed from 
an epigenetic point of view,20 and this study corroborates 
those findings from a transcriptomic perspective. In addi-
tion, this study compared the molecular characteristics of 
CNS GCTs with their testicular counterparts.

Transcriptomic Differences in Germinomas 
and NGGCTs

Germinoma showed a transcriptomic profile distinct from 
NGGCTs. All germinoma cases except two were grouped 
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Fig. 5 (A) Germinoma/seminoma was classified into two groups characterized by the degree of tumor content. The highest tumor content group 
(“Group 1”) was characterized by the gene ontology terms representing male reproductive system and organ development. Group 2 was charac-
terized by the gene ontology terms representing immune response. (B) Transcriptome of IGCT and TGCT are compared using the 2901 probes with 
the coefficient of variance >3. tSNE separates germinoma, seminoma, and others distinctly.
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together. The two outlier germinoma cases (GCT27 and 
103)  were either characterized by extremely low tumor 
content (<5%) or elevated tumor markers (HCG 1051 IU/l 
and AFP 33.1 ng/ml). In the NGGCT group, YST formed a 
separate cluster, suggesting that YST may have a distinct 
etiology among the NGGCTs. Mature teratomas were also 
separately clustered; however, a component of teratoma is 
often found in other mixed NGGCTs. GSEA demonstrated 
that germinomas were characterized by signatures related 
to mitosis, meiosis, and normal germ cells, while NGGCTs 
were characterized by extracellular activities and organo-
genesis. This suggests that germinomas are closely re-
lated to cells at a primitive stage of germ cell development, 
which is the PGCs while, NGGCTs are closely related to 
cells in a more differentiated state, with a direction towards 
developing tissues and organs.

These findings were also emphasized by the expression 
of specific genes characteristic of embryonal development 
and those representing early-stage PGCs and meiosis were 
highly expressed in germinomas. This finding corroborates 
the long-standing hypothesis of an early-stage migrating 
PGC as the cell-of-origin of germinoma.21 In contrast, 
pluripotency genes were found to be highly expressed in em-
bryonal carcinoma, which is consistent with the hypothesis 
that embryonal carcinoma may be a transformed counter-
part of ESCs.22 Genes representing later stages of embryo-
genesis were highly expressed in NGGCTs, including YST. 
These findings are in line with the hypothesis that NGGCTs 
reflect more differentiated embryogenic cells in the direc-
tion of organogenesis and extra-embryonic tissues.23 As the 
current study included only a small subset of the expression 
data of ESCs and PGCs, it was limited in its capacity to iden-
tify the genes dividing these primitive cells that may be com-
monly observed between germinoma and NGGCTs. Further 
study is warranted to investigate this aspect.

The germinoma cases were clustered into two distinct 
groups. The differences in the tumor content possibly 
contributed to this clustering, as germinomas often have 
a considerable amount of immune-cells coexisting with 
tumor cells, which is histopathologically termed as “two-
cell pattern”.1 Two or four subgroups were created when 
germinoma cases were analyzed based on methylation 
(Supplementary Figure S5A). Integrated analysis of data 
from the two platforms by SNF resulted in two subgroups, 
well-correlated with methylation and specifically, with ex-
pression subgroups. These clustering patterns may simply 
reflect the tumor content; however, there was a difference 
in the frequency of MAPK-pathway mutations (15/19 vs. 
5/13, P = .06), patients’ age, and a tendency toward worse 
prognosis in the group with a higher tumor content. Further 
molecular background needs to be investigated, in addition 
to the observed mutation frequencies. We recently reported 
that tumor content is a prognostic factor in germinoma.24,25 
These findings suggest the possibility of stratification of 
treatment intensity, depending on the tumor to immune-
cell balance and warrant further investigation.

As demonstrated previously, germinoma is characterized 
by a genome-wide low methylation status.20 In germinoma 
cases, we investigated the genes with a higher expression 
supposedly driven by low methylation. We identified 21 
genes that had lower methylation (difference in beta values 
>0.3) and higher expression (FC > 2), in germinomas than 
in the NGGCTs. This group of genes included signature 

genes for PGCs and meiosis and were characterized by the 
gene ontology terms of piRNA, gamete generation, and 
meiosis. This reiterated that germinomas had a distinct fea-
ture of early embryogenic status.

