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Abstract

Recent studies showed frequent mutations in Histone H3 lysine 27 (H3K27) demethylases 

in medulloblastomas of Group 3 and 4, suggesting a role for H3K27 methylation in these 

tumors. Indeed, trimethylated H3K27 (H3K27me3) levels were shown to be higher in Group 

3 and 4 tumors compared to WNT and SHH medulloblastomas, also in tumors without 

detectable mutations in demethylases. Here we report that polycomb genes, required for 

H3K27 methylation, are consistently upregulated in Group 3 and 4 tumors. These tumors 

show high expression of the homeobox transcription factor OTX2. Silencing of OTX2 in D425 

medulloblastoma cells resulted in downregulation of polycomb genes such as EZH2, EED, 

SUZ12 and RBBP4 and upregulation of H3K27 demethylases KDM6A, KDM6B, JARID2 and 

KDM7A. This was accompanied by decreased H3K27me3 and increased H3K27me1 levels in 

promoter regions. Strikingly, the decrease of H3K27me3 was most prominent in promoters 

that bind OTX2. OTX2-bound promoters showed high levels of the H3K4me3 and H3K9ac 

activation marks and intermediate levels of the H3K27me3 inactivation mark, reminiscent 

of a bivalent modification. After silencing of OTX2, H3K27me3 levels strongly dropped, 

but H3K4me3 and H3K9ac levels remained high. OTX2-bound bivalent genes showed high 

expression levels in D425, but the expression of most of these genes did not change after 

OTX2 silencing and loss of the H3K27me3 mark. Maintaining promoters in a bivalent state 

by sustaining H3K27 trimethylation therefore seems to be an important function of OTX2 

in medulloblastoma, while other transcription factors might regulate the actual expression 

levels of these genes.
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Introduction

Medulloblastoma is the most common malignant brain tumor in children. Four different 

molecular subgroups are recognized, which differ in gene expression, genomic aberrations, 

histology, demographics, and survival [1, 2]. The SHH and the WNT group have mutations in 

genes of the Sonic Hedgehog and WNT pathways, respectively. The two other groups, Group 

3 and Group 4, are marked by specific mRNA expression profiles, but mutations in specific 

pathways have not been identified. 

 

Recent whole genome sequencing and other genomic studies of medulloblastoma have 

implicated a role for epigenetics in medulloblastoma, as many histone modifier genes 

displayed mutations or copy number alterations [3-9]. Three demethylases for histone H3 

lysine 27 (H3K27), KMD6A (UTX), KMD6B (JMJD3) and KMD7A (JHDM1D), showed inactivating 

mutations in about 13% of Group 3 and 4 tumors, but such mutations were absent in the 

SHH and WNT subgroups [10-12]. These findings suggest that demethylation of H3K27 

is impaired in part of the Group 3 and 4 tumors. Indeed, immunohistochemical analysis 

of medulloblastoma showed a general increase in H3K27 trimethyl (H3K27me3) levels in 

Group 3 and 4 tumors [10]. As over 80% of Group 3 and 4 tumors have no recognizable 

mutations in H3K27 demethylases, additional mechanisms could be responsible for the bias 

in Group 3 and 4 tumors towards high H3K27me3 levels. One possibility is a transcriptional 

dysregulation of histone modifier genes.

We have previously studied the role of the OTX2 transcription factor in medulloblastoma [13-

16]. OTX2 is a homeobox transcription factor with an important role in brain development. 

It is highly expressed in all WNT, Group 3 and Group 4 medulloblastomas [13, 17-19]. 

During normal development, OTX2 is highly expressed in proliferating progenitor cells of 

the cerebellum, but OTX2 is silenced in differentiated neurons and absent in postnatal 

cerebellum [16]. We previously showed that silencing of OTX2 in medulloblastoma cell line 

D425, which was derived from a Group 3 medulloblastoma with an OTX2 amplification, 

results in neuronal differentiation of the cells [14]. 

