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        Voor mijn ouders

Whereas we now have a fairly detailed knowledge of the myths and circumcision rituals of exotic tribes, 

we remain relatively ignorant of the details of equilvalent activity among tribes of scientists, whose work 

is commonly heralded as having startling, or at least, extremely significant effects on our civilisation.  

(Latour, Woolgar 1986: 17)
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1Medulloblastoma as a heterogeneous disease

Histology and clinical aspects of medulloblastoma

Medulloblastoma is a malignant embryonal tumor arising from the cerebellum (Figure 1). 

With an incidence just below 1 per 100,000 children, it is the most common malignant brain 

tumor in children [1, 2]. Boys have a higher incidence than girls (7.5 and 4.8 per 1,000,000 

boys and girls respectively) [3] and the incidence peaks at 7 years of age [4]. However, 

tumors also occur in adults, albeit far less frequent than in children [5-7] 

The 5-year overall survival rate of medulloblastoma patients has increased over the 

past decades from 30% [8] to 60%-80% [3, 9, 10]. This is largely a result of improved 

treatment strategies, which currently consist of surgical resections, radiation therapy and 

chemotherapy. However, many children still die from this disease or suffer from long-term 

side effects of the treatment they receive [11-15].

In the current risk stratification, patients are stratified as average risk if the patient is older 

than 3 years, has no metastatic disease and has a near-total resection (<1.5 cm of residual 

disease). Both metastatic disease and residual disease have been shown to decrease 

outcome [16]. Younger children are classified as high risk, because no radiotherapy is 

performed in that age group. This risk stratification is however limited in its prediction of 

the outcome for the patients. 

Based on the histology of the tumor, the pathological classification of the World Health 

Organization recognizes classical medulloblastoma and 4 variants thereof [5]. Classical 

medulloblastomas represents the majority of tumors (60 – 80%). These tumors are 

characterized by a sheet of small, round, densely packed cells with hyperchromatic nuclei and 

limited cytoplasm [5]. The nodular/desmoplasmic medulloblastomas, which are the most 

common of the variants, are defined by dense nodules of differentiated neurocyctic cells 

Figure 1. Sagittal (A) and 
axial (B) section of a MRI 
scan of a patient with a 
medulloblastoma. Adapted 
from Figure 1 of Crawford et 
al. 2007 [3]. 
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surrounded by high proliferating undifferentiated cells with intercellular reticulin [5]. When 

these tumors mainly consist of these nodules, the tumor is classified as a medulloblastoma 

with extensive nodularity. Large cell medulloblastomas are characterized by large cells with 

prominent nucleoli and more cytoplasm compared to classic medulloblastomas. The last 

variant, anaplastic medulloblastoma, shows enlarged, tightly packed pleomorphic nuclei 

showing angulation, mounding and wrapping. In light of the clinical outcome, the tumors 

with either large cell or anaplastic histology are associated with the worst outcome, while 

patients with desmoplastic/nodular medulloblastomas have a slightly improved outcome 

[17, 18]. However, the clinical significance is limited and precise classification is difficult, as 

multiple features can be found within one tumor. 

Although the overall survival of medulloblastoma patients has increased, there is still much 

to gain from better risk stratification and improved treatment. Towards that end, the biology 

of the tumor needs to be better understood to recognize the molecular events that are at 

the genesis of the tumor.

Biology of medulloblastoma 

The first clues of the molecular pathways potentially involved in medulloblastoma 

tumorigenesis came from familial cases. In cancer predisposition syndromes, including 

Gorlin, Turcot, Li-Fraumeni, blue rubber-bleb nevus, Nijmegen Breakage and Rubinstein-

Taybi syndrome, patients have an increased risk to develop medulloblastoma [19, 20] 

[21-26]. As the molecular events in these tumors have been characterized, their role in 

medulloblastoma has also been investigated. 

Germline mutations in PTCH1 are the most common cause of Gorlin syndrome. Patients 

mostly develop basal cell carcinoma, but also have an increased risk for developing 

medulloblastoma  [27]. The mutations in PTCH1 result in an aberrant activation of the 

sonic hedgehog (SHH) pathway, which plays a critical role in normal development of the 

cerebellum. Besides somatic  PTCH1 mutations, mutations in other components of the SHH 

pathway, including PTCH2, SMO and SUFU, which all cause SHH pathway activation, also 

occur in sporadic medulloblastoma [28-33]. A range of mouse models for medulloblastoma 

have been developed based on activated SHH signaling [34].

Patients with Turcot syndrome caused by APC mutations also have an increased risk of 

developing medulloblastoma. When the tumor suppressor APC is mutated, it is unable 

to halt the activity of the wingless (WNT) pathway, causing aberrant activation of this 

pathway. In sporadic medulloblastoma APC mutations are rare [35]. However, in 2-10% of 

all medulloblastoma, activating mutations are found in CTNNB1 (beta-catenin), which is 
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a downstream effector of the WNT pathway [35-41]. These mutations enable CTNNB1 to 

escape degradation, to localize in the nucleus and to function as a transcriptional activator 

of genes, including MYC and CCND1. Other aberrations within the WNT pathway, affecting 

AXIN1 or AXIN2, have also been reported in medulloblastoma [38, 42].  Recently, the first 

mouse model for medulloblastoma with an aberrant WNT signaling has been described [43].

The frequency of mutations of TP53, which causes Li Fraumeni syndrome, has been variable 

within medulloblastoma literature, ranging from 0 to 10% [44-48]. Mutations are mostly 

found in metastatic disease, aggressive tumors or recurrences after treatment [48, 49]. 

Interestingly, this poor prognosis has not been validated in other studies, where somatic 

P53 mutations commonly co-occur with CTNNB1 mutations in tumors, thereby predicting a 

favorable outcome for the patients [46, 50]. In contrast, however, medulloblastomas with 

germline P53 mutations always show activation of SHH signaling and are characterized by 

massive chromosome rearrangements which occur in a one-step event called chromothripsis 

[51] Often these DNA rearrangements lead to high-level amplifications of genes activating the 

SHH pathway. Although the overall frequency of P53 mutations in human medulloblastoma 

is low, many mouse models of medulloblastoma are derived in p53 null background [34]. 

Cytogenetic analyses of medulloblastoma also provided candidates for medulloblastoma 

biology. The most common genetic aberration in medulloblastoma is loss of chromosome 

arm 17p. This is often coinciding with a gain of chromosome arm 17q in the form of an 

isochromosome 17q  [52-57]. Concomitant with these gains, chromosome arm 17p is lost. 

Many genes in this region have been proposed to play a role in medulloblastoma, such as 

TP53, REN, MNT and HIC. However, it is unclear how the reduced expression of these genes 

contributes to medulloblastoma formation, as the other allele of these genes seems mostly 

unaffected [48]. Also, a second hit of the remaining 17p has not been identified. A possible 

explanation could be haploinsufficiency of genes on 17p. Alternatively, a mild increased 

expression of genes on 17q might be beneficial for the tumor, as i17q seems to occur more 

often in recurrent tumors than in primary tumors [58]. Other major cytogenetic aberrations 

include monosomy of chromosome 6, loss of 9q and gains of 1q and 7 [1, 54, 55, 59-61]

Cytogenetic analyses also commonly find amplifications of members of the MYC family. 

MYC and MYCN amplification are most frequent (3-10% each) [10, 54, 55, 62-64], but MYCL 

amplifications also occur [65, 66]. Other amplifications have been found in medulloblastoma 

as well, but their frequencies are much lower. Examples include OTX2 ([67-70], ERBB1 and 

ERBB2 [71-73], TERT [74], GLI1 and GLI2 [75], cell cycle genes such as MDM2 [71], CDK4, 

CDK6 [65], CCND1, CCNE2 [65] and histone modifying genes such as JMJD2B, JMJD2C and 
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MYST3  [65, 76]. Homozygous deletions have been described for CDKN2A (p16) [77] and 

several histone modifying genes such as DMBT1, EHMT1, SMYD4, L3MBTL3, SCML2 [65, 78]

Finally, a number of genes and pathways have been investigated for (in)activating mutations. 

