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ABSTRACT
Testicular germ cell tumours (TGCTs) respond well to cisplatin-based therapy. However, cisplatin 
resistance and poor outcomes do occur. It has been suggested that a shift towards DNA 
hypermethylation mediates cisplatin resistance in TGCT cells, although there is little direct 
evidence to support this claim. Here we utilized a series of isogenic cisplatin-resistant cell models 
and observed a strong association between cisplatin resistance in TGCT cells and a net increase in 
global CpG and non-CpG DNA methylation spanning regulatory, intergenic, genic and repeat 
elements. Hypermethylated loci were significantly enriched for repressive DNA segments, CTCF 
and RAD21 sites and lamina associated domains, suggesting that global nuclear reorganization of 
chromatin structure occurred in resistant cells. Hypomethylated CpG loci were significantly 
enriched for EZH2 and SUZ12 binding and H3K27me3 sites. Integrative transcriptome and 
methylome analyses showed a strong negative correlation between gene promoter and CpG 
island methylation and gene expression in resistant cells and a weaker positive correlation 
between gene body methylation and gene expression. A bidirectional shift between gene 
promoter and gene body DNA methylation occurred within multiple genes that was associated 
with upregulation of polycomb targets and downregulation of tumour suppressor genes. These 
data support the hypothesis that global remodelling of DNA methylation is a key factor in 
mediating cisplatin hypersensitivity and chemoresistance of TGCTs and furthers the rationale for 
hypomethylation therapy for refractory TGCT patients.
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Introduction

Testicular germ cell tumours (TGCTs) are the most 
common solid cancers of young men [1]. Metastatic 
TGCTs can be cured with cisplatin-based therapy 
[2,3]. However, some patients are refractory to this 
treatment and only half the patients who fail high- 
dose platinum treatment are cured [4–6]. Targeted 
therapies have not been developed for TGCTs. 
Further, TGCT patients suffer from cisplatin related 
acute and chronic toxicities [7]. Hence, there is a need 
for new treatments for cisplatin refractory TGCTs and 
a reason to develop targeted, cisplatin-sparing 
options. Further, understanding the curability of 
TGCTs may inform therapies for other solid tumours.

TGCTs are of two main types, seminomas and 
nonseminomas. Nonseminomas include embryo-
nal carcinoma (EC), teratoma, yolk sac tumour 
and choriocarcinoma [8]. Pluripotent EC are the 
stem cells of TGCTs and have an intrinsic hyper-
sensitivity to drug-induced apoptosis [9,10]. The 
mechanism for this hypersensitivity and mechan-
isms for chemotherapy resistance are not known 
[11,12]. TGCTs originate from altered primordial 
germ cells. There is indirect evidence that epige-
netics may play a dominant role in TGCT biology. 
TGCTs have few somatic mutations compared to 
other cancers [13,14]. Further, TGCTs have dis-
tinct pluripotent-like DNA methylation patterns
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compared to somatic cancers which include hypo-
methylation of some TGCT histotypes [14–16]. 
DNA methylation in TGCTs roughly correlates 
with cisplatin sensitivity status [14–16]. The 
RASSF1A, HIC1, MGMT and CALCA genes 
have been shown to be methylated in TGCT cells 
resistant to cisplatin [17–19].

We showed that testicular cancer-derived ECs 
are hypersensitive to DNA methyltransferase inhi-
bitors decitabine and guadecitabine and this 
extended to cisplatin refractory EC [20–22]. 
Further, DNA methyltransferase inhibitors could 
resensitize cisplatin refractory TGCT cells to cis-
platin [20–22]. These findings have been con-
firmed [23,24]. These data provided the rationale 
for combining cisplatin and guadecitabine in 
a phase I clinical trial [NCT02429466]. The trial 
demonstrated tolerable toxicity and an overall 
response rate of 23% and clinical benefit rate of 
46% in a cohort of heavily pretreated and cisplatin 
refractory patients including 2 complete responses 
and will be published separately.