 

Interestingly, the OTX2 locus frequently showed focal copy number gains or even 

amplifications in Group 3 and 4 tumors [10, 17], which were mutually exclusive with 

mutations of H3K27 demethylases in the same subgroups [10]. We therefore asked 

whether the OTX2 transcription factor can deregulate expression of histone modifier genes 

and ultimately affect levels of H3K27me3. Here we report that after silencing of OTX2 in 
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medulloblastoma cells, demethylases of H3K27 were upregulated, while polycomb group 

genes which function in H3K27 methylation were downregulated. ChIP-on-chip analyses 

showed that silencing of OTX2 results in strong reduction of H3K27me3 levels of promoters, 

but this was largely restricted to promoters that bind OTX2. These promotors have high levels 

of the activation mark H3K4me3, which persist after OTX2 silencing. However, no consistent 

changes in expression patterns of these promoters were observed after OTX2 silencing. Our 

data suggest that OTX2 has a major function in maintaining a bivalent-like state for OTX2-

bound promoters in medulloblastoma cells by sustaining H3K27 trimethylation.

Materials and Methods

Expression data

Expression data of primary medulloblastoma (GSE10327) [20] and normal cerebellum 

(GSE3526) [21] as well as D425 medulloblastoma cells with inducible OTX2 silencing 

(GSE22875) [14] were used. Medulloblastoma samples were classified in 4 subgroups [1, 

2]. All data were normalized using the MAS5.0 algorithm [14, 20]. K-means clustering was 

performed using TMEV [22]. Within the D425 medulloblastoma cells with inducible OTX2 

silencing, genes were considered regulated if genes in all three independent experiments 

with a minimal expression of 50 and p<0.0025. Expression of individual genes was visualized 

using the R2 microarray analysis and visualization platform (http://r2.amc.nl). 

Cell culture

D425 medulloblastoma cells [23], a gift from Michael Grötzer (Zürich, Switzerland), were 

cultured in MEM medium (Invitrogen, Carlsbad, CA), supplemented with 10% fetal bovine 

serum, 0.1 mM MEM non essential amino acids, 200 mM glutamine, 100 U/mL penicillin 

and 100 µg/mL streptomycin (Invitrogen) at 37°C in a humidified atmosphere containing 

5% CO2. 

Chromatin immunoprecipitation

Chromatin immunoprecipitation (ChIP) was performed as previously described [14, 15]. In 

short, cells were cross-linked with 1% formaldehyde for 10 minutes. Nuclei were isolated 

and lysed. After shearing the DNA the chromatin was incubated overnight with H3K9ac, 

H3K27me1, H3K27me3 or H3K4me3 (Millipore) antibody and either protein A or G agarose 

(Roche). The next day beads were washed and the DNA was eluted. After purification, the 

DNA was quantified using Quant-IT Picogreen (Invitrogen) and amplified for labeling [24].  

Labeling of the material, hybridization to the 2.1M Deluxe Promoter Array, scanning of the 
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arrays and peak calling were performed by Nimblegen, Inc. The ChIP-on-chip experiments 

with OTX2 in D425 were previously published [14].

ChIP-on-chip data analyses

All data were scaled as 2log signal ratios by the Nimblegen algorithm (Nimblegen) and 

mapped to transcription start sites (TSSs) in the genome. If a gene has multiple promoter 

regions, TSSs with less than 150 bp spacing from the previous were discarded. All remaining 

promoter regions were aligned and the average 2log binding signal was calculated over 50 

bp bins relative to the TSS. Binding peaks were called significant by the manufacturer’s 

algorithm. Graphs of the average 2log signals as a function of the distance to the TSS were 

generated in R2 (http://r2.amc.nl). Heat maps of signals for an individual promoter region 

were generated in TMEV [22]. Only data of promoter regions with more than 100 bins with 

informative data within -5000 bp to 3000 bp were included. The promoter regions were 

sorted or categorized based on the expression of the corresponding gene in D425 cells 

(GSE22875), their regulation in time after OTX2 silencing, or the binding of OTX2 protein in 

the promoter region [14, 15].