However, only sporadic mutations have been reported for NRAS [79], CXCR4 [80], P75 [81], 

PIK3CA [82], PMS2 [83], BRCA2 [84], MSH6 [85], NBS [86-88] and MXI [89]. Recently, the 

first genome-wide screening for mutations in medulloblastoma has been published. Besides 

mutations in genes such as PTCH1 and CTNNB, a number of mutations have been reported 

in histone modifying genes, including MLL, MLL2, MLL3, SMARCA4, ARID1A and KDM6B 

[90].

Molecular classification of medulloblastoma 

Although a large number of genes, pathways and genomic events have been implicated by 

genetics and cytogenetics in medulloblastoma, the relation between the different affected 

genes remains to be elucidated. Most studies only investigated a particular gene, pathway 

or genomic event, thus co-occurrence of these aberrations could not be determined. 

Furthermore, most studies were performed on relatively small cohorts. As medulloblastoma 

is a very heterogeneous disease, these cohorts differ greatly on various parameters such as 

age, gender, histology, metastases at diagnostic and survival. Thus, individual studies were 

biased, resulting in a high variability between studies. 

Recent studies in large well-described cohorts using genome-wide expression profiling 

together with additional techniques, such as comparative genome hybridization (CGH) or 

single nucleotide polymorphism (SNP) array and mutation analyses, were performed to 

define distinct molecular subgroups of medulloblastoma [41, 61, 75, 91, 92]. Even though 

these studies varied in the number of proposed subtypes, classification of the tumors is 

comparable. Recently, the authors of these studies reached a consensus, defining 4 major 

subgroups of medulloblastoma: WNT, SHH, group 3 and group 4 (Figure 2) [93, 94] 

The SHH and WNT subgroup comprises 28% and 11% of medulloblastoma incidences, 

respectively [41, 61, 75, 91, 92, 94]. These subgroups are characterized by activating 

aberrations in SHH or WNT signaling pathways, both of which have been previously 

implicated in medulloblastoma. Besides mutations in proteins of the SHH pathway, SHH 

subgroup tumors are also characterized by frequent MYCN or GLI amplifications and loss 

of 9q. These tumors have a higher incidence in infants and adults and mostly comprise the 

desmoplastic histology. Metastases are rare and infants have a good prognosis [10]. WNT 

subgroup tumors are characterized by frequent monosomy of chromosome 6 [40]. These 



15

1

tumors occur mostly in older children and are associated with good clinical outcome and no 

metastases. The molecular studies revealed that aberrations in the SHH and WNT pathway 

are mutually exclusive. However, as both subgroups cluster away from other subgroups in 

all published studies, these tumors still share common characteristic, such as a NOTCH and 

PDGF signaling signature. 

Compared to the SHH and WNT subgroups, group 3 as well as group 4 tumors are highly 

enriched for 17q gains (mostly in the form of i(17q)). Furthermore, these tumors more often 

metastasize than SHH and WNT subgroup tumors [41, 61, 75, 91, 92, 94]. Also, these tumors 

contribute to the unequal distribution of gender in medulloblastoma. While the distribution 

in WNT and SHH is equal, group 3 and 4 tumors occur twice more often in boys.  More 

interesting, tumors of female patients often show a loss of X, suggesting X chromosome 

associated events. 

The group 3 and 4 tumors showed no clear signature associated with a signaling pathway, but 

Figure 2. Depiction of the current consensus in molecular subgroups in medulloblastoma. Illustration 
is adapted from Figure 1 of Taylor et al 2011 [93].
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rather with differentiation. Subgroup 3 is characterized by expression of genes associated 

with photoreceptor and GABAergic differentiation. These tumors also have an increased 

incidence of MYC amplification, which is associated with a bad prognosis. Group 4 tumors 

express neuronal and glutamergic markers. In general these tumors have a higher proportion 

of 17q aberrations than the tumors with a photoreceptor signature. Due to the similarities 

between group 3 and 4 tumors, individual tumors were previously found to switch groups 

when using different clustering methods [61, 75]. 

The non-WNT/SHH subgroups are less well defined compared to the WNT and the SHH 

subgroups. This might be caused by the presence of heterogenous populations of tumor 

cells, resulting in a more gradual transition between subgroups. As mixed populations 

occur in a single tumor, these differentiation signatures seem to reflect events in tumor 

progression rather than tumor initiation [91]. In contrast to WNT and SHH tumors, the 

molecular mechanism of tumorigenesis is unclear, although they represent 2/3 of all tumors. 

Although molecular classification has revealed the complexity of medulloblastoma as 

a heterogeneous disease, it also highlights the fact that we know little of the molecular 

mechanisms involved in the majority of tumors. A potential oncogene involved in group 3 

and 4 tumors is OTX2.

OTX2 and medulloblastoma

OTX2 as a transcription factor

Orthodenticle homeobox 2, OTX2, encodes a transcription factor containing a bicoid-like 

homeodomain. Together with OTX1, DMBX1 and CRX, OTX2 is a human homologue of 

Drosophila orthodenticle (otd) [95]. In the human genome, the OTX2 gene is located on 

chromosome 14q22.3 and consists of a least 5 exons, of which 3 are coding (Figure 3A). 

Different transcripts have been reported, which use different transcription start sites. 

A proximal transcription start site is located in exon 3, while more distal start sites were 

located within exon 1 and 2. Studies in mice have shown that these different promoter 

regions play a role in temporal and spatial expression of Otx2 in development [96].

Although many different mRNAs have been reported, only 2 isoforms are known for the 

encoded protein (289 and 297 amino acids). Alternative splicing of the second coding exon 

causes these different isoforms. This splicing event is well conserved among other species, 

including mouse, rat, dog and even fly [97, 98]. Both isoforms have a homeodomain at the 
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N-terminus, while the proline, serine and threonine-rich C-terminal transactivation domain 

contain a SIWSPA conserved motif and 2 tandem tail motifs. Expression of the shorter 

isoform has been associated with neuronal tissue [99] (Figure 3B)

OTX2 in embryonic and cerebellum development

In early mouse embryogenesis, Otx2 is expressed within the whole epiblast and visceral 

endoderm. After the onset of gastrulation, expression is maintained in the epiblast, the 

anterior visceral endoderm and in leading cells of primitive streak. Later in gastrulation, Otx2 

is expressed in a number of specific regions, such as node derivatives, anterior definitive 

endoderm, rostal axial mesendoderm and the anterior neuroectoderm [100, 101]. This 

Otx2 expression pattern in embryonic development is highly conserved across the different 

species, including chicken and zebrafish [102-105] 

Otx2 expression is essential in early development, as it is required for correct patterning of the 

embryo as well as regionalization and lineage specification in the brain [106]. Homozygous 

Otx2 knockout mice die during embryogenesis, due to developmental abnormalities. This 

includes the absence of the forebrain and midbrain [107, 108]. The localization of the 

cerebellum is also dependent of Otx2 expression, although it is not expressed within the 

region that will eventually form the cerebellum. Otx2 expression marks the border between 

the midbrain and the hindbrain region. Repression of Otx2 by ectopic expression of Fgf8 

causes cerebellum-like structures in the midbrain region [109, 110]. Conversely, silencing 

of Fgf8 resulted in activation of Otx2 in the hindbrain and thereby reduced cerebellum 

Figure 3. Genomic and protein structure of OTX2. (A) OTX2 is located on 14q22.3 and consists of 5 
exons, of which 3 are coding (black). There are at least two transcription start sites: the first in exon 
1 and the second in exon 3 (arrow). Alternative splicing of the mRNA at exon 4 (dotted line) results 
in a 24 bp in frame deletion in the coding sequence. (B) OTX2 encodes for a 297 or 289 amino acid 
protein, which differ 8 amino acids in the N-terminal region (grey dotted box).  Both proteins consist of 
a homeodomain (blue box) followed by a polyglutamine repeat (yellow box) at the N-terminus. In the 
middle of the protein harbors a nuclear retaining signal (green box), a conserved WSP domain (orange) 
and a OTX2 family domain (purple). The C-terminal region contains a transactivation domain, which is 
comprised of two transaction motifs (red).
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formation [110]Aoba-ku, Sendai 980-8575, Japan.