Based on the above evidence, a popular recent 
hypothesis in the TGCT field is that cisplatin 
hypersensitivity in TGCTs may be mediated in 
part by unique epigenetics including DNA hypo-
methylation and conversely that DNA hyper-
methylation may be a mediator of cisplatin 
resistance [11,12,25]. However, there is little 
direct experimental evidence to support this 
claim beyond the above mentioned small-scale 
candidate methylation studies of suppressor 
genes [17–19]. Here, we utilize a series of isogenic 
cisplatin-resistant cell models to provide strong 
evidence that cisplatin resistance in TGCTs is 
associated with dramatic global DNA remodel-
ling, DNA hypermethylation, and a strong nega-
tive correlation between gene promoter CpG 
island methylation and gene expression. 
A bidirectional shift between gene promoter and 
gene body DNA methylation also occurred within 
multiple genes that were closely associated with 
gene expression. These data support the hypoth-
esis that DNA methylation status is a key factor 
in mediating cisplatin hypersensitivity and che-
moresistance of TGCTs and furthers the rationale 
for hypomethylation therapy for refractory TGCT 
patients.

Results

Acquired cisplatin resistance in testicular cancer 
cells is associated with net DNA 
hypermethylation

We previously reported on a panel of 10 inde-
pendently derived, acquired cisplatin-resistant 
cell lines from three distinct parental cisplatin 
sensitive cell lines, NT2/D1, 2102EP and 833K 
[26]. RNA-seq transcriptome analysis revealed 
a highly significant enrichment of genes normally 
repressed by H3K27 methylation and polycomb 
repressive complex 2 (PRC2) in resistant cells 
[26]. In order to assess whether DNA methylation 
changes are associated with cisplatin resistance, 
we assessed genome-scale DNA methylation in 
a subset of isogenic matched parental and resis-
tant EC cells, namely NT2/D1 vs NT2/D1-C2, 
2102EP vs 2102EP-B3 and 2102EP- 
C1 and 833K vs 833K-B4 in biological triplicate. 
A total of 789,553 individual CpG sites passed 
filtering and quality control criteria (see 
Methods) from the original 863,904 measured 
CpG loci on the Illumina EPIC array [27]. 
Illumina EPIC array assigns beta values from 0 
(unmethylated) to 1 (methylated) representative 
of the proportion of methylated cytosines in 
a DNA sample at each CpG [27]. Array-wide 
principal component analysis (PCA) and density 
and bean plot analysis revealed a major grouping 
of cells based on cell lineage regardless of cispla-
tin sensitivity status (Figures 1(a) and S1 and S2). 
However, there were also indications of consis-
tent groupings associated with cisplatin sensitiv-
ity status within each lineage, especially for 
2102EP cells (Figures 1(a) and S1 and S2). 
When assessing differentially methylated probes 
between each resistant cell line and respective 
parent utilizing a cut-off of FDR < 0.05 and 
absolute delta beta value of ≥0.2, there was 
a substantially higher number of hypermethylated 
CpG probes compared to hypomethylated CpG 
probes in cisplatin-resistant cells compared to 
parent, 3.9 fold higher in 2102EP-B3 (33428 vs 
8487), 5.6 fold higher in 2102EP-C1 (37763 vs 
6738), 13.9 fold higher in NT2/D1-C2 (10617 vs 
736) and 2.1 fold higher in 833K-B4 (3720 vs 
1766) (Figure 1(b,c)).
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Figure 1. Cisplatin resistance in testicular germ cell tumour (TGCT) cells is associated with global DNA CpG hypermethylation. (a) 
Principal component analysis using beta values of all CpG sites from Illumina EPIC array of parental 2102EP, NT2/D1, 833 K cells and 
isogenic-derived resistant cells 2102EP-B3, 2102EP-C1, NT2/D1-C2 and 833 K-B4 in biological triplicate. (b) Total number of 
differentially methylated CpG sites in indicated resistant cells compared to matching parental cells, FDR < 0.05, absolute delta 
beta ≥ 0.2. (c) Volcano plots of all CpG sites for each resistant cell line compared to parent. Blue and yellow indicate hypermethy-
lated and hypomethylated CpGs, respectively, with FDR < 0.05 and absolute delta beta ≥ 0.2. Number of differentially methylated 
CpGs is indicated. (d) Unsupervised cluster analysis of beta values of 20,000 most highly variable CpGs across all resistant and 
parental cell lines in biological triplicate.
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Unsupervised clustering using the top 20,000 
most variable CpG sites across all the cell lines 
also clustered the lines based on parentage, again 
indicating that the most variable CpG sites distin-
guish one cell lineage from another (Figure 1(d)). 
Within lines, we observed consistent differences in 
methylation between resistant and parental cells.