Results

Polycomb genes are over-expressed in medulloblastoma

As several studies showed mutations or copy number aberrations for chromatin modifier 

genes in medulloblastoma, we examined the mRNA expression levels of 275 chromatin 

modifier genes in 62 primary medulloblastoma, as compared to 9 normal cerebellum 

samples. The tumor series included all four molecular subtypes of medulloblastoma 

(WNT, SHH, Group 3 and Group 4) [1, 20, 21] (Supplementary Table 1). The expression of 

many of these genes was up- or downregulated in medulloblastoma compared to normal 

cerebellum, mostly in a subtype specific pattern (Supplementary Figure S1). Polycomb 

genes, which function in gene repression via H3K27 methylation, were strongly upregulated 

in medulloblastoma compared to normal cerebellum, especially in Group 3 and Group 4 

tumors. Of the 17 genes encoding proteins of polycomb repressive complex 1 and 2 (PRC1 

and PRC2), 15 genes showed consistently upregulated expression in Group 3 and 4 tumors, 

including EZH2, EED, SUZ12 and BMI1. Conversely, KDM6B and JARID2, were downregulated 

in Group 3 and 4 tumors (Figure 1). The upregulation of polycomb genes and downregulation 

of KDM6B and JARID2 could promote H3K27 methylation in Group 3 and Group 4 tumors, 

similar to the inactivating mutations in H3K27 demethylases [3, 10-12] 
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OTX2 regulates expression of modifiers of H3K27 methylation in medulloblastoma 

OTX2 is highly expressed and frequently gained in Group 3 and 4 tumors that lack mutations 

in H3K27 demethylases. We therefore investigated whether this transcription factor 

could play a role in the upregulation of polycomb genes in Group 3 and 4 tumors. We 

have previously silenced OTX2 expression in medulloblastoma cell line D425 by inducible 

shRNA and we have generated mRNA profiles of time courses after OTX2 silencing [14]. 

The D425 cell line was originally derived from a Group 3 tumor with an OTX2 amplification 

[17]. Analyses of the time-course profiles showed that polycomb genes such as EZH2, EED, 

SUZ12 and RBBP7, were all consistently downregulated after OTX2 silencing, while H3K27 

demethylases, like KDM6A (UTX), KDM6B (JMJD3), KDM7A (JHDM1D) and JARID2 were all 

highly upregulated (Figure 2 and Supplementary Table 1). These data indicate that OTX2 

regulates the expression of H3K27 modifiers in medulloblastoma, suggesting that high OTX2 

expression may favor increased levels of H3K27 methylation.

 

H3K27 methylation reduced after OTX2 silencing 

To investigate whether the observed regulation of modifier genes by OTX2 affects H3K27 

methylation, we analyzed histone modifications of promoter regions in D425 cells before 

and after OTX2 silencing. We performed ChIP-on-chip analyses in D425 medulloblastoma 

cells with antibodies against H3K27me3, as well as against H2K27me1, H3K4me3 and 

H3K9ac. The precipitated DNAs were hybridized on Nimblegen’s whole genome 2.1M 

Deluxe promoter ChIP arrays and the data for each promoter were aligned according to 

the transcription start site (TSS). We calculated the average signal of all promoters over 

the -5 to +3 kb regions relative to the TSS. Comparison of the results for cells with and 

without OTX2 expression showed that H3K27me3 levels do not differ very much at the TSS 

itself. However, the major effect of OTX2 silencing was a strong reduction of H3K27me3 

Figure 1. Polycomb genes upregulated in medulloblastoma Group 3 and Group 4 tumors. Supervised hierarchical 

cluster analysis of the mRNA expression of polycomb complex genes in 62 primary medulloblastoma (GSE10327) 

and 9 normal cerebellum (GSE3526) samples. Most polycomb genes showed consistently higher expression in 

medulloblastoma, especially the Group 3 and Group 4 tumors. Depicted polycomb genes in order from top to 

bottom: SCMH1, EED, PCGF2, PHC1, PHC3, RNF2, CBX2, CBX8, CBX4, BMI1, EZH2, PHC2, RBBP4, RBBP7 and SUZ12.
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levels outside the TSS (Figure 3A). High OTX2 expression therefore seems to be required to 

maintain the H3K27me3 levels in the -5 to +3 kb regions around the TSS. This result is in line 

with the observed high levels of H3K27me3 in Group 3 and 4 medulloblastoma, which have 

high OTX2 expression [10]. 