At later stages of development, Otx2 is also expressed in the cerebellum itself. In rat, Otx2 

is detected from E16/E17 in the rhombic lip (germinal trigone) [111, 112]. From E19, Otx2 

was detected in both the external granular layer and the emerging internal granular layer. 

At P5, Otx2 is expressed in a gradient, with the highest expression in the posterior regions. 

Otx1 is expressed in the more anterior cerebellum [112]. In adult rat, only weak cerebellar 

expression is detected in the granular layer [111].

In mice, Otx2 is first detected in the cerebellar region between E10.5 – E11.5, when a few 

cells of the rhombencephalon express Otx2 [113]. Otx2 protein is detected at E14.5 in the 

rhombic lip, while between E15.5 and E17.5 the protein is detected in external granular layer. 

Like in rat, Otx2 expression forms a gradient with the highest expressing in the posterior 

regions. At P2, Otx2 is also detected in the emerging internal granular layer. Otx2 mRNA 

is detected in both the external and internal granular layer at P7, while other structures 

like the Purkinje cell layer or white matter remain negative [114]. In later stages, P15 and 

P22, when the external granular layer is dissolved, some Otx2 expression is still found in 

the internal granular layer [114]. However, immunohistochemical staining only showed very 

weak staining in the caudal internal granular layer at P15 [113].

In humans, OTX2 expression is first detected in the cerebellar rhombic lib at fetal week 13, 

while the protein was not detected at fetal week 9 [70, 115]. At week 23, OTX2 is detected 

in a small number of mitotic cells in the external granular. From 26 weeks onwards, OTX2 is 

also detected in the internal granular layer. Interestingly, Purkinje cells and dentate nuclei 

showed cytoplasmic staining at this stage. Whether this protein was derived from mRNA 

expressed in these cells is unclear. In retinal development, Otx2 can be produced by one 

cell and than transported to other cells in distant cell layers [116]. No OTX2 expression was 

detected in the cerebellum postnatal [70].

Otx2 expression in granular progenitor cells seems essential for a proper development of 

the cerebellum. Experiments, in which Otx2 was conditionally knocked out at different 

stages of embryonic development, revealed that if Otx2 was knocked out at E16.5 in mice, 

the mesencephalon and anterior cerebellum developed normally, while the posterior 

cerebellum showed reduced development and folding [117]. Knockout at earlier stages 

resulted in more general changes in the brain regionalization. 

DNA-binding and targets

As a transcription factor, OTX2 can bind to promoters or enhancer elements to regulate 

gene expression. The DNA binding-domain of OTX2 recognizes specific DNA sequences, the 

so-called DNA binding sites. Based on resemblance of OTX2 to the Drosophila bicoid gene, it 
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was hypothesized that OTX2 would have a similar binding sequence [118, 119]. Indeed, the 

bicoid-binding sequence, TAATCC, or strongly resembling sequences have been discovered 

in the promoters of OTX2 target genes like Tnc, Rbp3 Wnt5a, Gnrh1, DCT, RAX, [118-123]. 

Although this approach to discover an OTX2-binding site in promoters was biased by the 

assumption that this sequence should resemble that of bicoid, this DNA-binding sequence 

has been validated. Based on an in vitro binding sequence assay, the TAATCC core sequence 

showed the strongest potential for binding OTX2 [124]. However, the same authors also 

revealed binding to other sequences, such as TAAGCC, although these interactions were 

weaker. Hence, TAATCC seems the most potent OTX2-binding site, but other sequences also 

enable OTX2 binding. 

OTX2 can bind to DNA as a dimer. This dimerization is thought to require a palindromic 

binding site or two closely spaced binding sites, but Briata et al. reported that one site is 

sufficient for dimerization [118]. Chatelain et al. argued that this was an in vitro artifact 

and that multiple binding sites are required for dimerization, because each site can only 

be bound by a single OTX2 [124]. They conclude that OTX2 normally binds as a monomer, 

but that dimerization occurs when two sites are closely spaced. In line with this idea, 

heterodimerization of OTX2 with homologue DMBX1 has been reported to occur on the 

TAATCCGATTA sequence [125]. As CRX and OTX1 are even more related to OTX2 and share 

the binding specificity to TAATCC related sequences, heterodimerization has also been 

implied for these proteins [126]. 

Besides a difference in affinity, it is currently unclear whether there is a biological relevance 

for the different sequences to which OTX2 can bind. Similarly, no functional difference is 

known for monomeric and dimeric binding of OTX2. The existence of tandem binding sites 

and (inverted) palindromic binding sites in promoter regions has not been linked to specific 

regulatory features.

Protein interaction

OTX2 binding to DNA by itself does not regulate gene expression. To enable gene regulation, 

OTX2 needs to interact with other regulatory proteins, as mutations and deletions outside 

the DNA binding domain of OTX2 reduce gene activation by OTX2 without altering the DNA 

binding [124]. Furthermore, overexpression of DNA binding domain-lacking recombinant 

OTX2 proteins inhibited normal OTX2 gene activation.

The precise protein complex that interacts with OTX2 on the promoter to regulate gene 
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expression, is unknown. However, a number of physical interactions between OTX2 and 

other regulatory proteins have been reported. TLE4, MEIS2, MITF, SOX9, SOX2, LHX1 (LIM1) 

and FOXA2 (HNF3B) were all shown to bind OTX2 via immunoprecipitation [123, 127-134]. 

Gene activation by OTX2 was repressed by FOXA2 or TLE4 binding, while LHX1, MEIS2, 

MITF, SOX2 and SOX9 binding to OTX2 enhanced promoter activity [128, 131]. Because 

these studies are limited to in vitro regulation of selected promoters, the importance and 

frequency of these interactions in vivo are unknown.

Based on yeast two-hybrid studies or on described binding to OTX1 or CRX, there are 

several other potential candidates for direct interaction. These include ALX4, ATP5, ATXN1, 

ATXN7, C2ORF65, CDC25A, CDC25C, CHIC2, DMRTC2, EMX1, HOXB13, KAT2A, KRTAP4-12, 

MDF1, MIXL1, NRK, NRL, PSMC5, RBPMS, RPL24, SP1, SP3, SP4, TLX3, ZBTB3, [132, 133, 

135-140]. Some of these candidates, like ATP5, RBPMS, CDC25A, CDC25C and RPL24, have 

no direct role in transcriptional regulation. However, several of these genes are potential 

transcriptional regulators. Especially the direct interaction of OTX2 with ATXN7 and KAT2A 

(GCN5) is worth noting. Both proteins bind CRX and binding to OTX2 has been reported, 

although no evidence of direct binding with OTX2 was shown [141]. If OTX2 indeed recruits 

ATXN7 and GCN5, this implies that OTX2 activates genes expression via histone acetylation. 

Although not a transcriptional regulator, OTX2 was also shown to bind EIF4E, a protein 

involved in initiation of mRNA translation [142]. Even though it is unclear what the functional 

consequences of this binding are, this might implicate a non-nuclear function for OTX2.  

