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Joint Binding of OTX2 and MYC in Promotor Regions Is
Associated with High Gene Expression in
Medulloblastoma
Jens Bunt, Nancy E. Hasselt, Danny A. Zwijnenburg, Jan Koster, Rogier Versteeg, Marcel Kool*¤

Department of Oncogenomics, Academic Medical Center, Amsterdam, The Netherlands

Abstract

Both OTX2 and MYC are important oncogenes in medulloblastoma, the most common malignant brain tumor in childhood.
Much is known about MYC binding to promoter regions, but OTX2 binding is hardly investigated. We used ChIP-on-chip
data to analyze the binding patterns of both transcription factors in D425 medulloblastoma cells. When combining the data
for all promoter regions in the genome, OTX2 binding showed a remarkable bi-modal distribution pattern with peaks
around 2250 bp upstream and +650 bp downstream of the transcription start sites (TSSs). Indeed, 40.2% of all OTX2-bound
TSSs had more than one significant OTX2-binding peak. This OTX2-binding pattern was very different from the TSS-centered
single peak binding pattern observed for MYC and other known transcription factors. However, in individual promoter
regions, OTX2 and MYC have a strong tendency to bind in proximity of each other. OTX2-binding sequences are depleted
near TSSs in the genome, providing an explanation for the observed bi-modal distribution of OTX2 binding. This contrasts
to the enrichment of E-box sequences at TSSs. Both OTX2 and MYC binding independently correlated with higher gene
expression. Interestingly, genes of promoter regions with multiple OTX2 binding as well as MYC binding showed the
highest expression levels in D425 cells and in primary medulloblastomas. Genes within this class of promoter regions were
enriched for medulloblastoma and stem cell specific genes. Our data suggest an important functional interaction between
OTX2 and MYC in regulating gene expression in medulloblastoma.
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Introduction

OTX2 encodes a homeodomain containing transcription factor,

which is essential for normal brain development. In the

cerebellum, OTX2 is expressed in progenitor cells, but only at

pre-natal stages. In post-natal cerebellum, no OTX2 expression

can be detected [1]. However, the malignant childhood brain

tumor medulloblastoma, which originates in the cerebellum, often

expresses OTX2 at high levels [1–5]. These high OTX2 levels

together with amplification or gain of the OTX2 locus in a subset

of the tumors suggest an oncogenic role for OTX2 in

medulloblastoma [3,4,6,7].

Indeed, we and others have shown a dependency on OTX2

for medulloblastoma cells with OTX2 expression [7,8]. Cells in

which we silenced OTX2 expression were inhibited in

proliferation and started to differentiate [8]. Expression profiling

after induction of ectopic OTX2 or silencing endogenous OTX2

in medulloblastoma cell lines revealed over 2000 genes regulated

downstream of OTX2, including many cell cycle and eye

developmental genes [8,9]. ChIP-on-chip analyses identified cell

cycle genes as major direct targets of OTX2, while differenti-

ation genes, strongly regulated after OTX2 silencing, appeared

to be indirect targets.

Although OTX2 is an essential gene in medulloblastoma, little

is known about the mechanism by which OTX2 regulates the

expression of its target genes. Only in a few studies interaction of

OTX2 with other gene expression regulators have been reported.

These studies mainly focused on the regulation of a single target

gene [10–15]. Early studies used limited promoter regions or

oligonucleotides to assess OTX2 binding and they identified

TAATCC and related sequences as the main DNA-binding motif

for OTX2 [16–21].

In this study, we have analyzed the binding of OTX2 to

promoter regions in the complete genome and compared the

OTX2 data with ChIP-on-chip data for MYC in medulloblas-

toma. MYC is another important oncogene in medulloblastoma

pathogenesis and high-level amplifications of the MYC locus are

significantly associated with a poor clinical outcome [22–25]. Our

analyses show that 40.2% of all OTX2 bound promoter regions

contain multiple OTX2-binding peaks, while the other 59.8%

showed only single OTX2 binding. Together they contribute to a

specific bi-modal distribution of OTX2 binding near TSSs. The

distribution of OTX2-binding motifs provided a possible

explanation for the bi-modal distribution as these motifs were

depleted near TSSs in the genome. MYC binding displayed a

distribution centered on the TSS, similar to other studies [26,27].
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Both OTX2 and MYC binding to the promoter region correlated

with higher gene expression. The highest expression levels were

found for genes with multiple OTX2-binding peaks plus MYC

binding. These genes, but not the genes with single OTX2

binding or the genes with multiple OTX2 binding and no MYC,

were enriched for medulloblastoma and stem cell specific genes.

Furthermore, OTX2 and MYC bind closer to each other in

promoter regions than would have been expected if binding

occurred randomly. Together these results suggest that OTX2

and MYC cooperate in regulating gene expression in medullo-

blastoma.

Results

OTX2 shows unique DNA-binding pattern in
medulloblastoma cell lines

To investigate OTX2 binding, we examined where OTX2

binds in promoter regions. Data from our OTX2 ChIP-on-chip

(Nimblegen promoter arrays) experiment in D425 cells were used

[8]. To get a global overview of OTX2 binding we aligned all

promoter regions according to the position of the transcriptional

start sites (TSSs) and per bin of 50 bp we calculated the average

OTX2-binding signal for all promoters together. The results

revealed a bi-modal distribution of OTX2 binding in promoter

regions with peaks around 2250 bp upstream and +650 bp

downstream from the TSSs (Figure 1A).

