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Table 1 Selected characteristics of the study samples
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Yolk Sac Tumor Immature Teratoma Mature Teratoma Germinoma
N (%) N (%) N (%) N (%)

Total 19 8 14 10
Age
Median (range) 10 =19 50-=21) 450 -=15) 12(7-=17)
Sex
Male 10 (53) 1(87) 4 (29 0
Female 9 (47) 7(012) 10 (71) 10 (100)
Tumor location
Ovary 421) 4 (50) 6 (43) 10 (100)
Testis 6 (32) 1(12) 0 0
Extragonadal 9 (47) 3 (37) 8 (57) 0

(p=0.05) pathways were enriched in CpG loci that
had significantly higher methylation in YSTs compared
with the other histologic types (gq-value<0.05, fold
change > 1.0). Of these, the human embryonic stem cell
pathway contains a number of genes that are highly rele-
vant in germ cell biology (TCF4 WNT10B BDNF FGF2
BMP3 FZD9 WNT2, APC SOX2 NTRKZ NTRK3
TGFB3 TGFB2 WNT1, PDGFRB. All of these genes had
increased methylation in YST compared to other histologic

subtypes, with 9/15 genes showing a greater than 2-fold
increase (data not shown).

To determine if differential methylation of Wnt path-
way genes affected the expression of the Wnt pathway in
pediatric GCTs, we prepared RNA from fresh-frozen
specimens of 7 of the tumors and performed quantita-
tive RT-PCR of selected Wnt pathway genes (15 genes
representing 25 methylated loci). Despite the fact that
YSTs in general showed higher levels of methylation, of

Figure 1 Unsupervised hierarchical clustering of CpG methylation

bars represent histologic subtype of the tumor. Light purple represents
represents germinoma and red represents yolk sac tumor. Samples are

clustering based on Manhattan distance and average linkage of the 1404 autosomal CpG loci that passed initial quality control checks. Colored

methylation (51-100%), black equals 50% methylation, and yellow indicates low level of methylation (0-49%).

in GCTs by tumor histology. Heat map from unsupervised hierarchical

mature teratoma, dark purple represents immature teratoma, orange
in columns (N=51) and CpG loci are in rows. Blue indicates high level of
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B N=5 N=3 N=8 N=4 'N=3 N=5 | N=5 N=18
Histology
YST 0 0 0 0 0 0 1 18
Germinoma 0 0 0 4 1 5 0 0
Teratoma — | 3 2 0 0 0 0 3 0
Teratoma — M 2 1 8 0 2 0 1 0
Age Group
0-9 0 3 6 1 1 0 3 15
10-21 5 0 2 2 5 2 3
Tumor Location
Ovary 5 0 3 4 1 5 2 4
Testis 0 1 0 0 0 0 0 6
Extragonadal 0 2 5 0 2 0 S 8
Sex
Male 0 2 3 0 0 0 0 10
Female 5 1 5 4 3 5 5 8
Figure 2 Recursively partitioned mixture model (RPMM) of CpG methylation in GCTs. A. Columns represent methylation class generated
by RPMM and rows represent the average methylation within the class at each CpG site. Blue represents methylated and yellow represents
unmethylated. The width of the row is proportional to the number of samples included in the methylation class. B. Characteristics of the tumors
in each methylation class.

the 15 genes assessed 8 showed both lower levels of
methylation and higher expression in YSTs compared to
GER (Figure 3A; Additional file 1: Table S1). To further
understand the transcriptional landscape of Wnt path-
way activation in GCTs, we profiled a total of 84 genes
comprising ligands, receptors, effectors and transcrip-
tional targets in the Wnt pathway. Unsupervised cluste-
ring based on differential gene expression segregated
YSTs and GERs and indicated higher levels of Wnt path-
way gene expression in YSTs (Figure 3B; Additonal
file 1: Tables S2-S8, Thus the Wnt pathway is active in
YSTs and this activity may be explained at least in part
by differential methylation.

Comparison of methylation in normal and tumor samples
Paired normal adjacent tissue was also available for five
tumors (2 dysgerminomas, 2 YSTs, and 1 teratoma).
While the small sample size limits our ability to perform
robust statistical analyses, the correlation coefficient for
methylation p values was higher for paired normal/
germinoma samples (0.87 and 0.92) and normal/tera-
toma (0.98) than for paired normal/YST (0.57 and 0.62).