 

Analysis of the H3K27me1 data showed a more complex pattern (Figure 3B). Outside the 

TSS, the levels did not change after OTX2 silencing. The TSS itself was relatively free of 

Figure 2. Expression of H3K27 modifier genes in medulloblastoma is regulated by OTX2. (A) Expression levels 

of polycomb genes EZH2, EED, SUZ12 and RBBP7 are higher in medulloblastoma (MB) compared to normal 

cerebellum (CB) (left panels). All four genes are consistently downregulated in 3 independent experiments with 

inducible OTX2 silencing in D425 medulloblastoma cells (right panels). (B) H3K27 demethylases, KDM6B (JMJD3), 

KDM6A (UTX), JARID2 and KDM7A (JHDM1D), underexpressed (KDM6B and JARID2) or not (KDM6A and KDM7A) in 

medulloblastoma compared to normal cerebellum, are all upregulated after OTX2 silencing in D425 cells.
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H3K27me1 when OTX2 was normally expressed. 

After OTX2 silencing, the H3K27me1 levels 

increased in a bimodal pattern, with two peaks 

covering the 1 kb regions immediately up- and 

downstream of the TSS. Interestingly, silencing 

of OTX2 had no effect on the average levels of 

H3K4me3 and H3K9ac in the promoter regions 

(Figure 3C and D). 

Only OTX2-bound promoters show decreased 

H3K27me3 after OTX2 silencing.

The effect of OTX2 silencing was highly specific 

for H3K27. This would suggest that reduced 

H3K27me3 levels were the simple consequence 

of the reduced H3K27 methyltransferase 

levels or increased demethylase levels after 

OTX2 silencing. However, we have previously 

observed that the OTX2 protein binds to about 

45% of the promoters in the human genome, 

as a bimodal peak around the TSSs [15]. This 

result was obtained by ChIP-on-chip analyses of 

OTX2 binding in the same D425 cells used in our 

current analyses. We therefore asked whether 

and how the OTX2 binding to promoters relates 

to H3K27 trimethylation of promoter regions.   

Figure 3. OTX2 silencing leads to specific changes in H3K27 

methylation in promoter regions. The average signal of ChIP-

on-chip experiments using antibodies against H3K27me3 (A), 

H3K27me1 (B), H3K9ac (c), and H3K4me3 (d) was calculated 

for the -5 to +3 kb region of all promoters present on the 

chip. (A) After OTX2 silencing, the average H3K27me3 signal 

at the promoter surrounding the transcription start sites 

(TSS) is decreased (green line) as compared to cells without 

OTX2 silencing (red line). (B) The H3K27me1 signal increased 

after OTX2 silencing in the -2 to +2 kb region surrounding the 

TSS. At the TSS there is a clear dip in the signal, corresponding 

with the higher levels of H3K27me3 after OTX2 silencing. (C 

and D) The levels of H3K9ac and H3K4me3 are unaffected by 

OTX2 silencing.
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We split the collection of human promoters present on the chips in OTX2-bound promoters 

(n = 11,389) and unbound promoters (n = 13,675) and analyzed their H3K27me3 levels 

before and after OTX2 silencing. Surprisingly, the strong reduction of H3K27me3 signal 

after OTX2 silencing was mainly detected in OTX2-bound promoters (Figure 4A). OTX2-

unbound promoters showed almost no shift in H3K27me3 signal after OTX2 silencing. Also 

the switch in H3K27me1 was mainly found in the OTX2-bound promoters, and much less in 

the unbound promoters (Figure 4B). The OTX2-bound promoters showed high signals for 

H3K9ac and H3K4me3, but these signals did not change after OTX2 silencing (Figure 4C). 

These results suggest an unexpected relationship in promoters between binding of OTX2 

and H3K27 trimethylation. Silencing of OTX2 triggers reduced H3K27me3 in OTX2-bound 

promoters, suggesting that OTX2 binding to promoters is required to establish or maintain 

relatively high H3K27me3 levels.