OTX2 in disease

A role for OTX2 has been implicated in a number of diseases affecting the eyes or the 

pituitary gland, including syndromic microphtalmia 5 (MCOPS5), combined pituitary 

hormone deficiency-6 (CPHD6), early-onset retinal dystrophy and pituitary dysfunction, 

bipolar disorder and branchiootorenal syndrome. In a patient with branchiootorenal 

syndrome and oculoauriculovertebral spectrum features, OTX2 was duplicated due to 

complex chromosomal rearrangements [143]. In all other reported cases, OTX2 was found 

heterozygously mutated [99, 124, 144-152]. In vivo studies of these aberrant OTX2 proteins 

revealed that the mutations either abolished DNA binding or reduced transactivation. 

In none of the reported cases it was investigated whether these mutations also caused 

cerebellar malformations. 

OTX2 in medulloblastoma

OTX2 was first identified by Michiels et al. as highly expressed in medulloblastoma 

compared to normal cerebellum by SAGE analyses [153]. They observed that expression of 
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OTX2 was a common event in medulloblastoma. Many subsequent studies confirmed the 

overexpression of OTX2 in medulloblastoma, both on mRNA and protein level (Figure 4) 

[67-70, 154]. The percentage of OTX2 expressing tumors ranges between 60 – 85% among 

cohorts. The percentage is dependent on the number of SHH subtype tumors within the 

cohort, which is correlated with the age distribution and histology [61, 70]. Yokato et al. 

remarked that OTX2 expression was absent in Ptch -/- mice derived tumors [154]. Our group 

has previously published that both desmoplastic tumors and very young or older patients 

showed less OTX2 protein expression [70]. In hindsight these observations are in line with 

the absence or low OTX2 expression in tumors of the SHH subgroup, which are enriched 

for desmoplastic histology and occur more frequent in very young children and adults [61].

The first evidence for an oncogenic role of OTX2 was provided by the discovery of 

OTX2 amplifications in medulloblastoma using digital karyotyping [68, 69]. The human 

medulloblastoma cell lines D425, D458 and D487 all contained over 10 copies of OTX2. As 

D425 and D458 were both derived from the same patient, the amplification of OTX2 seemed 

tumor specific rather than an artifact of cell culture. Indeed, recent FISH analysis of the 

tumor tissues from which D425, D458 and D487 were derived, revealed amplification of 

OTX2. Furthermore, amplifications of the OTX2 locus were shown for 8 out of 42 primary 

tumors [68]. Other papers have confirmed the amplifications in the cell lines, but not in 

tumors [67, 69, 70]. Recent analyses using SNP arrays revealed 10 focal gains (< 1 Mb) and 

11 large 14q gains in 201 primary tumors and 12 cell lines, including the amplifications in 

D425 and D458 [67]. 

The clinical significance of OTX2 gains remains to be fully explored. Adamson et al. observed 

that the amplifications were restricted to the non-WNT, non-SHH subtypes and to tumors 

with anaplastic features [67]. They suggest a relation between OTX2 gain and survival, but 

because of low numbers of tumors combined with histological bias no clear conclusion 

can be made. Currently, no other genomic or genetic aberrations, such as mutations or 

translocations, of OTX2 have been reported [68, 70] (Bunt unpublished).

In vitro manipulation confirmed the oncogenic function of OTX2 in medulloblastoma. 

Transient silencing of OTX2 expression in medulloblastoma cell lines using siRNA by Di et al. 

resulted in reduced cell proliferation in cells with endogenous OTX2 expression [69]. These 

results were later reconfirmed by the same group using both siRNA and lentiviral shRNA. 

Overexpression of OTX2 in immortalized rat kidney epithelium cells (RK3E) resulted in increase 

colony forming potential and enabled tumor formation in mouse brain. Overexpression in a 

medulloblastoma cell line lacking endogenous OTX2 expression increased the proliferation 

rate, while transduction of D425 cells with OTX2 shRNA reduced the growth of xenografts 

intracranially [155].
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Scope of this thesis

With increasing knowledge of the biology of medulloblastoma, it is clear that this malignant 

brain tumor is very heterogeneous at the molecular level. One of the implied oncogenes in 

medulloblastoma, the transcription factor OTX2, is highly and specifically expressed in over 

75% of all medulloblastomas. Therefore this gene is an interesting candidate for targeted 

therapy. However, little is known about the function and downstream partners of this gene 

in medulloblastoma.

In this thesis, the role of OTX2 and its direct target genes in medulloblastoma have been 

investigated. The effect of inducible ectopic expression of OTX2 in medulloblastoma cell 

lines without endogenous OTX2 will be addressed in Chapter 2. Subsequently, growth 

inhibition and neuronal-like differentiation after silencing of OTX2 in a medulloblastoma 

cell line with high endogenous OTX2 levels will be described as well as the direct targets of 

OTX2 (Chapter 3). Next, the DNA binding characteristics of OTX2 in medulloblastoma will 

be investigated (Chapter 4). In Chapter 5, the relationship between OTX2 expression and 

histone modifications in medulloblastoma will be explored. Finally, the relevance of OTX2 in 

medulloblastoma will be discussed. 

Figure 4. Expression of OTX2 in medulloblastoma. (A) OTX2 is highly expressed in over 70% of all 
primary medulloblastoma. OTX2 is mainly expressed in the WNT group as well as in group 3 and 4, 
while the SHH subgroup has little to no expression. (B) OTX2 (brown) is expressed specifically in tumor 
cells and not in the surrounding normal tissue. Figure B adapted from De Haas et al 2006 [70]. 
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Abstract

The transcription factor Orthodenticle homeobox 2 (OTX2) has been implicated in the 

pathogenesis of medulloblastoma, as it is often highly expressed and sometimes amplified in 

these tumors. Little is known of the downstream pathways regulated by OTX2. We therefore 

generated MED8A and DAOY medulloblastoma cell lines with doxycycline-inducible OTX2 

expression. In both cell lines, OTX2 inhibited proliferation and induced a senescence-like 

phenotype with senescence-associated β-galactosidase activity. Expression profiles of time 

series after OTX2 induction in MED8A showed early upregulation of cell cycle genes related 

to the G2-M phase, such as AURKA, CDC25C, and CCNG2. Paradoxically, G1-S phase genes 

such as MYC, CDK4, CDK6, CCND1, and CCND2 were strongly downregulated, in line with 

the observed G1 arrest. ChIP-on-chip analyses of OTX2 binding to promoter regions in 

MED8A and DAOY showed a strong enrichment for binding to the G2-M genes, suggesting 

a direct activation. Their mRNA expression correlated with OTX2 expression in primary 

tumors, underscoring the in vivo relevance of this regulation. OTX2 induction activated the 

P53 pathway in MED8A, but not in DAOY, which carries a mutated P53 gene. In DAOY cells, 

senescence-associated secretory factors, such as IL-6 and IGFBP7, were strongly upregulated 

after OTX2 induction. We hypothesize that the imbalance in cell cycle stimulation by OTX2 

leads to cellular senescence either by activating the P53 pathway or through the induction 

of secretory factors. Our data indicate that OTX2 directly induces a series of cell cycle genes 

but requires cooperating genes for an oncogenic acceleration of the cell cycle. 
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Introduction

Medulloblastoma is the most common malignant brain tumor in children and accounts for 

∼10% of all childhood cancer deaths. Although overall survival rates are improving in recent 

years, current therapies are still associated with serious long-term side effects, including many 

cognitive defects. A better understanding of the molecular biology of medulloblastomas is 

needed to find novel treatment modalities and improve overall survival and quality of life.

One of the genes implicated in medulloblastoma tumorigenesis is orthodenticle homeobox 

2 (OTX2). SAGE analyses initially identified OTX2 as highly expressed in medulloblastoma [1]. 

Subsequently, OTX2 was also found to be strongly amplified in a set of primary tumors and 

cell lines, suggesting that this gene acts as an oncogene in medulloblastoma [2-4]. The OTX2 

gene encodes a member of the bicoid subfamily of homeodomain-containing transcription 

factors that is essential in brain and sensory organ development [5-7](5-7). Mouse models 

have shown that deletion of both Otx2 alleles is lethal, whereas decreased levels of Otx2 

result in serious malformations of the brain, including cerebellum [7, 8]. During cerebellum 

development, OTX2 is expressed in proliferating progenitor cells in the external granular 

cell layer, but expression disappears when these cells migrate to the internal granular cell 

layer and become fully differentiated [2]. No OTX2 was detected in postnatal cerebellum. 