Using a change in B (AB) > 0.20 to designate a significant
difference in methylation between normal and tumor, we
found that 425 and 428 CpG loci were differentially
methylated in the paired YST samples while 239 and 160
were differentially methylated in the paired dysgermino-
ma samples and only 15 were differentially methylated
in the paired teratoma sample. The AP for the paired
YST samples was large for the 23 genes that had the lar-
gest fold change in the comparison by tumor histology
(AP for paired samples shown in Table 2), suggesting
that methylation at these CpG loci also distinguishes
YST from normal testis or ovarian tissue.

Comparison of mature and immature teratomas

The molecular differences between mature and imma-
ture pediatric teratomas have not been explored. When
we used RPMM to evaluate methylation differences only
among the teratomas, tumor histology was not signifi-
cantly associated with methylation class (p=0.11). We
also did not see significant differences by sex (p = 0.10),
tumor location (p=0.13) or age (p=0.28). When we
evaluated the individual CpG loci, we identified 190
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Table 2 Top 23 genes with differential methylation in YST
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CpG Locus Effect size® g-value A beta YST1® A beta YST2°
HLA.F_E402_F 3.69 <2.2E-16 0.86 0.81
WT1_E32_F 341 <2.2E-16 0.86 0.83
RASSF1_E116_F 3.16 <2.2E-16 0.87 0.79
CYP1B1_E83_R 3.13 <2.2E-16 0.74 0.54
CCNAT1_E7_F 3.13 <2.2E-16 0.67 0.78
SLC22A3_E122_R 3.12 <2.2E-16 0.82 0.74
SCGB3A1_E55_R 3.05 <2.2E-16 0.80 0.77
HOXA9_E252_R 299 <2.2E-16 0.78 0.76
TFAP2C_E260_F 2.98 <2.2E-16 0.81 0.71
FGF3_P171_R 2.96 <2.2E-16 0.78 0.75
PDGFRB_P343_F 2.95 <2.2E-16 0.67 0.55
NPY_P295_F 292 <2.2E-16 081 0.75
ASCL2_P360_F 2.90 <2.2E-16 0.82 0.70
LRRC32_P865_R 2.90 <2.2E-16 0.81 044
CDK10_E74_F 2.88 <2.2E-16 0.83 0.65
HFE_E273_R 287 <2.2E-16 0.80 0.75
SOX1_P294_F 2.86 <2.2E-16 0.79 0.70
TAL1_P594_F 2.83 <2.2E-16 0.78 0.73
RASGRF1_E16_F 2.80 <2.2E-16 0.64 0.73
WT1_P853_F 2.79 <2.2E-16 0.78 0.73
HLF_E192_F 277 <2.2E-16 0.80 0.75
GUCY2D_E419_R 275 <2.2E-16 0.83 0.06
HS3ST2_E145_R 2.75 <2.2E-16 0.84 0.79

2 Indicates the adjusted fold change in the B value in the YST compared with the other histologic subtypes of GCT.
P Indicates the change in the B value in the tumor sample compared to the paired normal adjacent in the two YST with available normal tissue.
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Figure 3 Correlation of methylation status and expression level for selected Wnt pathway genes. A. Log,fold-change in expression of
selected Wnt pathway genes in GER compared to YST plotted as a function of methylation level (expressed as the mean delta LOD). Of the 24
genes profiles, 12 exhibit higher expression and less methylation in YSTs (gray rectangle). B. Unsupervised clustering of Wnt pathway gene
expression in pediatric gem cell tumors. The genes shown are differentially expressed in germinomas compared to yolk sac tumors (p < 0.05 by
two-tailed t-test). Red indicates high expression and green low expression.
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CpG loci with significant methylation differences after
correction for multiple testing. Of these, the majority
(96%) had lower methylation in immature teratomas
compared with mature teratomas. Using an Ingenuity
Core Pathway Analysis, we identified 13 overlapping
pathways enriched in CpG loci that had significantly re-
duced methylation in immature teratomas compared
with mature teratomas (Table 3), including a number of
pathways related to stem cell biology.

Notably, SOX2 was included in four of the pathways
that differed between mature and immature teratomas.
We were able to evaluate SOX2 by quantitative RT-PCR
in 34 of the samples included in our analysis (N =17
teratomas). Overall, we found that methylation at SOX2
was negatively correlated with expression (r=-0.40,
p =0.06). We also found that SOX2 expression varied by
histologic subtype, with YST and germinoma having
lower levels of expression than either group of terato-
mas, although this difference did not reach statistical
significance (p =0.18, Additonal file 1: Table S9). We
also evaluated expression of DNMT3B, a known regula-
tor of de novo methylation. We observed significantly
higher levels of DNMT3B expression in YST compared
with all other histologic subtypes (p < 0.0001).