Figure 4. OTX2 binding affects H3K27 

methylation levels and patterns. All promoter 

regions were divided based on the presence 

of OTX2 binding within this region [15]. (A) On 

average, H3K27me3 levels in promoters are 

lower in OTX2-bound promoters than they 

are in unbound promoters (red lines). After 

OTX2 silencing (green lines) H3K27me3 levels 

are strongly reduced in promoter regions of 

OTX2-bound promoters but not in unbound 

promoters. (B) H3K27me1 signals are on 

average higher in OTX2-bound promoters 

than in unbound promoters  (red lines). After 

silencing of OTX2 (green lines), the OTX2-

bound promoters display an increase in the 

-2 to +2 kb region surrounding the TSS. For 

unbound promoters only a mild increased 

H3K27me1 signal near the TSS was observed. 

(C and D) H3K9ac and H3K4me3 levels are 

much higher in OTX2 bound promoters 

compared to unbound promoters. OTX2 

silencing does not affect the levels or pattern 

of these marks.
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Loss of H3K27me3 from OTX2-bound promoters does not relate to expression changes.

OTX2 has thus far primarily been characterized as a transcription factor. We previously 

described that silencing or over-expression of OTX2 in medulloblastoma cell lines resulted 

in strong changes in expression levels of hundreds to thousands of genes [13, 14]. Since we 

now observed that OTX2 silencing mainly causes H3K27 methylation changes in OTX2-bound 

promoters, we asked whether methylation changes correspond with expression changes. Of 

the 11,389 promoters to which OTX2 binds, 9330 (85.9%) showed no significant expression 

changes of the corresponding gene after OTX2 silencing, while only 731 (6.7%) and 808 

(7.4%) of the promoters showed up- and downregulation of their corresponding genes, 

respectively. Remarkably, in all three categories, we saw the previously observed reduction 

of H3K27me3 levels after OTX2 silencing (Figure 5A). Similarly H3K27me1 increased in all 

three categories (Figure 5B). This implies that there is no direct relation between reduction 

of H3K27me3 levels and expression regulation by OTX2. As the majority of promoters show 

no change in expression after OTX2 silencing, but their H3K27me3 levels do drop, it seems 

that controlling H3K27 methylation is a major function of OTX2.

OTX2 binding favors bivalent state of promoters.  

We have previously demonstrated that OTX2 proteins have a strong preference for binding to 

promoters of highly expressed genes [15]. OTX2-bound promoters also have a much higher 

average level of the activation marks H3K4me3 and H3K9ac (Figure 4C and D). The repressive 

H3K27me3 mark of OTX2-bound promoters is lower than of unbound promoters (Figure 

4A). Nevertheless, the H3K27me3 level of OTX2-bound promoters can best be described as 

‘intermediate’, as it can still considerably drop after OTX2 silencing (Figure 4A). OTX2-bound 

genes can therefore be described as highly expressed with high levels of the H3K4me3 and 

H3K9ac activation marks and intermediate levels of the H3K27me3 inactivation mark. This 

presence of both an activation and inactivation mark is reminiscent to ‘bivalent’ promoters 

of stem cells, which carry an H3K4me3 mark as well as an H3K27me3 mark. 

Discussion

Recent studies showed mutations of H3K27 demethylases in some Group 3 and 4 

medulloblastomas, while these groups as a whole showed increased H3K27me3 levels 

compared to SHH and WNT medulloblastomas [10-12]. As inactivating mutations in H3K27 

demethylases and focal gain of OTX2 are mutually exclusive in these tumors, we investigated 

whether OTX2 plays a role in H3K27 methylation. OTX2 silencing resulted in downregulation 

of polycomb genes and upregulation of H3K27 demethylases. Upregulation of H3K27me3 
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Figure 5. H3K27 methylation changes of OTX2-bound promoters after silencing of OTX2 are similar for up-, down-, 

and non-regulated genes in D425 cells.  For all three classes of OTX2-bound promoter, H3K27me3 levels decrease 

except on the TSS (A), while H3K27me1 levels bimodally increase near the TSS (B).
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could thus indeed be mediated by OTX2 via increased polycomb gene expression and/or 

decreased demethylase gene expression. 