DNA hypermethylation is associated with distinct 
regulatory elements within DNA

There was a consistent increase in the number of 
hypermethylated sites compared to hypomethylated 
sites in CpG shore, shelf and open sea regions in 
resistant cells compared to parental lines (Figure 2 
(a)). However, differentially methylated CpG island 
sites were mixed with more hypermethylated island 
loci in NT2/D1-C2 and 833K-B4 and more hypo-
methylated island loci in 2102EP-B3 and 2102EP-C1 
cells (Figure 2(a)). The general increased hypermethy-
lated CpGs in resistant cells was also seen across

multiple genomic features including TSS200, 
TSS1500, gene body and intergenic regions (Figure 2 
(b)). We also assessed the methylation status of Alu, 
LINE1 and LTR repeats identified by the REPM pack-
age [28]. In resistant cells, there was a consistent 
hypermethylation of CpGs that mapped to repeat 
regions (Figure S3). The lone exception to this trend 
was decreased Alu element methylation in 833K-B4 
cells.

Non-CpG methylation occurs distinctively in the 
gene bodies of adult neuronal and pluripotent cells 
including embryonal stem, induced pluripotent stem, 
and EC cells [29]. From a total of 2586 non-CpG sites 
that passed filtering, 1149 and 1423 non-CpG sites 
were differentially methylated in 2102EP-B3 and 
2102EP-C1 cells with FDR < 0.05 and absolute delta 
beta ≥0.2, compared to parental 2102EP cells. 
Interestingly, all differentially methylated sites were 
hypermethylated in resistant cells and the vast major-
ity of sites were in open sea regions in gene bodies 
typical of non-CpG methylation. In contrast, NT2/

Figure 2. DNA CpG hypermethylation in resistant TGCT cells is consistent across most genomic features. (a) Number of significantly 
changed CpG beta values between cisplatin-resistant and parental cells grouped by hypermethylation and hypomethylation and 
CpG location related to CpG islands; FDR < 0.05, absolute delta beta ≥ 0.2. (b) Number of significantly changed CpG beta values 
between cisplatin-resistant and parental cells grouped by hypermethylation and hypomethylation and CpG location related to 
genomic feature; FDR < 0.05, absolute delta beta ≥ 0.2.
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D1-C2 and 833K-B4 cells only had three non-CpG 
sites each that were significantly differentially methy-
lated compared to parent, and all were 
hypomethylated.

Enrichment analysis of differentially methylated 
regions suggests hypomethylation of polycomb 
regulated regions and evidence for global 
nuclear reorganization of heterochromatin in 
cisplatin-resistant cells

Automated Locus Overlap Analysis (LOLA) enrich-
ment analyses for genomic regions using core regula-
tory elements and pan-cistrome data sets from the 
cistrome Encode database were performed for CpGs 
hypomethylated or hypermethylated in cisplatin- 
resistant cells compared to sensitive parental cells 
[30]. All enrichments with a q value < 0.05 were 
compiled (Tables S1 and S2). Hypomethylated CpGs 
in 2102EP-B3, 2102EP-C1 and NT2/D1-C2 cells were 
highly enriched for binding regions of polycomb com-
plex members EZH2 and SUZ12 (Figure 3(a)). 
Further analysis with a custom features database of 
EC and embryonic stem cells revealed that hypo-
methylated CpGs in these resistant cells were also 
enriched for H3K27me3 regions (Figure 3(b)). These 
findings are consistent with our prior analysis of these 
cells that revealed a decrease in global H3K27me3 and 
enrichment in polycomb target gene expression [26]. 
833K-B4 cells showed only a modest enrichment for 
EZH2 and H3K27me3 regions and strong enrichment 
for H3K27ac regions (Figure S4(a)). Hypomethylated 
CpGs in all four lines were enriched for CpG island 
regions and enhancer segments (Figures S4(a) 
and S5).