Another interesting finding is that while some 
germinomas harbor abundant immune-cells in the micro-
environment, NGGCTs showed comparatively more abun-
dant immune-cells in the CIBERSORT analysis. Activated 
natural killer cells, monocytes, and M2 macrophages were 
more enriched in NGGCTs. This monocyte-macrophage 
abundance was also reported in an independent CNS GCT 
cohort from a clinical perspective, and monocyte abun-
dance in the preoperative cerebrospinal fluid was signif-
icantly associated with NGGCTs than with germinomas.6 
This immunosuppressive phenotype of NGGCTs is impor-
tant from an immunotherapy point of view, as this can be 
one of the underlying causes for treatment resistance in 
NGGCTs and can offer an opportunity for immune therapy. 
We are currently working on validating this finding by 
pathological specimen in a larger cohort.

Finally, by integrating the expression data of GCTs and 
normal developing embryonic cells, PCA showed that 
germinomas belonged to the lineage of PGCs, whereas 
NGGCTs were similar to ESCs. This, along with the 
transcriptomic similarities between PGCs and germinomas, 
dovetails with the hypothesis that PGC is the progenitor of 
germinoma. Our earlier study demonstrated that the dif-
ferent histopathological components in the same speci-
mens, such as in mixed germinoma with mature teratomas, 
shared the same mutations.20 The current study further dem-
onstrated that representative copy number alterations may 
be shared among the histological components in the same 
tissue. As the number of samples investigated is quite small 
(n = 4), further research needs to be performed to validate 
the findings. These findings suggested that the mutation 
and copy number alteration occurred in a common tumor 
progenitor cell before it differentiated into various tumor 
subtypes as the DNA methylation status changed.20 Based 
on the findings that the genomic insults appeared to have 
occurred in a common progenitor cell, the integrative anal-
ysis of expression from normal developmental cells and 
GCTs, and with reference to the scheme presented earlier,15 
we hypothesized that an initiating genomic event or events 
occur first in migrating PGCs, germinomas develop in 
PGCs that are germ cell-destined, and NGGCTs develop in 
cells that are embryonically and extra-embryonically plu-
ripotent, differentiating away from germ cell destination 
(Supplementary Figure S11). It must be reiterated that this 
model was established on a limited number of samples for 
normal developmental cells and GCT samples, and was 
based on a limited extent of analysis. Thus, the genes and 
pathways represented in this study remain hypothetical and 
require further analytical and experimental validation. We 
are working on a single-cell analysis of mixed GCTs with 
various subtypes. Pseudotime trajectory analysis may help 
delineate a potential path for NGGCT development.

CNS and Testicular GCTs

There was a distinct difference in the frequency of copy 
number alterations and the expression profile; however, 
there were a number of commonalities between CNS 

http://academic.oup.com/neuro-oncology/article-lookup/doi/10.1093/neuonc/noac021#supplementary-data
http://academic.oup.com/neuro-oncology/article-lookup/doi/10.1093/neuonc/noac021#supplementary-data
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and testicular GCTs. The mutation patterns in the MAPK 
pathway and the profiles of copy number alterations were 
very similar. Importantly, methylation analysis grouped 
germinomas and seminomas, as well as NGGCTs and 
NSGCTs. As reported previously, germinoma is charac-
terized by whole-genome hypomethylation20 and this 
was found to be shared by seminoma. The similarity in 
the methylation profiles of CNS GCTs and TGCTs prob-
ably reflects the common cell-of-origin among GCTs, 
regardless of the location. In contrast, there was a prom-
inent difference in the expression profiles of germinoma 
and seminoma, while those of NGGCT and NSGCT were 
clustered together. One possibility is the different path-
ophysiological backgrounds underpinned by genomic 
alterations, such as distinct chromosomal instabilities, 
despite the seemingly common cell-of-origin and sim-
ilar pathological phenotypes. Another possibility is the 
different microenvironments of the respective loca-
tions, which may provide distinct transcription factors. 
In a previous TGCT transcriptomic analysis comparing 
seminoma and YSTs, seminoma showed higher expres-
sion of transcription factors for maintaining stemness, 
while YSTs had higher expression of cytokines, endo-
derm, and endothelial markers.26 Our results are in line 
with the earlier reports, indicating that germinoma is the 
CNS counterpart of seminoma. The similarities in the ge-
nomic/epigenomic profiles of CNS and testicular GCTs 
may provide insights into the treatment of both CNS and 
testicular GCTs.

In conclusion, our analyses revealed that germinomas 
are biologically akin to PGCs, which include various charac-
teristics influenced by tumor cell/immune-cell balance, and 
that NGGCTs belong to the lineage of ESCs. There were dif-
ferences in copy number and expression profiles; however, 
the genomic and epigenomic signatures of CNS and testic-
ular GCTs were similar. These findings will hopefully lead to 
further understanding of the pathophysiology of this enig-
matic tumor and serve as the basis for exploring therapeutic 
options.
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Supplemental material is available at Neuro-Oncology 
online.
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