Global LINE1 Methylation

Global methylation at CpG loci in LINE1 elements was
measured in a subset of the samples from the CHTN
(N=41). We observed significant differences by tumor
histology, with both YST (average methylation = 66%,
standard deviation (SD) 10%) and dysgerminomas
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(average methylation = 42%, SD 14%) exhibiting signifi-
cantly lower methylation levels than normal adjacent
(average methylation =82%, SD 5%), mature teratomas
(average methylation = 78%, SD 5%), and immature tera-
tomas (average methylation =76%, SD 11%) (p < 0.0001).
No significant differences in average LINE1 methylation
were observed by tumor location (p = 0.39), sex (p = 0.82)
or age group (p = 0.36).

Methylation in imprinted genes

Lastly, methylation in the differentially methylated re-
gion (DMR) of imprinted genes differed by tumor hist-
ology and location in a subset of the samples (N =41)
(Table 4). The majority of germinomas had lower methy-
lation than expected for an imprinted gene (<33%) at
loci that are normally methylated on both the paternal
and maternal allele. Methylation patterns in teratomas
were dependent on tumor location. In ovarian terato-
mas, loci that are typically methylated on the paternal
allele had reduced methylation in almost all samples
while loci that are typically methylated on the maternal
allele had increased methylation. In contrast, with the
exception of H19 CTCF6, the majority of extragonadal
teratomas in both males and females had methylation
levels in the normal range for an imprinted locus
(33-66%). This was consistent for both mature and
immature teratomas (data not shown). The results for
YST were more variable, with some samples exhibiting
normal methylation levels at all loci while others had
either reduced or increased methylation.

Table 3 Significantly enriched pathways with reduced methylation in immature teratomas compared with mature

teratomas

Ingenuity Canonical Pathway Genes p-value

Role of Oct4 in Mammalian Embryonic Stem Cell Pluripotency SOX2,CASP6,SPP1,BMIT,RARA,PARP1 0.0015

Axonal Guidance Signaling GLI2,BMP4,BDNF,BMP2,PIK3R1,EGF, VEGFB,KRAS,LIMK1,PTCH2, 0.0045
EPHB1,GLI3,NGFR,DCC,EFNB3,ERBB2,ITGB1,TUBB3 WNT2B,MMP10,
EPHA3,PDGFB/NTRK2,EPHAS,EPHA2

Human Embryonic Stem Cell Pluripotency BMP4,BDNF,BMP2,PIK3R1,FGFRT,WNT2B,TDGF1,FGFR2,PDGFB, 0.0084
APC,SOX2,FGFR3,NTRK2,PDGFRA,CTNNB1,PDGFRB

PAK Signaling [TGB1,MYLK,PIK3R1,PDGFRA KRAS EPHA3,TNF,PDGFB PDGFRB,LIMK1 0.01

PDGF Signaling ABL2,PIK3RT,MAP3K1,PDGFRA,CAV1 KRAS EIF2AK2,PDGFB,PDGFRB 0.01

NF-kB Signaling MAP2K6,BMP4,BMP2,PIK3R1,FGFR1,EGF FGFR2,KRAS,DDR1,FGFR3, 0.02
NTRK2,NGFR,KDR,INS,PDGFRA EIF2AK2,TNF,PDGFRB

PTEN Signaling ITGB1,PIK3R1,FGFR1,FGFR2,KRAS,CCND1,DDR1,FGFR3,NTRK2, 0.03
NGFR KDR,PDGFRA,PDGFRB

Transcriptional Regulatory Network in Embryonic Stem Cells SOX2,ISL1,PAX6 0.03

Estrogen Biosynthesis CYP2ET,HSD17B12,CYP1B1 0.03

HER-2 Signaling in Breast Cancer ITGB1,PIK3R1,EGF,KRAS ERBB3,ERBB2,CCND1,AREG/AREGB 0.04

Gap Junction Signaling TUBB3,GUCY2D,PIK3R1,CAV1,EGF KRAS,CTNNB1,HTR2A 0.04

Actin Cytoskeleton Signaling [TGB1,MYLK,PIK3R1,FGF9,INS EGF,KRAS,PDGFB,APC, 0.04
FGF1,LIMKT,MATK

Embryonic Stem Cell Differentiation into Cardiac Lineages SOX2,ISL1 0.04