LOLA analysis for hypermethylated CpGs in 
2102EP-B3, 2102EP-C1 and NT2/D1-C2 cells were 
highly enriched for CTCF, Lamin B1-lamina asso-
ciated domains (LADs), RAD21 sites and repressed 
segments defined by the segmentation encode data-
base (Figures 3(c) and S6). LADs are involved in 
nuclear organization of repressive chromatin and are 
flanked and influenced by CTCF binding, CpG island 
methylation and H3K27me3 [31]. These findings sug-
gest that cisplatin-resistant cells have undergone 
a nuclear reorganization of repressive chromatin. 
Hypermethylated sites in 833K-B4 cells demonstrated 
a hybrid enrichment pattern with enrichment for 
LADs and repressive segments but also an enrichment

for EZH2 binding which was enriched with hypo-
methylation in the other 3 lines (Figure S4(b)). This 
suggests a qualitatively different interaction between 
DNA methylation, nuclear reorganization and 
H3K27me3 remodelling in 833K-B4 cells compared 
to the other resistant lines. Notably, RAD21 is asso-
ciated with the CTCF interactor cohesin, and also 
regulates the cell cycle and DNA repair and is thus 
predicted to influence response to cisplatin [32].

Cisplatin -resistant cells demonstrate a strong 
negative correlation between gene promoter 
CpG island methylation and gene expression and 
a more positive correlation between gene body 
methylation and gene expression

We next analysed whether changes in DNA CpG 
methylation correlated with changes in gene expres-
sion by integrative DNA methylome and transcrip-
tome analysis. We created a data set of the 
intersection of all CpG probes with FDR < 0.05, 
absolute delta beta ≥0.2 that mapped to genes with 
expression changes FDR < 0.05 and absolute fold 
change ≥1.5 for each resistant cell line/parent com-
parison. In total there were 8209, 7612, 1227 and 
1226 CpG/gene pairs that fit this criterion for 
2102EP-B3, 2102EP-C1, NT2/D1-C2 and 833K-B4 
cells, respectively (Table S3). There was an overall 
negative correlation between differential CpG 
methylation and gene expression for each of the 
resistant cell lines that was more pronounced when 
island/shore/shelf CpGs, and promoter-related 
CpGs (TSS1500, TSS200, ‘5UTR, 1st exon) were ana-
lysed separately (Figure 4). In contrast CpGs in open 
sea regions or gene body regions showed either 
a positive or a non-significant correlation with gene 
expression (Figure S7). The one outlier again being 
833K-B4 cells that had a negative correlation 
between CpG open sea and gene body methylation 
and gene expression (Figure S7).