A similar bi-modal distribution was found when only

considering the significant binding peaks (as called by the

Nimblegen algorithm). We plotted these data as the percentage

of all promoter regions with a significant binding peak and

observed a similar bi-modal distribution (Figure 1B). The two

control ChIP-on-chip experiments, in which we omitted the

OTX2 antibody or used a FLAG antibody instead, did not show

this pattern. A similar bi-modal distribution of OTX2 binding

was also observed when we used ChIP-on-chip data of MED8A

and DAOY medulloblastoma cells with ectopic OTX2 expression

(Figure 1C and Figure S1) [9].

As this OTX2 binding distribution strongly differs from the

TSS-centered single peak pattern commonly found for transcrip-

tion factors, we performed another ChiP-on-chip experiment for

MYC, which is like OTX2 also amplified and highly expressed in

D425 cells (Figure S1). Data from this ChIP-on-chip experiment

showed that the MYC binding, calculated over all promoter

regions, is concentrated in a single peak centered on the TSS

(Figure 1D), in line with previous reports for MYC in other cell

systems [26,27].

To investigate whether the bi-modal distribution of OTX2

implies multiple OTX2 binding peaks per gene, we calculated

the number of significant OTX2-binding peaks per promoter

region. As a result, 40.2% of the 11,389 promoter regions with

OTX2 binding had two or more significant OTX2-binding

peaks, and the remaining 59.8% had a single OTX2-binding

peak. For both single and multiple OTX2-bound promoter

regions the widths of the peaks were similar. The promoter

regions with multiple OTX2 binding displayed again the bi-

modal distribution pattern (Figure 1E and 1F). Even when

correcting for overlapping promoter regions, a bi-modal pattern

remained. In single bound promoter regions, there was a less

prominent bi-modal distribution (Figure 1E and 1F). However,

the distribution of single OTX2-bound promoters did not

resemble the MYC-binding pattern, which is TSS-centered.

Therefore, the overall bi-modal distribution seems not caused by

multiple OTX2 binding alone, but a general tendency of OTX2

to bind adjacent to the TSS.

OTX2 and MYC bind close to each other in promoter
regions

As both OTX2 and MYC bind to many genes in the genome

[8,26–28], we examined to what extent OTX2 and MYC bind

the same promoter regions. Out of 25,064 promoter regions

present on the Nimblegen chip, 11,389 (45.4%) had one (6,811)

or more (4,578) OTX2-binding peaks within 2 kb of the TSS.

MYC-binding was detected for 12,906 (51.5%) promoter

regions and 6,240 (24.9%) had both OTX2 and MYC binding.

The most significant overlap was found for promoter regions

with multiple OTX2-binding peaks. Of these, 63.8% (2,923 of

4,578) also had MYC binding (p = 6.9*E-78 hypergeometric

test compared to all promoter regions). For promoter regions

with a single OTX2-binding peak, we detected MYC binding

in 48.7% (3,317 of 6,811) of the cases. Hence, based on the

amount of OTX2-binding peak and MYC binding, four

Figure 1. OTX2 binding reveals a bi-modal distribution
surrounding transcription start sites. A. Graphical representation
of the average 2log signal of OTX2 ChIP-on-chip data in D425
medulloblastoma cells (green line) as a function of the distance to
the transcription start site (TSS). OTX2 binding displays a bi-modal
distribution, which is absent in the controls using a FLAG or no
antibody (blue and red line, respectively). B. The percentage of
promoter regions with OTX2-binding peaks were plotted as a function
of the distance to the TSS. This also shows a bi-modal distribution of
OTX2. C. A bi-modal distribution of OTX2 binding was also found using
OTX2 ChIP-on-chip data from MED8A and DAOY medulloblastoma cell
lines with ectopic OTX2 overexpression (red and blue lines, respective-
ly). MED8A cells without OTX2 (green line) did not show this pattern. D.
Average MYC binding in D425 cells peaks at the TSS. E. Average OTX2-
binding signal plotted separately for promoter regions with single (red
line) or multiple OTX2-binding peaks (blue line). F. Percentage of bound
promoters as a function of the distance from the TSS for promoters with
single OTX2-binding peaks (red line) and promoters with multiple
OTX2-binding peaks (blue line).
doi:10.1371/journal.pone.0026058.g001

OTX2 and MYC Binding Links to High Gene Expression
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different classes of OTX2-bound promoters were defined:

single OTX2-bound promoter regions with or without MYC

binding and multiple OTX2-bound promoter regions with or

without MYC binding.

Figure 2 shows the OTX2-binding peaks for all four possible

combinations of OTX2 and MYC binding to promoter regions

with OTX2 binding. Two classes have single OTX2-binding

peaks with or without MYC binding (Figure 2A), while the other

two classes have multiple OTX2 peaks with or without MYC

binding (Figure 2B). Per class the promoter regions were sorted

according to the location of the first OTX2 binding peak,

starting with the most upstream peak. Strikingly, when we

depicted the MYC-binding peaks for these same promoter

regions (Figure 2A and 2B, right panels), we observed that the

MYC-binding peaks closely follow the OTX2-binding pattern.

This was most clear for the class of promoter regions with single

OTX2-binding peaks, but even for the class of promoter regions

with multiple OTX2 binding the MYC-binding peaks tend to

accumulate in the same areas. Reversely, when viewing from the

MYC binding perspective, OTX2 binding follows MYC binding

particularly when closer to the TSS (Figure S2). These data

suggest a frequent co-localization of both transcription factors

on the promoter. Furthermore, when comparing the calculated

distance between OTX2 and MYC-binding peaks to the

expected distance (Figure 2C) OTX2 and MYC bind closer to

each other in promoter regions then expected. However, they

do not occupy the exact same location. MYC preferably binds

near or at the TSS, while OTX2 binding tends to be more

adjacent to the TSS.