However, immunohistochemical staining of 152 primary tumors showed OTX2 protein 

expression in 114 (75%) of all medulloblastomas [2]. The OTX2 expression strongly correlated 

with a classic histology, whereas desmoplastic histology mainly occurred in tumors without 

OTX2 expression. We recently generated mRNA profiles of 62 medulloblastomas [9]. Five 

molecular subtypes in medulloblastoma were identified with distinct genetic profiles, 

pathway signatures, and clinicopathologic features. OTX2 was highly expressed in four 

subtypes (A, C, D, and E), but is not or only weakly expressed in subtype B. These type B 

tumors frequently showed desmoplastic histology.

The biological role of OTX2 in these different molecular subtypes of medulloblastoma 

is still unknown. Silencing OTX2 expression in medulloblastoma cell lines reduced cell 

proliferation and tumor formation [4, 10]. These data suggest a crucial role for OTX2 in 

medulloblastoma, but the transcriptional targets and pathways controlled by OTX2 

remain unknown. To investigate OTX2 and downstream pathways, we made use of the 

MED8A and DAOY medulloblastoma cell lines, which lack endogenous OTX2 expression. 

Clones with doxycycline-inducible ectopic OTX2 expression were generated. OTX2 

overexpression resulted in a reduced cell proliferation and a senescent phenotype. To 
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identify the transcriptional network of OTX2 that may explain the phenotype of OTX2-

induced senescence, we performed mRNA profiling of a time series after OTX2 induction in 

MED8A cells as well as OTX2 chromatin immunoprecipitation followed by promoter array 

analysis (ChIP-on-chip). Data were validated in DAOY cells with OTX2 induction. Finally, we 

combined all data with the tumor mRNA profiles to validate the functional OTX2 targets in 

medulloblastoma tumors.

Material en Methods

Cell lines, constructs, and transfection procedures

Medulloblastoma cell lines were cultured in DMEM (Richter’s modification) (MED8A, UW228-

2, D458, D556, and D283) or MEM (DAOY, D425, and D341; Invitrogen), supplemented 

with 10% fetal bovine serum, 0.1 mmol/L MEM nonessential amino acids, 200 mmol/L 

glutamine, 100 units/mL penicillin, and 100 μg/mL streptomycin (Invitrogen) at 37°C in a 

humified atmosphere containing 5% CO2. To generate OTX2-inducible clones of the MED8A 

and DAOY cell lines, cells were first transfected with pcDNA6/TR (Invitrogen) expressing the 

Tet repressor. Lipofectamine 2000 (Invitrogen) was used for all transfections. Transfected 

cells were cultured in selective medium containing 1 or 4 μg/mL blasticidin (Invitrogen) for 

DAOY and MED8A, respectively. Surviving clones were tested for high expression of the Tet 

repressor.

An inducible expression construct of OTX2 was made by cloning the coding region of OTX2 

(NM_172337) into the pcDNA4/TO/myc-HisA plasmid (Invitrogen). Sequence analysis 

verified the correct sequence of the construct. This pcDNA4/TO/OTX2 or the pcDNA4/TO/

myc-HisA vector was transfected into MED8A and DAOY clones expressing the Tet repressor. 

Transfected cells were cultured in selective medium with 100 μg/mL zeocin (Invitrogen) 

to generate stable clones. To induce OTX2 expression, doxycycline (MP Biochemicals) was 

added to the cells 24 hours after plating in a final concentration of 100 ng/mL.

Western blotting and antibodies

For preparation of protein extracts, ice-cold buffer containing 10 mmol/L Tris (pH 7.5), 150 

mmol/L NaCl, 1% NP40, 1% sodium deoxycholate, 0.1% SDS, complete proteinase inhibitor 

(Roche Applied Sciences), 0.5 μmol/L NaF, and 0.5 μmol/L Na3VO4 was added to the cells. 

Plates were incubated for 10 minutes on ice. DNA was sheared and lysates were cleared 

by centrifugation. For cytoplasmic and nuclear fractions, the ProteoExtract Subcellular 

Proteome Extraction Kit (EMD Chemicals Inc.) was used.
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Protein was quantified using the detergent-compatible protein assay (Bio-Rad). SDS-PAGE 

gels were run with 5 to 30 μg of protein and electroblotted onto an Immobilon-P membrane 

(Millipore, Billerica). Blocking and incubation were done in 1X TBS with 0.05% Tween 20 

and 5% dry milk using standard procedures. OTX2 mouse monoclonal antibody was a gift 

from Dr. G. Corte (Department of Translational Oncology, National Institute for Cancer 

Research, Genova, Italy). Other antibodies were commercially obtained: GAPDH, p-P53, 

p-ERK1/2 (Cell Signaling Technology), histone H3 (Upstate Cell Signaling Solutions), MYC 

(Roche Applied Sciences), TUBA (Sigma), RB (BD Biosciences), CCND2, CDK4, CDK6, p-RB 

(Santa Cruz Biotechnology), CCND1, P16, P21, P27, and P53 (Neomarkers), IL-6, IGFBP7 

(Abcam) and SPRY2 (Abnova). After incubation with a secondary sheep anti-mouse or anti-

rabbit horseradish peroxidase–linked antibody (GE Healthcare), proteins were visualized by 

enhanced chemiluminescence (GE Healthcare).

Growth assay

Uninduced cells and 72-hour induced cells were plated in 96-well microplates. After 4 days, 

cell viability was measured by adding 25 μL of 3 mg/mL MTT (Sigma) and incubating for 2 

to 4 hours at 37°C. Medium was discarded and the remaining precipitate was solubilized by 

the addition of 50 μL of DMSO. Subsequently, absorbance was measured at 570 and 650 nm 

(reference) on a Bio-Rad 3550 microplate reader equipped with a spectrophotometer (Bio-

Rad). Cell viability was expressed as relative signal compared with uninduced cells, after 

correction for background absorbance.

Fluorescence-activated cell sorting (FACS) analysis 

For quantification of cell cycle distribution, 100 ng/mL doxycycline was added to cells 24 

hours after plating. After 72 hours of induction, cells were trypsinized and washed. Pellet 

was resuspended in 0.1X PBS containing 7.5 μmol/L propidium iodide and 50 μg/mL RNase 

A. After a minimal incubation time of 1 hour, cells were analyzed on a BD FACSCanto flow 

cytometer (BD Bioscience). Obtained data were analyzed using FlowJo 7.2 software (Tree 

Star, Inc.).

Senescence-associated β-galactosidase staining

To assess senescence-associated β-galactosidase activity, cells were washed with 1X PBS and 

fixed by incubation in 3% paraformaldehyde. After subsequent washing with 1X PBS, cells 

were incubated overnight in a 37°C incubator with X-gal staining solution [1 mg/mL X-gal 

(Invitrogen), 150 mmol/L NaCl, 2 mmol/L MgCl2, 5 mmol/L K3Fe(CN)6, 5 mmol/L K4Fe(CN)6 

in phosphate buffer (pH 6)]. Pictures were taken using a DMIL microscope with a DC300 

camera and IM 500 software (Leica).
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RNA extraction and expression profiling

For expression profiling, total RNA was extracted with Trizol reagent (Invitrogen) according to 

the manufacturer’s instructions. RNA was purified using the RNeasy Mini Kit (Qiagen). RNA 

quantity and quality were determined by spectrophotometry (Nanodrop) and microfluidics-

based electrophoresis (Agilent 2100 Bioanalyzer, Agilent). For Affymetrix microarray 

analyses, fragmentation of RNA, hybridization to HG U133 Plus 2.0 Array, and scanning 

were all carried out according to the manufacturer’s instructions (Affymetrix, Inc.) at the 

Microarray Department of the Swammerdam Institute of Life Science of the University of 

Amsterdam.