For each cisplatin-resistant/parent cell line pair we 
next divided the DNA methylation/gene expression 
correlation matrix into four groups based on the 
direction of the association. In Group 1 and Group 
2 gene expression change in resistant cells negatively 
correlated with DNA methylation change in the 
context of DNA hypermethylation and hypomethy-
lation change, respectively, while in Group 3 and 
Group 4 gene expression change in resistant cells
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Figure 3. Hypomethylated CpGs in resistant TGCT cells are associated with polycomb regulated regions and hypermethylated CpG 
are associated with nuclear organization of repressive chromatin. (a) Locus overlap analysis (LOLA) for significantly hypomethylated 
CpGs genomic regions in resistant cells using pan-cistrome databases from Encode reveals enrichment of hypomethylated CpGs in 
EZH2 and SUZ12 binding sites. (b) LOLA for significantly hypomethylated CpGs genomic regions in resistant cells using a custom 
embryonal stem cell and embryonal carcinoma cell database reveals enrichment of hypomethylated CpGs in H3K27me3 sites. (c) 
LOLA for significantly hypermethylated CpGs genomic regions in resistant cells using pan-cistrome databases from Encode reveals 
enrichment of hypermethylated CpGs in CTCF and RAD21 binding sites.
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Figure 4. Cisplatin-resistant TGCT cells have a global negative correlation between gene promoter and CpG island methylation and 
gene expression. Scatter plot of delta beta and fold-change values of all significantly methylated CpGs (FDR < 0.05, absolute delta 
beta ≥ 0.2) that also mapped to all significantly regulated genes in resistant cells vs respective parent cells. All CpGs, CpGs located in 
promoter regions (TSS1500, TSS200, ‘5UTR and 1st exon), and CpGs located in island, shore or shelf regions are depicted.
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positively correlated with DNA hypomethylation 
and hypermethylation, respectively (Figure 5(a) and 
Table S4). Correlation plots for representative CpG/ 
gene pairs are provided for each group (Figure 5(b)). 
In each case over 92% of the correlations had an 
R value of > ± 0.8. Many genes were in Group 1 
and Group 2 which is in line with the hypothesis that 
DNA methylation mediates gene silencing. 
Interestingly, many genes fell within Group 4 repre-
senting incidences where increased gene expression 
in resistant cells correlated with increased 
methylation.

For non-CpG methylation, in 2102EP-B3 and 
2102EP-C1 cells there were 78 and 77 genes, 
respectively, that were both differentially expressed 
with RNA-seq and also had differentially methy-
lated non-CpG sites (all hypermethylated in resis-
tant cells) compared to parental cells, with over 
83% of the sites located in open sea regions of gene 
bodies (Table S5). For 2102EP-B3 cells 40 of these 
genes had upregulated gene expression compared 
to parent and 38 had downregulated gene expres-
sion and a similar pattern was seen in 2102EP-C1 
cells, 41 upregulated genes and 36 downregulated. 
Hence, an increase in non-CpG gene body methy-
lation was associated with cisplatin resistance in 
2102EP-B3 and 2102EP-C1 cells. As mentioned 
above there was very little differential non-CpG 
methylation in NT2/D1-C2 and 833K-B4 cells.

For several genes, cisplatin resistance in 
testicular cancer cells is associated with 
a bidirectional shift in promoter and gene body 
CpG methylation

When each CpG/gene pair was further subdivided 
by location to either a promoter region (TSS1500, 
TSS200, ‘5UTR, 1st exon) or gene body region it 
was noted that DNA methylation of resistant cells 
in the negative correlation groups (Group 1 and 2) 
was enriched in promoter regions while the posi-
tive-correlated groups (Group 3 and 4) had 
enriched methylation in gene bodies (Figures 6 
and Figure S8). These reciprocal relationships 
between gene expression and CpG DNA methyla-
tion in cisplatin-resistant cells often occurred 
simultaneously in the same gene especially in 
2102EP-B3 and 2102EP-C1 cells (Figure 6(b)). 
This suggests that some genes in the resistant

cells underwent a shift from gene body CpG 
methylation to promoter CpG methylation for 
repressed genes and a shift from promoter to 
gene body CpG methylation for induced genes.

Gene expression in resistant cells associated with 
distinct patterns of DNA methylation show 
distinct functional enrichment

To gain insight as to whether Group 1–4 genes 
have distinct functions, we performed Fisher exact 
tests between genes of each grouping in 2102EP- 
B3 and 2102EP-C1 cells against the Broad MSigDB 
C2 collection of 5529 curated gene sets [33]. The 
majority of upregulated Group 4 and Group 2 
genes were enriched in polycomb targets while 
the majority of downregulated Group 1 and 
Group 3 genes were related to cancer and tumour 
suppressor pathways including Rb1, PML and 
TCF21 (Figures 6(c) and S9(a) and Table S6). 
These findings imply that both polycomb target 
gene upregulation and tumour suppressor gene 
repression in cisplatin-resistant cells may be con-
trolled by location-specific CpG hypermethylation 
(Group 4 and Group 1, respectively) and to 
a lesser extent location-specific CpG hypomethyla-
tion events (Group 2 and Group 3, respectively). 
Interestingly, the non-CpG hypermethylation of 
gene bodies in 2102EP-B3 and 2102EPC1 cells 
also segregated into similar groupings where the 
non-CpG hypermethylation associated with upre-
gulated genes was associated with polycomb tar-
gets while the non-CpG hypermethylation 
associated with gene repression were enriched for 
tumour suppressor genes (Figures 6(d) and Figure 
9(b) and Table S7).