OTX2 binding motifs are depleted near the TSSs
We investigated whether the observed bi-modal distribution of

OTX2 binding relates to DNA-binding motifs. Therefore, we

performed Discriminating Motif Enumerator (DME) analyses of

the regions bound by OTX2 to discover binding motifs over-

represented within the OTX2-binding peaks [29]. TAATCC

turned out to be the most over-represented sequence, followed by

the related TAAGCC and TAATCT sequences (Table S1A). The

four different promoter classes all showed a similar frequency for

these sequences. These same sequences were also enriched in the

OTX2-bound sequences identified in MED8A cells with overex-

pression of ectopic OTX2 (Table S1B). Similar analyses identified

known E-box sequences as the main binding motifs in MYC-

bound regions (Table S1C). All OTX2 and MYC motifs were

enriched in the centers of binding peaks (Figure 3A). We also

analyzed the distribution of these OTX2- and MYC-binding

motifs in promoter regions. Surprisingly, all three OTX2 motifs

were depleted near the TSSs, while E-box sequences were

enriched (Figure 3B, blue lines). As TAATCC and related

sequences are enriched in Alu repeats, these analyses were

repeated with a repeat mask. However, OTX2 motifs still did

not peak at the TSSs, while E-box sequences remained enriched

(Figure 3B, red lines). Thus, the bi-modal distribution of OTX2

binding might be caused by the depletion of OTX2-binding motifs

near the TSSs.

Binding of OTX2 and MYC is associated with increased
gene expression

To assess whether OTX2 or MYC binding is related to gene

expression, we depicted the OTX2- and MYC-binding peaks for

each promoter region and sorted the promoter regions according

to the gene expression levels as established by Affymetrix

expression profiling of D425 cells [8]. Figure 4A (left panel)

shows a correlation between the amount of OTX2-binding peaks

and gene expression levels. The promoters of highly expressed

genes showed more signal. The panel on the right in Figure 4A

shows similar data for MYC. Like OTX2, MYC binding

correlates with gene expression levels. This is also demonstrated

in Figure 4B, in which the percentage of all promoter regions that

have a OTX2- or MYC- binding peak at the indicated position

are plotted. Promoter regions were divided into five categories

based on increasing gene expression levels in D425 cells. For both

OTX2 and MYC, the percentage of promoter regions with a

binding peak increased with increasing expression levels. The bi-

modal OTX2 and the TSS-centered MYC- binding patterns do

not differ between the different expression categories. Thus, both

OTX2 and MYC binding are associated with increased gene

expression.

OTX2 binding motifs do not correlate with expression
levels

As OTX2 binding correlates with gene expression, we

wondered whether the usage of the different OTX2-binding

motifs influenced gene expression levels. However, the more

highly expressed genes showed no enrichment for any OTX2-

binding motifs in their promoter regions (Figure 5). The

presence of a motif also had no effect on the number of genes

regulated or the magnitude of the regulation after OTX2

silencing in D425 cells (data not shown). Therefore, even though

these motifs are required for OTX2 binding, additional factors

seem to be necessary to determine expression levels and

regulation.

Genes with multiple OTX2 and MYC binding are
expressed at higher levels in medulloblastoma and stem
cells

We then investigated whether the four different classes of

promoter regions with OTX2 and MYC binding as depicted in

Figure 2 show differences in gene expression levels. Interest-

ingly, the most striking correlation was found for the class of

promoter regions with multiple OTX2-binding peaks with

MYC binding (Figure 6A; blue line). In D425 cells, with

increasing expression the percentage of promoter regions that

have multiple OTX2 and MYC binding also increased.

Therefore, genes with a promoter region from this class were

much more abundant in the high expression categories. Genes

with promoter regions from the other classes, i.e. with single

OTX2-binding peaks with or without MYC binding or with

multiple OTX2-binding peaks without MYC binding, were

more or less equally distributed over all expression categories

(Figure 6A). We found the same correlation between OTX2/

MYC binding and gene expression when we used expression

data of medulloblastoma tumors [5,30] (Figure 6B). These

results suggest that multiple OTX2 and MYC binding have a

synergistic effect on gene expression.

Surprisingly, however, there was no relation between the four

classes of promoter regions and gene regulation after OTX2

silencing in D425 cells [8]. The percentage of regulated genes

(ranging from 15 to 18%) was more or less equal between the four

classes. Furthermore, Gene ontology analyses did not reveal any

differences in molecular function between the genes in these four

classes. In contrast, gene set enrichment analyses (GSEA), using

either DAVID [31] or the BROAD tools [32,33], revealed that

genes with multiple OTX2-binding peaks and MYC binding were

significantly enriched for genes associated with mouse (neuronal)

stem cells [34] and human medulloblastoma [35] (Table S2). The

other groups did not show such enrichments.

OTX2 and MYC Binding Links to High Gene Expression
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Finally, we investigated the relation between this class of

promoter regions and medulloblastoma/stem cell specific expres-

sion. The average expression levels of genes from the class with

both multiple OTX2-binding peaks and MYC binding were

consistently higher in medulloblastoma and human neuronal stem

cells as compared to genes from other classes (Figure 6C). This

difference was not present in normal cerebellum. These data

suggest that genes with multiple OTX2-binding peaks and MYC

binding in their promoter region may have specific functions in

medulloblastoma and/or stem cells.