Data analyses

All expression data were normalized with the MAS5.0 algorithm of GCOS program (Affymetrix). 

Target intensity was set to 100 (α1 = 0.04 and α2 = 0.06). Detection P values were assigned 

to each probe set using the MAS5.0 algorithm (trimmed mean 96 = 100). In case of multiple 

probe sets for one gene, the probe set with the highest expression and correct mapping 

was used. Publicly available HG U133 Plus 2.0 microarray expression data were obtained 

from the National Cancer Institute Gene Expression Omnibus database. GSE3526 contains 

353 normal tissue samples from the whole body (central nervous system (CNS) and non-

CNS) [11]. GSE4290 [12] contains 180 samples derived from normal brain and brain tumor 

samples (glioblastoma, astrocytoma, and oligodendroglioma). We used only the data for the 

153 tumor samples in this series, which were clearly annotated. GSM97826, GSM97836, 

GSM97858, and GSM97879 were therefore left out. GSE7307 contains expression data 

for other tumors and normal tissues from different sites. All these data were processed as 

described above. All analyses were done using the in-house developed software, called R2. 

For the MED8A-OTX2 time course, the following criteria applied for genes to be considered 

significantly regulated. First, the probe set should have minimally 1 present call within the 

experiment. Second, at least one expression value should exceed an expression value of 50. 

Finally, compared with T = 0, a minimum fold change of 0.5 2log with P < 0.00005 is required. 

K-means clustering was done using the TMEV program [13]. Genes were annotated using the 

Functional Annotation Tool of DAVID [14]. For Gene Ontology enrichment analyses, we used 

all expressed genes within the experiment as background in these analyses. Enrichment was 

considered when the enrichment score for levels 4 and 5 in biological processes was higher 

than 2.5. To identify genes that correlate with OTX2 expression in vivo, we used the mRNA 

profiling data of primary tumors [9]. Only genes with a minimum of 1 present call were 

included. Data were extracted using R2 software.
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Luciferase assay

To monitor P53 transcriptional activity after OTX2 induction, MED8A-OTX2 and MED8A-

control cells were transfected in a 24-well plate with 125 ng of pG13-luc or pM15-luc (kindly 

provided by Bert Vogelstein, Ludwig Center for Cancer Genetics and Therapeutics, Johns 

Hopkins Kimmel Cancer Center, Baltimore, MD) using Fugene HD (Roche Applied Sciences) 

[15]. As a normalization control, 20 ng of pGL4.74 (Promega) were included. Luciferase 

activity was monitored using the dual-luciferase reporter assay kit (Promega) according to 

the manufacturer’s protocol using the Synergy HT Multi-Mode Microplate Reader (BioTek).

P53 mutational analysis

Exons 5 to 8 of P53 were sequenced using BigDye Terminator v1.1 chemistry (Applied 

Biosystems; Supplementary Table S7). Sequencing was done on an ABI 3730 capillary 

sequencer (Applied Biosystems). Electropherograms were analyzed using Codon Code 

aligner.

ChIP-on-chip analysis

MED8A-OTX2 and DAOY-OTX2 cells incubated for 48 hours with (to induce OTX2) or without 

doxycycline were cross-linked with 1% formaldehyde for 10 minutes. After washing, cells 

were incubated for 5 minutes in swelling buffer (5 mmol/L PIPES, 85 mmol/L KCl, 0.5% NP40) 

and passed through a 23-gauge needle. Isolated nuclei were lysed for 10 minutes in 1 mol/L 

Tris-HCl/1% SDS/0.5 mol/L EDTA (pH 8) on ice. Lysates were sonicated on ice for 7 X 25 

seconds at 30 mA. Three milliliters of sample were diluted 1:10 in 1% Triton X-100/150 

mmol/L NaCl/50 mmol/L Tris-HCl/2 mmol/L EDTA and cleared for 30 minutes with 40 μL 

of protein A-agarose (Roche) and 125 μL of 10 mg/mL haring sperm DNA (Roche). Thirty 

microliters of OTX2 antibody (Millipore) with 40 μL of beads were added to cleared samples 

and tumbled overnight in a cold room. The next day, the beads were sequentially washed 

with 0.1% SDS/1% Triton X-100/150 mmol/L NaCl/20 mmol/L Tris-HCl/2 mmol/L EDTA; with 

the same solution with 500 mmol/L NaCl; with 1% deoxycholate, 1% NP40/250 mmol/L 

LiCl/10 mmol/L Tris-HCl/2 mmol/L EDTA; and finally with 10 mmol/L Tris-HCl/10 mmol/L 

EDTA. DNA was eluted in 500 μL of 100 mmol/L NaHCO3/1% SDS. Twenty microliters of 

5 mol/L NaCl were added before de-crosslinking at 65°C for 4 hours. Next, 10 μL of 0.5 

mol/L EDTA, 20 μL of 1 mol/L Tris-HCl (pH 6.5), and 2 μL of 10 mg/mL proteinase K (Roche) 

were added and incubated at 45°C for 1 hour to degrade protein. RNA was degraded by 

adding 5 μL of 10 mg/mL RNase A (Roche) and incubating for 30 minutes at 37°C. DNA was 

purified using Qiagen PCR purification kit (Qiagen) and quantified with Quant-IT Picogreen 

(Invitrogen).
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The recovered DNA was amplified for labeling as described previously [16]. Labeling of the 

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

calling were performed by Nimblegen, Inc. All peaks as called by the Nimblegen algorithm 

were assigned to transcriptional start sites (TSS). Peaks were regarded as unique when no 

peak was detected within a region surrounding a TSS in the control experiment. Raw data 

were visualized using the R2 program.

Results

OTX2 expression is specific for medulloblastoma

Analysis of mRNA expression data showed that OTX2 is highly expressed in medulloblastoma, 

but not in other brain or non-brain tumors or normal tissues (Figure 1A). Expression profiling 

of medulloblastoma cell lines showed that five cell lines (D283, D341, D425, D458, and D556) 

also highly expressed OTX2, comparable to the levels observed in tumors (Figure 1A). Most 

likely, these cell lines were derived from type E tumors, as they have gain of 17q, expression 

of MYC and retinal genes, and no CTNNB1 mutations (9, 17). Three cell lines (UW228-2, 

MED8A, and DAOY) without OTX2 expression were most likely derived from type B tumors. 

For instance, they all lack 17q gain, lost 9q (MED8A) [17], were derived from a desmoplastic 

tumor (DAOY) [18], and all have low NEUROG1 expression.

Overexpression of OTX2 in MED8A and DAOY medulloblastoma cell lines

We selected the MED8A and DAOY cell lines [18, 19], which have no endogenous OTX2 

expression, to investigate the effect of OTX2. We generated two clones, MED8A-OTX2 and 

DAOY-OTX2, which have doxycycline-inducible OTX2 expression (Figure 1B). No OTX2 protein 

expression can be detected in uninduced cells (Figure 1B) or MED8A and DAOY parental cells 

(data not shown). OTX2 protein was expressed within 4 hours after addition of doxycycline 

and reached maximum levels within 24 hours. The induced levels of OTX2 were comparable 

to the endogenous OTX2 levels in the medulloblastoma cell line D425, which has a strong 

amplification of the OTX2 gene (Figure 1C) [2-4]. Moreover, in all three cell lines, OTX2 was 

detected only in the nuclear fraction (Figure 1C). The two cell lines with inducible OTX2 

therefore represent a good model for the analysis of OTX2 at physiologically relevant levels 

in medulloblastoma.