Discussion

Knowledge pertaining to the curability of TGCTs 
has the potential to inform chemotherapy strate-
gies for other solid cancers. TGCTs are aggressive 
and arise from transformed primordial germ cells 
(PGCs) [8,9]. Metastatic TGCTs can be cured with 
cisplatin at a high rate yet a significant number of 
patients suffer from cisplatin resistance and effec-
tive therapies for these patients do not exist. 
Common mechanisms of drug resistance in other 
cancers have not been accepted as mechanisms for
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Figure 5. Distinct groupings of differentially methylated CpG sites correlate with distinct patterns of gene expression in cisplatin- 
resistant TGCT cells. (a) Schematic of groupings of all significantly methylated CpG sites that mapped to all significantly regulated 
genes in cisplatin-resistant cells compared to parent cells. Also provided are total number of CpGs and genes for each grouping in 
each cell line. (b) Scatter plot of biological triplicate beta and gene expression values for an example CpG/gene pair for each 
grouping in each resistant cell line.
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Figure 6. Evidence for a location-specific relationship between altered CpG methylation and altered gene expression and a bidirectional shift 
in promoter and gene body methylation in cisplatin-resistant TGCT cells. (a) Number of CpG sites with significantly altered methylation in 
cisplatin-resistant cells for each grouping from Figure 5A reveals enrichment of differentially methylated CpGs in promoter regions (TSS1500, 
TSS200, ‘5UTR and 1st exon) for groups with negative correlation in CpG methylation and gene expression (Group 1 and 2) and enrichment of 
differentially methylated CpGs in gene body regions for groups with positive correlation in CpG methylation and gene expression (Group 3 
and 4). (b). Specific examples of genes demonstrating bi-directional alterations in significantly altered CpG methylation between promoter and 
gene body regions in cisplatin-resistant cells compared to parent. A shift from gene body to promoter methylation is associated with decreased 
gene expression in resistant cells (combination of Group 1 and 3) and a shift from gene promoter to gene body CpG methylation is associated
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the inherent sensitivity of TGCTs [10–13,34]. 
TGCTs have distinct epigenetics, including dis-
tinct patterns of DNA methylation, and also have 
few somatic mutations suggesting that epigenetics 
may be a key driver of TGCT biology [35–37]. 
This has led to a popular recent proposal that 
DNA hypomethylation is a mechanism for TGCT 
cisplatin hypersensitivity and reciprocally DNA 
hypermethylation is a mechanism for cisplatin 
resistance [11,12,26]. However, experimental evi-
dence to support this premise has been sparse.

Here, we conducted unbiased genome-wide 
methylome analysis of four independently derived 
isogenic cisplatin-resistant TGCT models and found 
a strong association between cisplatin resistance in 
TGCTs cells and widespread DNA methylation 
spanning regulatory, intergenic, genic and repeat 
elements. We also report distinct global remodelling 
of CpG methylation is associated with cisplatin resis-
tance. Hypermethylation in resistant cells is asso-
ciated with repression of cancer suppressor genes 
and nuclear organization of repressive chromatin 
while hypomethylation is associated with the poly-
comb pathway. We also provide evidence for 
a bidirectional shift between gene promoter and 
gene body DNA methylation that associated with 
upregulation of polycomb targets and downregula-
tion of tumour suppressor genes.