Discussion

The specific bi-modal distribution of OTX2 binding around the

TSSs, as we investigated in medulloblastoma, strongly differs from

the binding patterns of MYC and other transcription factors like

Figure 2. OTX2 and MYC bind close to each other in promoter regions. For each of the four classes of promoter regions, the 2log binding
signals of OTX2- and MYC-binding peaks are shown. Promoter regions are sorted by the location of the first upstream OTX2-binding peak. A. Both
classes with a single OTX2-binding peak have a very similar OTX2-binding pattern. When MYC is also bound the MYC-binding peaks closely follow the
OTX2 pattern. B. Promoter regions with multiple OTX2-binding peaks. MYC-binding peaks again accumulate there where OTX2 is bound. C. The
distances between OTX2- and MYC-binding peak centers were calculated for all promoter regions with single OTX2 binding with MYC binding. The
percentage of OTX2-binding peaks within different distance ranges was plotted. Data show that significantly more peaks are close to each other
(within 400 bp from each other) then expected (* ,0.05, ** ,0.0005, Fisher’s exact test). Expected distance was generated by multiple randomization
of the OTX2 position.
doi:10.1371/journal.pone.0026058.g002

OTX2 and MYC Binding Links to High Gene Expression
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GATA1 and TCF4 [26,27,36–38]. This bi-modal OTX2 pattern

was observed both in cells with endogenous OTX2 expression

(D425) as well as in cells with induced transgene expression

(MED8A and DAOY).

The bi-modal distribution consists both of promoter regions

with single and multiple OTX2-binding peaks. The class of

promoter regions with both multiple OTX2-binding peaks with

MYC binding differed from the other classes, as they were

associated with higher gene expression in D425 medulloblastoma

cells and in primary medulloblastoma tumors. Moreover, genes

within this class of promoter regions were enriched for stem cell

and medulloblastoma specific gene expression. Thus, OTX2

seems to have a functional interaction with MYC, which might

explain why both genes are frequently co-expressed at high levels

in medulloblastoma [5,6,22].

Even though the binding pattern might be specific for OTX2,

other binding properties were consistent with those found for

MYC in D425 cells or from what has been described for other

transcription factors [26,27,36–38]. Similar to genes as MYC or

OCT4, OTX2 binds to a large number of genes [26,39]. This

frequent binding does not always result in gene regulation, as

usually only for around a third or less of the bound genes the

expression levels change after overexpressing or silencing the

transcription factor [40]. We obtained similar results in OTX2

silencing and ectopic overexpression experiments [8,9].

The relation between transcription factors binding to promoter

regions and gene expression can be biased by the methods used to

Figure 3. OTX2 motifs enriched at OTX2 peak centers, but not
at TSSs. A. The percentage of the OTX2-binding motifs (TAATCC,
TAAGCC and TAATCT) per 50 bp were plotted in regards to the OTX2-
binding peak center. For all three motifs, enrichment at the center of
OTX2-binding peaks is observed, although for TAATCC this was more
apparent in repeat masked data (red) compared to unmasked data
(blue). Similar results were obtained for the E-box sequences in the MYC
experiment. B. The presence of OTX2- and MYC-binding motifs was
scored per 50 bp for all promoter regions in the genome. While E-box
sequences display a higher frequency near TSSs in the genome,
TAATCC, TAAGCC and TAATCT do not. They all show a clear depletion
near TSSs, which is most clear in data without repeat mask (blue lines)
as compared to data with repeat mask (red lines).
doi:10.1371/journal.pone.0026058.g003

Figure 4. Both OTX2 and MYC binding correlate with high gene
expression. A. All individual promoter regions were ordered by
expression level of the associated gene in D425 cells and the
corresponding 2log binding signals of OTX2 and MYC in D425 cells
were visualized. Both OTX2 and MYC binding positively correlates with
gene expression. B. All promoter regions were categorized into five
categories by 2log expression values of the corresponding genes. With
increasing expression the percentage of bound promoter regions also
increases both for OTX2 and MYC. Overall distribution patterns do not
change.
doi:10.1371/journal.pone.0026058.g004

OTX2 and MYC Binding Links to High Gene Expression
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determine both binding and regulation. First of all, to assign

bound regions to the nearest known genes might be inadequate. It

disregards many other forms of gene regulation by, for instance,

enhancers, which can be located far away from a gene [40].

Secondly, silencing of a transcription factor is commonly used to

identify its target genes. The transcription factor levels are greatly

Figure 5. OTX2-binding motifs do not correlate with gene expression levels. All OTX2-binding peaks were sorted by the expression in D425
cells of the associated genes and binned per 400. The motif frequency for each bin is displayed as a function of average expression. For all three
OTX2-binding motifs, there is no relation between gene expression levels and motif occurrence within the peaks.
doi:10.1371/journal.pone.0026058.g005

Figure 6. Multiple OTX2-binding peaks with MYC binding is associated with high gene expression. A and B. OTX2-bound promoter
regions are classified by single or multiple OTX2-binding peaks with or without additional MYC-binding. For each of these promoter classes the
percentage of bound promoter regions was calculated in different expression categories using either expression data from D425 cells (A) or
expression data from 10 primary medulloblastoma tumors that have both OTX2 and MYC expression (B). Promoter regions with multiple OTX2-
binding peaks and MYC binding were clearly enriched among the gene categories that show higher gene expression both in D425 cells and in
tumors. C. Genes within the promoter class with multiple OTX2-binding peaks and MYC binding showed significantly higher expression levels in D425
cells, primary medulloblastoma tumors and human neural embryonic stem cells as compared to genes in other classes (minimal p,1.00E-7, T-test).
This difference was not observed using expression data of normal cerebellum.
doi:10.1371/journal.pone.0026058.g006

OTX2 and MYC Binding Links to High Gene Expression
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reduced by silencing, but never completely absent. Low levels

might be sufficient to retain expression. Together this could hinder

adequate interpretation of the effect of OTX2 binding on gene

regulation.