OTX2 induces a senescence-like phenotype

OTX2 overexpression reduced the proliferation of MED8A and DAOY cells. After 1 week of 

OTX2 induction, the number of viable cells was reduced by half in both cell lines compared 
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with uninduced cells (Figure 2A). However, time course analyses of cell proliferation 

performed early after OTX2 induction showed that up to 24 hours, cell numbers first slightly 

increased and, after 48 hours, started to decrease (Supplementary Figure S1). For MED8A, 

Figure 1. OTX2 expression in vivo and in vitro. (A) OTX2 mRNA expression in medulloblastoma compared with 

expression data from 8 medulloblastoma cell lines, 2,207 other tumor samples, and 857 normal tissue samples 

(see Materials and Methods for references). Similar to tumors, these medulloblastoma cell lines have either very 

low expression levels (UW228-2, MED8A, and DAOY) or very high expression levels (D458, D425, D556, D341, and 

D283) of OTX2. All expression values represent MAS5.0 normalized data for probe set 242128_at of the Affymetrix 

HG U133 Plus 2.0 Array. (B) OTX2 expression in the nuclei of MED8A-OTX2 and DAOY-OTX2 cells. After addition of 

100 ng/mL doxycycline (DOX), OTX2 expression is induced. Within 4 h, in both MED8A-OTX2 and DAOY-OTX2 cells, 

OTX2 protein can be detected. Within 16 h, OTX2 expression reaches a maximum. GAPDH was used as a loading 

control. (C) OTX2 expression on Western blot for both cell lines was compared with the endogenous OTX2 protein 

level of D425 medulloblastoma cell line in the cytoplasm and nucleus. As in the case of D425, OTX2 is only localized 

in the nucleus of MED8A-OTX2 and DAOY-OTX2 24 h after induction. Also, expression levels are comparable. 

Histone H3 and TUBA were used as loading controls.
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FACS analyses revealed that the reduced proliferation was accompanied by a significant 

increase of cells in G1-phase, whereas the S and G2-M fractions decreased (Figure 2B and 

Supplementary Figure S2). In DAOY cells, however, OTX2 induction resulted in a significant 

increase of cells in G2-M-phase (Figure 2B). This difference in cell cycle distribution after 

OTX2 induction may be related to the difference in P53 status. Sequence analysis showed 

that MED8A cells are wild-type for P53, but DAOY cells harbor a homozygous P53 mutation 

[20]. We found no indications for increased apoptosis induced by OTX2 because in both 

cell lines the sub-G1 fractions did not increase with time, nor did PARP or CASP3 cleavage 

(Supplementary Figure S3). Furthermore, sustained induction of OTX2 in MED8A or DAOY 

cells resulted in clear morphologic changes. Cells became flattened and showed an increase 

in the amount of cytoplasm (Figure 2C). Also, some multinucleated cells were observed. 

As these features are characteristic of senescent cells, we stained both cell lines for 

senescence-associated β-galactosidase. β-Galactosidase activity was detected in cells with 

OTX2 expression, but not in control cells (Figure 2D). The presence of this β-galactosidase 

staining together with the decreased proliferation and change in morphology strongly 

suggests that OTX2 induces senescence in both medulloblastoma cell lines.

OTX2 induces strong changes in gene expression profile

Because OTX2 is a transcription factor, we were interested in the changes in gene expression 

after OTX2 induction. A time series analysis of MED8A-OTX2 cells was done using Affymetrix 

HG U133 Plus 2.0 Arrays. RNA was isolated at 0, 8, 24, and 48 hours after induction of OTX2. 

Expression of 12,781 genes could be detected in MED8A-OTX2 cells, of which 2,009 were 

regulated after OTX2 expression (2log-fold regulation ≥0.5 with P < 0.00005; Supplementary 

Table S1).

OTX2 first stimulates mitotic genes before cells go into senescence

To identify patterns in gene regulation after OTX2 induction, we performed K-means 

clustering on all genes regulated over time. Nine clusters with distinct regulation patterns 

were identified (Figure 3). Six clusters (I, III, IV, V, VI, and IX) represent early regulated genes, 

that is, genes that are up- or down-regulated within 8 hours after OTX2 induction. The genes 

in the other three clusters are regulated at later time points (II, VII, and VIII). Gene Ontology 

analysis performed for each gene cluster showed enrichments in specific biological processes 

for several clusters (Supplementary Table S2) [14]. Early induction of specific functional 

groups was detected in clusters I, IV, and IX. Cluster IX was significantly enriched in genes 

functioning in mitosis and sister chromosome segregation, such as AURKA, CDC25C, CCNG2, 

CENPA, and CENPE. They were rapidly upregulated after OTX2 induction, but their expression 

decreased again after 24 hours (Figure 4A). Clusters I and IV, consisting of early regulated 
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genes, were enriched for genes involved in transcription. The late regulated cluster II was 

significantly enriched for genes involved in ribosome biogenesis and protein translation. 

Their downregulation may reflect the observed phenotype of reduced proliferation after 

Figure 2. Expression of OTX2 results in reduced cell proliferation, morphologic changes, and senescence-

associated β-galactosidase activity. (A) OTX2 expression reduces cell proliferation. MED8A-control, MED8A-OTX2, 

DAOY-control, and DAOY-OTX2 cells were cultured with or without 100 ng/mL doxycycline. After 3 d, 10,000 

(MED8A) or 750 (DAOY) cells were plated in 96-well plates. After 4 d, cell viability was measured by an MTT assay. 

OTX2 expressing cells showed a reduced cell proliferation as compared with the controls. (B) Average cell cycle 

distribution in MED8A-OTX2 and DAOY-OTX2. After 72 h with or without doxycycline, cells were stained with 

propidium iodide and analyzed by FACS. (C) Cell morphology changes after OTX2 expression. In both cell lines, 

cells with OTX2 expression show enlarged cytoplasm, loss of shape, and multinucleation. Cells were stained with 

Giemsa after 13 d of culturing with doxycycline. Magnification, 400X (MED8A-OTX2) or 200X (DAOY-OTX2). (D) 

Senescence-associated β-galactosidase activity was detected in MED8A-OTX2 and DAOY-OTX2 cells 6 d after OTX2 

induction, but not in uninduced MED8A or DAOY cells. Magnification, 200X.
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induction of OTX2. The other five clusters (III, V, VI, VII, and VIII) showed no clear enrichment 

for biological processes. Similar results were obtained after K-means clustering of genes 

regulated with other cutoff levels (data not shown). These analyses show that although the 

overexpression of OTX2 in MED8A cells ultimately leads to growth arrest and senescence, 

OTX2 may initially stimulate cell cycle progression by inducing G2-M–related genes. These 

data are in line with the data for cell proliferation showing that early after OTX2 induction, 

cell numbers first slightly increased (Supplementary Figure S1).

OTX2 expression inhibits G1-S cell cycle progression

Most G2-M genes that were induced by OTX2 overexpression in MED8A were highly 

expressed in all medulloblastomas (Figure 4A and Supplementary Table S1), suggesting 

that OTX2 might be responsible for their high expression in tumors. Surprisingly, a group 

of G1-S-phase–specific genes, such as CCND1, CCND2, CDK4, CDK6, and MYC, were all 

strongly downregulated by OTX2 (Figure 4B). Nevertheless, these genes are generally 

highly expressed in medulloblastoma (Figure 4B and Supplementary Table S1). Strikingly, 

Figure 3. Patterns of regulation after OTX2 expression. K-means clustering of the 2,009 genes that were significantly 

regulated after OTX2 induction in MED8A-OTX2 cell line. The genes were clustered into nine groups using the TMEV 

software [14]. Clusters I, III, IV, V, VI, and IX represent early regulated genes. The other three clusters (II, VII, and VIII) 

contain genes regulated at later times.
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Figure 4. OTX2 overexpression and its effects on cell cycle genes. (A) G2-M–related genes such as AURKA, CCNG2, 

CDC25C, CENPA, and CENPE are transiently upregulated after OTX2 induction. These genes are highly expressed in 

all tumor subtypes (A-E) compared with 169 normal CNS tissues (N) from GSE3526. (B) G1-S–related genes such as 

MYC, CDK4, CDK6, CCND1, and CCND2 are downregulated in MED8A-OTX2 cells after OTX2 induction. These genes 

are normally highly expressed in medulloblastoma. MYC is highly expressed in all tumors of groups A and E and 

some other cases when compared with normal CNS tissues (N). For CDK4, CDK6, and CCND2, all tumors show high 

expression, although expression varies between the subgroups. (C) Protein levels of cell cycle inhibitors P16, P21, 

P27, as well as CCND1, CCND2, MYC, CDK4, and CDK6 were determined for MED8A-OTX2 at different time points 

after induction of OTX2. As expected, by expression profiling, CCND1, CCND2, MYC, CDK4, and CDK6 were found 

to be downregulated, whereas P21 and P27 levels increased with time. P16 levels did not change. TUBA was used 

as a loading control.