Hypermethylation in cisplatin-resistant cells 
was observed genome-wide across CpG and non- 
CpG loci spanning regulatory, intergenic, genic 
and repeat elements. Hypomethylation of Alu, 
LINE1 and LTR repeats has been associated with 
carcinogenesis and as a mechanism for antitumor 
activity of hypomethylation therapy, but repeat 
element methylation in chemotherapy resistance 
has not been well studied [38]. Interestingly, 
hypermethylation also occurred in repressive 
DNA segments and CTCF sites and lamina asso-
ciated domains (LADs). These elements are known 
to form functional domains that have a role in 
organizing the nuclear localization of repressed 
chromatin [31,39]. Such domains are known to

be regulated by promoter CpG methylation and 
also H3K27 methylation [31,39]. We previously 
showed that H3K27me3 was downregulated in 
these resistant cells [26]. In contrast DNA hypo-
methylation in resistant cells was associated with 
loci involved in H3K27me3 and the polycomb 
pathway suggesting that this DNA hypomethyla-
tion may in part be responsible for increased poly-
comb target gene expression seen in these cells 
[26]. Our data thus hints at a complex relationship 
between CpG methylation and H3K27me3, the 
remodelling of which may have been selected for 
during acquired cisplatin resistance. It would be 
interesting to directly test this relationship in 
future work with H3K27me3 and polycomb cis-
trome studies. Further, important future work will 
be to confirm whether the epigenetic and gene 
expression changes found in our cell models 
extend to clinical cisplatin-resistant TGCTs.

A major finding in our study was a strong general 
negative correlation between DNA hypermethyla-
tion and gene expression, especially CpG methyla-
tion in promoters and CpG island regions. This 
finding is consistent with the hypothesis that pro-
moter methylation represses expression of tumour 
suppressor genes [40]. However, while this dogma 
generally holds true for individually studied gene 
promoters it appears not to hold true for many 
cancer studies on a global scale and has thus been 
controversial [41]. It is possible that the many hyper-
methylated genes with repressed expression identi-
fied here could play a role in cisplatin resistance. 
Increased promoter methylation of MGMT, HIC1, 
CALCA and RASSF1A has previously been found in 
TGCT cells resistant to cisplatin [17–19,42,43]. In 
our system, we only found evidence for MGMT 
hypermethylation associated with repressed 
MGMT gene expression in resistant cells (an exam-
ple of this is in Figure 5(b)).

Interestingly for many genes, CpG methylation 
was positively correlated with gene expression and 
in contrast to the negatively correlated genes which 
tended to have methylation in promoter regions, the

with increased gene expression in resistant cells (combination of Group 2 and 4). (c) Overlap analysis between genes of each grouping in 
2102EP-B3 cells and the MSigDB C2 collection of curated gene sets reveals enrichment of polycomb targets in groups 4 and 2 and cancer- 
related tumour suppressor genes in groups 1 and 3. (d) Overlap analysis between hypermethylated non-CpGs in 2102EP-B3 cells and the 
MSigDB C2 collection of curated gene sets reveals enrichment of polycomb targets in upregulated genes and enrichment of cancer-related 
tumour suppressor genes in downregulated genes.
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CpG methylation for positively correlated genes 
tended to be in gene bodies. The positive correlation 
between gene body CpG methylation and gene 
expression is a well-established phenomenon [44]. 
Negatively correlated genes were found to be asso-
ciated with tumour suppression while positively cor-
related genes tended to be identified as the polycomb 
target genes. Of particular interest, we saw many 
examples where negatively correlated and positively 
correlated CpG methylation occurred in the same 
gene resulting from a bidirectional shift from CpG 
promoter methylation to gene body methylation. 
This form of plasticity and remodelling may be an 
important mechanism to account for selection of 
cisplatin-resistant TCGT cells.

Pluripotent cells contain high levels of non-CpG 
methylation called mCpH (H = A, C, T) along 
gene bodies of highly expressed genes [15,45]. In 
EC more that 20% of all cytosine methylation is 
mCpH while mCpH is largely undetected in most 
somatic cells and derived cancers [45]. In addition, 
mCpH is rarely seen in mature components of 
nonseminoma or in seminoma, suggesting mCpH 
occurs mainly in the pluripotent EC component of 
TGCTs [15]. While the role of non-CpG methyla-
tion in EC is currently unclear, we found uniform 
hypermethylation of non-CpGs in two of our 
resistant cell lines. Interestingly, non-CpG hyper-
methylation associated with increased gene expres-
sion also occurred frequently in polycomb target 
genes while non-CpG hypermethylation associated 
with repressed gene expression was associated with 
cancer tumour suppressor genes.