Furthermore, binding might not result in regulation, because

multiple transcription factors are required in order to regulate

gene expression. For instance, in mouse embryonal stem cells,

transcription factors as Oct4, Sox2 and Nanog all bind up to

10,000 genes each. However, only a small number of genes bound

by all three factors showed evidence of direct transcriptional

activation by these transcription factors [39]. A similar mechanism

may be envisioned for OTX2. An obvious candidate to interact

with OTX2 to activate gene expression is MYC, even though it is

not expressed in all OTX2-expressing tumors. Genes with

combined multiple OTX2-binding peaks and MYC binding have

the highest expression in medulloblastoma. However, these genes

were not significantly more regulated after OTX2 silencing,

suggestion other transcription factors are also involved.

Direct physical interaction between OTX2 and MYC could not

be established (data not shown). Other candidates for cooperative

binding with OTX2 are scarce as little is known about protein

complexes associated with OTX2. Physical interactions with other

transcription factors, like TLE4 and MEIS2, have been reported

[10,12]. Both these genes are expressed in medulloblastoma

tumors and cell lines. Interestingly, a MEIS2 like motif,

TGACAG, was among the enriched motifs within genes down-

regulated after OTX2 silencing. Thus, MEIS2 might be necessary

to specify the binding and/or biological function of OTX2 in

medulloblastoma. Other proteins with reported physical interac-

tion with OTX2 are less likely candidates. For instance MITF,

SOX2, LHX1 and FOXA2, show only limited expression in

tumors and are absent in D425 cells [11,14,15]. However,

structural or functional related genes might substitute for them

in medulloblastoma. The GSEA analyses for genes with multiple

OTX2-binding peaks and MYC binding in their promoter region

also showed enrichment for the SP1, NFY and MAZ binding

motifs (Table S2). As these genes are highly expressed in

medulloblastoma, they may also interact with OTX2 to regulate

gene expression.

The role of DNA-binding sequences in the function of

transcription factors remains unclear. For OTX2, TAATCC,

TAAGCC and TAATCT are the most enriched binding motifs in

medulloblastoma, in accordance with literature [16–21]. However,

like for other transcription factors, the prevalence of these binding

motifs in the genome exceeds the number of detected binding.

Also the distribution near the TSSs is not predictive for OTX2-

binding pattern, as these sequences are even more prevalent distal

of a TSS. Still, it does provide in part an explanation for absence

of TSS-centered OTX2-binding peaks.

It remains to be determined what guides OTX2 binding to a

motif in the genome. One possible explanation is that not all

binding sites are accessible. Epigenetic markers, such as DNA

methylation, or packed DNA structure might reduce the affinity or

availability of a motif for binding. This could explain the absence

of OTX2 binding in Alu repeats in promoter regions. Further-

more, competition of different transcription factors to bind in the

same genomic region may explain why not all motifs show OTX2

binding. For example, ETS1 and E2F compete in MYC promoter

binding. Only after mutation of the E2F site, ETS1 binding could

be detected [41]. Alternatively, OTX2 binding could be very

transient and may require additional factors to stably bind to

DNA. Epigenetic markers associated with activated genes

expression or the presence of other components of the transcrip-

tion complex might be necessary to facilitate its binding.

The binding characteristics of OTX2 raise the question,

whether OTX2 only has classical transcription factor function.

For other highly expressed transcription factors with frequent

binding, like MYC, additional epigenetic functions have been

described. Peng et al. suggested that OTX2, like CRX, might

recruit HAT-containing co-activators such as CBP, P300, and

GCN5 via direct interaction with ATXN7 to promote histone

acetylation [42,43]. Unfortunately direct evidence was not shown.

However, for the homologue ATXN1 interaction was shown in a

yeast2hybrid experiment [44]. ATXN7 is highly expressed in

medulloblastoma tumors and cell lines. OTX2 may function in a

similar way in promoting epigenetic changes. With this concept in

mind, the similarities between the bi-modal distribution of OTX2

and those of histone modifications such as H3K4me3 and

H3K9ac, both marks for active gene expression, could hint to a

direct role of OTX2 in histone modification [45,46].

Materials and Methods

ChIP-on-chip
D425 medulloblastoma cells 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 mg/mL streptomycin

(Invitrogen) at 37uC in a humified atmosphere containing 5%

CO2. Two days after plating, cells were cross-linked with 1%

formaldehyde for 109. After washing, cells were incubated for 59 in

swelling buffer (5 mM PIPES, 85 mM KCl, 0.5% NP40) and

passed through a 23G needle. Isolated nuclei were lysed for 109 in

1 M Tris-HCl/1% SDS/0.5 M EDTA pH 8 on ice. Lysates were

sonicated on ice 76250 at 30 mA. 3 mL sample was diluted 1:10

in 1% TritonX-100/150 mM NaCl/50 mM Tris-HCl/2 mM

EDTA and cleared for 309 with 40 mL protein A agarose (Roche)