ChIP-on-chip analyses of promoter regions showed that after OTX2 silencing, the H3K27me3 

levels decreased in the studied -5 kb to +3 kb region, except at the TSS itself. Conversely, the 

H3K27me1 levels were increased in two peaks bordering the TSS. Unexpectedly, the decrease 

in H3K27 methylation after OTX2 silencing was mainly observed for OTX2-bound promoters. 

These promoters were marked by a higher gene expression [15]. The H3K27me3 levels are 

intermediate. They are not as high as in OTX2-unbound promoters, but can still considerably 

drop after OTX2 silencing. Therefore, OTX2 does not only regulate the expression of H3K27 

modifier genes, but also plays a major role in maintaining the H3K27me3 levels of OTX2-

bound promoters. These promoters also have high levels of the activation mark H3K4me3. 

This combination of an activation and inactivation mark is reminiscent of bivalent promoters 

characterized in stem cells. OTX2 is highly expressed in proliferating progenitor cells of the 

cerebellum, but OTX2 is silenced in differentiated neurons and absent in postnatal cerebellum 

[16]. Silencing of OTX2 during normal development would therefore result in a switch of 

bivalent-like promoters into a mono-valent state. As about 45% of the promoters are OTX2-

bound, we speculate that such a switch triggered by OTX2 silencing could have a major 

effect on differentiation. These promoters could now become accessible for transcriptional 

activators or repressors that cannot bind these promoters in their bivalent state. These 

findings even open the possibility that the major effect of OTX2 on gene expression is largely 

a consequence of its effect on H3K27 methylation. This may also explain why only a subset 

of OTX2-bound genes is regulated after OTX2 silencing as this will largely be dependent on 

the availability of these other transcriptional activators and/or repressors in the tumor cell.

We have previously described that silencing of OTX2 in medulloblastoma cells causes a 

differentiated phenotype, which mimics the normal progression of proliferating granular 

progenitor cells to differentiated neurons of the internal granular layer [14]. Other studies 

have indicated that progenitor cells in general display much higher levels of H3K27me3 

at their promoter regions in comparison to other more dedicated and differentiated 

cell types, while H3K4me3 levels were comparable between these cells [25-27]. As the 

H3K27me3 reduction is OTX2 binding-dependent, this would suggest a major role for OTX2 

in maintenance of a progenitor-like state of cells, independent of its role as a transcription 

factor.

It will be very interesting to study how OTX2 facilitates its effect on H3K27 methylation. 

Silencing of OTX2 results both in a drop of H3K27me3 levels, as well as a decrease in 
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polycomb gene expression and increase in expression of H3K27 demethylases. Direct 

interaction of bound OTX2 with polycomb proteins and/or H3K27 demethylases would be a 

possible explanation. However, no evidence for such an interaction with OTX2 exists. OTX2 

has only been implicated to interact with the mammalian STAGA complex, which facilitates 

H3K9 acetylation [28]. However, H3K9ac levels did not show a specific change after OTX2 

silencing (Figure 4), nor could an interaction with the STAGA complex explain the effect on 

H3K27 methylation. 

The effect of OTX2 on H3K27 methylation may offer a perspective to novel treatment 

modalities for medulloblastomas from Group 3 and 4, for which no targeted drugs are 

currently available. Polycomb disrupting drugs, such as DZNep [29], might reduce H3K37me3 

levels and trigger differentiation, either alone or in combination with retinoic acids, which 

inhibit OTX2 expression and are also known to trigger differentiation of medulloblastoma 

cells [19, 30].
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Supplementary Figures

Supplementary Figure S1. Hierarchical cluster analysis of mRNA expression of 275 histone modifier genes in 

primary medulloblastoma (GSE10327) and normal cerebellum (GSE3526) samples revealed dysregulation of 

many chromatin modifiers in medulloblastoma.
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