In summary, these data support the hypothesis 
that global remodelling of DNA methylation is 
a key factor in mediating cisplatin hypersensitivity 
and chemoresistance of TGCTs and furthers the 
rationale for hypomethylation therapy for refrac-
tory TGCT patients.

Materials and methods

Cell lines

Cell culture utilized DMEM (Gibco) media sup-
plemented with 10% FBS (Invitrogen). The human 
TGCT derived EC lines, NT2/D1, 833K and 
2102EP were from ATCC and authenticated by 
ATCC. Generation of cisplatin-resistant cell lines

was previously described [26]. Briefly, parental 
cells were exposed to increasing doses of cisplatin 
(Sigma) from 0.5 µM to 10 µM for 3 hours daily 
for 5 days and then allowed to recover. Cells were 
then cloned and shown to maintain cisplatin resis-
tance in cisplatin-free media for 5 months.

Illumina infinium HumanMethylation 850K data 
normalization, filtering and analysis

DNA was purified using the Qiagen DNeasy Kit. 
DNA samples in biological triplicate were sent to 
the Molecular Genomics/Methylation Core at the 
University of Southern California. Bisulphite treat-
ment with the EZ DNA methylation kit (Zymo) 
was performed. The Infinium EPIC beadchip array 
was used to assess the methylation level of CpG 
sites and targets 863,904 CpG sites. Analysis of 
Methylation-EPIC array data was performed in 
R using minfi package from Bioconductor [46]. 
All samples passed quality control and all samples 
had mean detection p-value < 0.01. Data were 
normalized using FUNNORM (Functional 
Normalization) [47]. Probes with detection 
p-value > 0.01 in any sample were removed from 
the analysis. Furthermore, probes associated with 
SNPs and cross-reactive probes were removed 
leaving 792,139 probes (789,553 CpG probes, 
2586 non-CpG probes) for analysis [48]. 
Differential methylation analysis was performed 
using limma. To correct for multiple hypothesis 
testing, False Discovery Rate (FDR) was calculated 
using the Benjamin-Hochberg correction method. 
Probes with FDR < 0.05 and absolute delta beta 
≥0.2 were considered differentially methylated.

All differentially methylated probes (DMPs) 
were annotated using reference human genome 
(hg19). Relation to CpG island and genomic fea-
tures (UCSC_RefGene_Group) was used as anno-
tated on the EPIC array. Unsupervised 
Hierarchical clustering was performed using 
Manhattan distance and average linkage imple-
mented in the ComplexHeatmap package available 
in R Bioconductor. Repetitive element analysis was 
performed using the Repetitive Element 
Methylation Prediction (REMP) package [28]. 
Enrichment analysis of differentially methylated 
probes using genomic regions was performed 
using R package LOLA (Locus Overlap Analysis)
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using LOLA core databases [30]. We also devel-
oped a custom database for LOLA analysis that 
included all studies related to NT2-D1 cells, and 
embryonic stem and embryonic carcinoma cells 
from the Cistrome database. Fisher’s exact test 
from the GeneOverlap package from 
R Bioconductor was used to find the significant 
overlap between C2 gene sets from MSigDB data-
base [33]. Correlation coefficient (r) and p-value 
was calculated using cor.test function in R using 
Pearson correlation. The ‘ggscater’, ‘ggplot2’, 
‘Enhanced Volcano’, and ‘complexheatmap’ 
R packages were used for visualization of scatter 
plots, barplots, volcano plots and heatmaps. All 
methylation data sets have been deposited in the 
GEO database under accession number 
GSE156512.

RNA-seq data in this study were from our pre-
vious study published on the same cell lines in bio-
logical triplicate [26]. Differentially expressed genes 
were selected at FDR < 0.05 and absolute fold change 
>=1.5. RNA-seq data is available at NCBI Database 
of GEO Datasets under the accession number 
GSE129696.
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