and 125 mL 10 mg/mL haring sperm DNA (Roche Applied

Sciences, Basel, Switzerland). 30 mL MYC antibody (Abcam,

Cambridge, MA) with 40 mL beads were added to cleared samples

and thumbled overnight in cold room. The next day beads were

sequentially washed with 0.1% SDS/1% TritonX-100/150 mM

NaCl/20 mM Tris-HCl/2 mM EDTA, with the same solution

with 500 mM NaCl, with 1% Deoxycholate, 1% NP40/250 mM

LiCl/10 mM Tris-HCl/2 mM EDTA and finally with 10 mM

Tris-HCl/10 mM EDTA. DNA was eluted in 500 mL 100 mM

NaHCO3/1% SDS. 20 mL 5 M NaCl was added before

decrosslinking at 65uC for 4 h. Next 10 mL 0.5 M EDTA,

20 mL 1 M Tris-HCl pH 6.5 and 2 mL 10 mg/mL Prot K

(Roche) were added and incubated at 45uC for 1 h to degrade

protein. RNA was degraded by adding 5 mL 10 mg/mL Rnase A

(Roche) and incubating for 309 at 37uC. DNA was purified using

Qiagen PCR purification kit (Qiagen, Germantown DE) and

quantified with Quant-IT Picogreen (Invitrogen).

The recovered DNA was amplified for labeling as described

previously [28]. Labeling of the material, hybridization to the

2.1 M Deluxe Promoter Array, scanning of the arrays and peak

calling were performed by Nimblegen, Inc. The ChIP-on-chip

experiments with OTX2 in D425, MED8A and DAOY cells were

previously published [8,9].

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
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to the TSS. OTX2-binding peaks were called significant by the

manufacturer’s algorithm. Graphs of the average 2log signals and

the percentage of peaks as a function of the distance to the TSS

were generated in R2 (http://r2.amc.nl). Heatmaps of signals for

an individual promoter region were generated in TMEV [47].

Only data of promoter regions with more than 100 bins with

informative data within 25000 bp to 3000 bp were included. The

promoter regions were sorted based on the expression of the

corresponding gene in D425 cells (GSE22875) [8].

Promoter regions harboring at least one binding peak with its

center overlapping the region of 22000 to 2000 bp surrounding

the TSS, were defined as bound by OTX2 or MYC. Distance

between OTX2- and MYC-binding peak centers were calculated

for all single OTX2-bound promoter regions. The expected

distance between OTX2- and MYC-binding peak centers was

generated by randomizing all OTX2-binding peak locations in

regards to the TSS locations in Excel and taking the average over

3 randomizations. The percentage of OTX2-binding peaks within

different distance ranges was plotted for the calculated and

expected values. A Fisher’s exact test was used for determining

significant changes.

All promoter regions were classified based on the combination

of OTX2 and MYC binding within the 22000 bp and 2000 bp

region. The average expression of genes within these classes was

calculated using data of D425 cells (GSE22875), 10 primary non-

WNT/non-SHH medulloblastoma with both high OTX2 and

MYC expression (GSE10327 and GSE12992), 9 normal cerebel-

lum samples (GSE3526) and undifferentiated human embryonal

cells (GSE9921). Gene set enrichment analyses were performed

using the DAVID tool (http://david.abcc.ncifcrf.gov/) and

BROAD tool (http://www.broadinstitute.org/gsea) [31–33].

Binding motif discovery and genome distribution
The program DME (v2.0) was employed using the hybrid mode

to identify enriched DNA-sequence motifs of length 6, 7 or 8 in the

peaks, when compared to a background of peak-flanking

sequences [29]. The sequences used to build the best scoring

motif were masked in the peak sequences and DME was run again

using the same settings. This procedure was repeated 15 times.

The main DNA-binding sequences for OTX2 (TAATCC,

TAAGCC and TAATCT) and the E-box sequences were aligned

to the UCSC hg18. Their frequencies were plotted in relation to

their distance to either a OTX2- and MYC-binding peak center or

a TSS. To identify relations between the presence of a DNA-

binding sequence and gene expression, all peaks were sorted by the

expression level of the associated genes. After binning per 400

peaks, the motif frequencies and the average expression levels were

calculated per bin and plotted.

Supplementary M&M
Western blotting and antibodies used were as previously

described [9].

Supporting Information

Figure S1 Immunoprecipitation of OTX2 and MYC in
medulloblastoma cells. Western blot analyses of immunopre-

cipitation of OTX2 and MYC in D425 medulloblastoma cells as

well as OTX2 in MED8A and DAOY cells with induced OTX2

expression.

(TIFF)

Figure S2 OTX2-binding distribution in relation to
MYC binding. All promoter regions of the class with single

OTX2-binding peak and MYC binding were sorted by the

location of the first upstream MYC-binding peak. To assess the

relation between MYC and OTX2 binding, the promoter regions

were binned per 400 promoter regions, except for the last bin

(517). Per bin, the average OTX2- and MYC-binding signals were

calculated in regards to the TSS, normalized to 1 and depicted as

a panel. The OTX2-binding signal coincides with the MYC, when

the MYC binding signal becomes more proximal to the TSS.

(TIFF)

Table S1 Enrichment of binding motifs in ChIP exper-
iments.

(XLS)

Table S2 Gene enrichment analyses.

(XLS)

Acknowledgments

The authors thank R. Volckmann, P. van der Sluis and M. Hamdi for

bioinformatical and technical support, and T. van der Hoeven and J.

Verkooijen of the Microarray Department of the Swammerdam Institute of

Life Science of the University of Amsterdam for performing the microarray

experiments.

Author Contributions

Conceived and designed the experiments: JB NEH JK MK. Performed the

experiments: JB NEH. Analyzed the data: JB DAZ JK MK. Contributed

reagents/materials/analysis tools: DAZ JK. Wrote the paper: JB RV MK.

References

1. de Haas T, Oussoren E, Grajkowska W, Perek-Polnik M, Popovic M, et al.

(2006) OTX1 and OTX2 expression correlates with the clinicopathologic

classification of medulloblastomas. J Neuropathol Exp Neurol 65: 176–186.

2. Michiels EM, Oussoren E, Van Groenigen M, Pauws E, Bossuyt PM, et al.

(1999) Genes differentially expressed in medulloblastoma and fetal brain. Physiol

Genomics 1: 83–91.

3. Di C, Liao S, Adamson DC, Parrett TJ, Broderick DK, et al. (2005)

Identification of OTX2 as a medulloblastoma oncogene whose product can be

targeted by all-trans retinoic acid. Cancer Res 65: 919–924.

4. Boon K, Eberhart CG, Riggins GJ (2005) Genomic amplification of

orthodenticle homologue 2 in medulloblastomas. Cancer Res 65: 703–707.

5. Kool M, Koster J, Bunt J, Hasselt NE, Lakeman A, et al. (2008) Integrated

genomics identifies five medulloblastoma subtypes with distinct genetic profiles,

pathway signatures and clinicopathological features. PLoS One 3: e3088.

6. Northcott PA, Nakahara Y, Wu X, Feuk L, Ellison DW, et al. (2009) Multiple

recurrent genetic events converge on control of histone lysine methylation in

medulloblastoma. Nat Genet 41: 465–472.

7. Adamson DC, Shi Q, Wortham M, Northcott PA, Di C, et al. (2010) OTX2 is

critical for the maintenance and progression of Shh-independent medulloblas-

tomas. Cancer Res 70: 181–191.

8. Bunt J, Hasselt NE, Zwijnenburg DA, Hamdi M, Koster J, et al. (2011) OTX2

directly activates cell cycle genes and inhibits differentiation in medulloblastoma

cells. Int J Cancer. In press.

9. Bunt J, de Haas TG, Hasselt NE, Zwijnenburg DA, Koster J, et al. (2010)

Regulation of cell cycle genes and induction of senescence by overexpression of

OTX2 in medulloblastoma cell lines. Mol Cancer Res 8: 1344–1357.

10. Agoston Z, Schulte D (2009) Meis2 competes with the Groucho co-repressor

Tle4 for binding to Otx2 and specifies tectal fate without induction of a

secondary midbrain-hindbrain boundary organizer. Development 136:

3311–3322.

11. Danno H, Michiue T, Hitachi K, Yukita A, Ishiura S, et al. (2008)

Molecular links among the causative genes for ocular malformation: Otx2

and Sox2 coregulate Rax expression. Proc Natl Acad Sci U S A 105:

5408–5413.

12. Heimbucher T, Murko C, Bajoghli B, Aghaallaei N, Huber A, et al. (2007) Gbx2

and Otx2 interact with the WD40 domain of Groucho/Tle corepressors. Mol

Cell Biol 27: 340–351.

13. Larder R, Mellon PL (2009) Otx2 induction of the gonadotropin-releasing

hormone promoter is modulated by direct interactions with Grg co-repressors.

J Biol Chem 284: 16966–16978.

OTX2 and MYC Binding Links to High Gene Expression

PLoS ONE | www.plosone.org 8 October 2011 | Volume 6 | Issue 10 | e26058



14. Masuda T, Esumi N (2010) SOX9, through interaction with microphthalmia-

associated transcription factor (MITF) and OTX2, regulates BEST1 expression
in the retinal pigment epithelium. J Biol Chem 285: 26933–26944.

15. Nakano T, Murata T, Matsuo I, Aizawa S (2000) OTX2 directly interacts with

LIM1 and HNF-3beta. Biochem Biophys Res Commun 267: 64–70.
16. Briata P, Ilengo C, Bobola N, Corte G (1999) Binding properties of the human

homeodomain protein OTX2 to a DNA target sequence. FEBS Lett 445:
160–164.

17. Chatelain G, Fossat N, Brun G, Lamonerie T (2006) Molecular dissection

reveals decreased activity and not dominant negative effect in human OTX2
mutants. J Mol Med 84: 604–615.

18. Morgan R, Hooiveld MH, In der RP, Durston AJ (1999) A conserved 30 base
pair element in the Wnt-5a promoter is sufficient both to drive its’ early

embryonic expression and to mediate its’ repression by otx2. Mech Dev 85:
97–102.

19. Kelley CG, Lavorgna G, Clark ME, Boncinelli E, Mellon PL (2000) The Otx2

homeoprotein regulates expression from the gonadotropin-releasing hormone
proximal promoter. Mol Endocrinol 14: 1246–1256.

20. Takeda K, Yokoyama S, Yasumoto K, Saito H, Udono T, et al. (2003) OTX2
regulates expression of DOPAchrome tautomerase in human retinal pigment

epithelium. Biochem Biophys Res Commun 300: 908–914.

21. Kim HH, Wolfe A, Cohen RN, Eames SC, Johnson AL, et al. (2007) In vivo
identification of a 107-base pair promoter element mediating neuron-specific

expression of mouse gonadotropin-releasing hormone. Mol Endocrinol 21:
457–471.

22. Cho YJ, Tsherniak A, Tamayo P, Santagata S, Ligon A, et al. (2011) Integrative
genomic analysis of medulloblastoma identifies a molecular subgroup that drives

poor clinical outcome. J Clin Oncol 29: 1424–1430.

23. Pfister S, Remke M, Benner A, Mendrzyk F, Toedt G, et al. (2009) Outcome
prediction in pediatric medulloblastoma based on DNA copy-number

aberrations of chromosomes 6q and 17q and the MYC and MYCN loci.
J Clin Oncol 27: 1627–1636.

24. Aldosari N, Bigner SH, Burger PC, Becker L, Kepner JL, et al. (2002) MYCC

and MYCN oncogene amplification in medulloblastoma. A fluorescence in situ
hybridization study on paraffin sections from the Children’s Oncology Group.

Arch Pathol Lab Med 126: 540–544.
25. Zitterbart K, Filkova H, Tomasikova L, Necesalova E, Zambo I, et al. (2011)

Low-level copy number changes of MYC genes have a prognostic impact in
medulloblastoma. J Neurooncol 102: 25–33.

26. Kidder BL, Yang J, Palmer S (2008) Stat3 and c-Myc genome-wide promoter

occupancy in embryonic stem cells. PLoS One 3: e3932.
27. Kim J, Woo AJ, Chu J, Snow JW, Fujiwara Y, et al. (2010) A Myc network

accounts for similarities between embryonic stem and cancer cell transcription
programs. Cell 143: 313–324.

28. Ren B, Robert F, Wyrick JJ, Aparicio O, Jennings EG, et al. (2000) Genome-

wide location and function of DNA binding proteins. Science 290: 2306–2309.
29. Smith AD, Sumazin P, Xuan Z, Zhang MQ (2006) DNA motifs in human and

mouse proximal promoters predict tissue-specific expression. Proc Natl Acad
Sci U S A 103: 6275–6280.

30. Fattet S, Haberler C, Legoix P, Varlet P, Lellouch-Tubiana A, et al. (2009) Beta-
catenin status in paediatric medulloblastomas: correlation of immunohistochem-

ical expression with mutational status, genetic profiles, and clinical character-

istics. J Pathol 218: 86–94.

31. Dennis G, Jr., Sherman BT, Hosack DA, Yang J, Gao W, et al. (2003) DAVID:

Database for Annotation, Visualization, and Integrated Discovery. Genome Biol

4: 3.

32. Mootha VK, Lindgren CM, Eriksson KF, Subramanian A, Sihag S, et al. (2003)

PGC-1alpha-responsive genes involved in oxidative phosphorylation are

coordinately downregulated in human diabetes. Nat Genet 34: 267–273.

33. Subramanian A, Tamayo P, Mootha VK, Mukherjee S, Ebert BL, et al. (2005)

Gene set enrichment analysis: a knowledge-based approach for interpreting

genome-wide expression profiles. Proc Natl Acad Sci U S A 102: 15545–15550.

34. Ramalho-Santos M, Yoon S, Matsuzaki Y, Mulligan RC, Melton DA (2002)

‘‘Stemness’’: transcriptional profiling of embryonic and adult stem cells. Science

298: 597–600.

35. Boon K, Edwards JB, Siu IM, Olschner D, Eberhart CG, et al. (2003)

Comparison of medulloblastoma and normal neural transcriptomes identifies a

restricted set of activated genes. Oncogene 22: 7687–7694.

36. Hatzis P, van der Flier LG, van Driel MA, Guryev V, Nielsen F, et al. (2008)

Genome-wide pattern of TCF7L2/TCF4 chromatin occupancy in colorectal

cancer cells. Mol Cell Biol 28: 2732–2744.

37. Wederell ED, Bilenky M, Cullum R, Thiessen N, Dagpinar M, et al. (2008)

Global analysis of in vivo Foxa2-binding sites in mouse adult liver using

massively parallel sequencing. Nucleic Acids Res 36: 4549–4564.

38. Robertson G, Hirst M, Bainbridge M, Bilenky M, Zhao Y, et al. (2007) Genome-

wide profiles of STAT1 DNA association using chromatin immunoprecipitation

and massively parallel sequencing. Nat Methods 4: 651–657.

39. Chen X, Xu H, Yuan P, Fang F, Huss M, et al. (2008) Integration of external

signaling pathways with the core transcriptional network in embryonic stem

cells. Cell 133: 1106–1117.

40. Farnham PJ (2009) Insights from genomic profiling of transcription factors. Nat

Rev Genet 10: 605–616.

41. Albert T, Wells J, Funk JO, Pullner A, Raschke EE, et al. (2001) The chromatin

structure of the dual c-myc promoter P1/P2 is regulated by separate elements.

J Biol Chem 276: 20482–20490.

42. Peng GH, Chen S (2007) Crx activates opsin transcription by recruiting HAT-

containing co-activators and promoting histone acetylation. Hum Mol Genet 16:

2433–2452.

43. Palhan VB, Chen S, Peng GH, Tjernberg A, Gamper AM, et al. (2005)

Polyglutamine-expanded ataxin-7 inhibits STAGA histone acetyltransferase

activity to produce retinal degeneration. Proc Natl Acad Sci U S A 102:

8472–8477.

44. Lim J, Hao T, Shaw C, Patel AJ, Szabo G, et al. (2006) A protein-protein

interaction network for human inherited ataxias and disorders of Purkinje cell

degeneration. Cell 125: 801–814.

45. Barski A, Cuddapah S, Cui K, Roh TY, Schones DE, et al. (2007) High-

resolution profiling of histone methylations in the human genome. Cell 129:

823–837.

46. Wang Z, Zang C, Rosenfeld JA, Schones DE, Barski A, et al. (2008)

Combinatorial patterns of histone acetylations and methylations in the human

genome. Nat Genet 40: 897–903.

47. Saeed AI, Sharov V, White J, Li J, Liang W, et al. (2003) TM4: a free, open-

source system for microarray data management and analysis. Biotechniques 34:

374–378.

OTX2 and MYC Binding Links to High Gene Expression

PLoS ONE | www.plosone.org 9 October 2011 | Volume 6 | Issue 10 | e26058