46

G1-S transition inhibitors such as P15 (CDKN2B), P21 (CDKN1A), P27 (CDKN1B), and P57 

(CDKN1C) were all upregulated by OTX2 in MED8A (Supplementary Table S1). To validate the 

paradoxical regulation of G1-S and G2-M genes, we analyzed protein lysates from time-series 

experiments of MED8A-OTX2. The levels of CCND1, CCND2, CDK4, CDK6, and MYC proteins 

were quickly downregulated after OTX2 induction (Figure 4C). Despite the differences in 

cell cycle distribution between MED8A and DAOY cells after OTX2 induction, most of these 

proteins were also downregulated in DAOY cells (Supplementary Figure S4). Moreover, 

protein levels of P21 and P27 were increased in MED8A cells. In DAOY cells, however, which 

are inhibited in G2-M, these proteins were not upregulated. Our results show that induction 

of OTX2 in MED8A cells inhibits the expression of G1-S-phase genes and, at the same time, 

stimulates expression of G2-M genes, suggesting that unbalanced regulation of cell cycle 

progression might cause oncogenic stress in the cells.

OTX2 expression results in P53 pathway activation in MED8A cells

The P53 pathway is responsive to cell cycle stress and is involved in senescence [21, 22]. 

We therefore asked whether this pathway was activated after OTX2 induction in MED8A 

cells. Gene Ontology analyses [14] performed for the complete set of regulated genes in the 

time series identified the P53 pathway as most affected by OTX2, with 23 of its genes being 

regulated (Supplementary Table S2). Moreover, 32 of 129 direct transcriptional targets of 

P53 known from literature (as tabulated and reviewed by Riley et al.) were up- or down-

regulated in the expected direction when OTX2 was induced (Supplementary Table S1) [23]. 

Examples include P21, GADD45A, and BAX. Western blot analysis confirmed the increased 

expression of P21 after OTX2 induction (Figure 4C). P53 mRNA levels did not change, but 

OTX2 induction resulted in increased nuclear levels of P53 protein. Also, a slight increase 

in P53 phosphorylation was observed, which is known to stabilize the P53 protein (Figure 

5A). To confirm P53 activation after OTX2 induction, we transfected wild-type and mutant 

reporter constructs for P53 activity into MED8A-OTX2 and MED8A-control cells. The results 

plotted in Figure 5B show an up to 4-fold increase in luciferase activity after OTX2 induction 

in MED8A-OTX2 cells, but not in MED8A-control cells or in MED8A-OTX2 cells transfected 

with a mutated reporter construct. These data suggest that P53 activity may play a role in the 

OTX2-induced senescence in MED8A, comparable to the known role of P53 in senescence 

induced by other oncogenes [21, 22].

OTX2 expression induces senescence-associated secretory factors in DAOY cells

As P53 and P16 (CDKN2A) are mutated in DAOY cells, the OTX2-induced senescence in 

these cells must involve other pathways. Senescence-associated secretory factors involved 

in insulin-like growth factor signaling or inflammation have been shown to play a role in 
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Figure 5. Different senescence-associated pathways activated after OTX2 induction. (A) Cytoplasmic and nuclear 

fractions were isolated in MED8A-OTX2 24 h after induction. Total nuclear as well as phospho-serine 37 (p-S37) 

and phospho-serine 46 (p-S46) levels of P53 increased after induction of OTX2. Histone H3 and TUBA were used as 

loading controls. (B) Firefly luciferase reporters containing multiple copies of consensus (PG13-Luc) or mutant P53-

binding sites (MG15-luc) along with internal control Renilla luciferase reporter were transfected into MED8A-OTX2 

or MED8A-control cells. Dual luciferase assays were carried out at different time points. Firefly luciferase activity 

was normalized against Renilla luciferase activity. The relative luciferase activity of induced cells over uninduced 

cells was plotted with the basal activity at 0 h set as 1. Only the luciferase activity of PG13-Luc in MED8A-OTX2 

cells increased. (C) Western blot analyses of senescence-associated secretory factors in DAOY-OTX2 cells after 

OTX2 induction. Protein levels of IL-6 and IGFBP7 were determined for DAOY-OTX2 at different time points after 

induction of OTX2. Also, the RAS-ERK pathway was activated after OTX2 induction, as shown by elevated levels of 

p-ERK and SPRY2. Furthermore, p-RB levels decreased, indicating an impaired G1-S transition. ACTB was used as 

a loading control.
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oncogene-induced senescence [24-26]. To investigate whether they are involved in the 

OTX2-induced senescence in DAOY cells, we examined the expression of several candidate 

secretory factors by Western blot analysis. Indeed, the expression of senescence-

associated secretory factors IL-6 [27] and IGFBP7 [28] was strongly increased after OTX2 

induction (Figure 5C). As IL-6 and IGFBP7 signaling have been associated with activated RAS 

signaling, we also investigated whether RAS signaling was activated after OTX2 induction. 

Both the levels of phosphorylated ERK and SPRY2, a known target of RAS signaling, were 

also elevated after OTX2 induction. The levels of phosphorylated RB decreased after OTX2 

induction, in line with the observed diminished cell proliferation. These data show that 

OTX2 induction causes senescence in both medulloblastoma cell lines, but the mechanisms 

involved are different.

Mitotic genes are enriched for OTX2 binding

We performed ChIP-on-chip analysis to investigate which genes and processes were likely 

to be directly regulated by OTX2. Of all expressed genes, 17.6% had one or more significant 

OTX2 binding peaks in the region around their transcriptional TSSs (250 bp upstream or 

downstream), but not in the control experiment where OTX2 was not present. A selection 

of these binding peaks was validated by quantitative PCR (Supplementary Table S4). Figure 

6 shows the OTX2 binding patterns as obtained with the ChIP-on-chip analyses for some 

representative regulated genes. We analyzed whether the percentage of OTX2 binding was 

enriched among genes up- or down-regulated after OTX2 induction. OTX2 binding was 

significantly enriched among regulated genes (20.7%) and even stronger among upregulated 

genes (22.2%) when compared with nonregulated genes (17.0%) (Figure 7A). Moreover, 

analysis of the nine clusters of regulated genes identified by K-means clustering (Figure 

3) showed a strong enrichment of OTX2 binding (31.8%) for genes in cluster IX, which are 

associated with mitosis and chromosome segregation. Similar results were obtained when 

we used larger or smaller regions around the TSSs or different cutoffs for OTX2 binding 

(data not shown). Our data suggest that OTX2 may function as a transcriptional activator 

and that genes regulating the mitotic cell cycle are among the direct targets of OTX2.

Gene regulation and OTX2 binding compared with the mRNA data of primary tumors

We analyzed whether genes that correlate in expression with OTX2 in tumors were enriched 

for OTX2 binding. We used the mRNA expression profiles of medulloblastoma tumors [9], 

but excluded the profiles of type A and type B tumors. Type B tumors, characterized by 

activated SHH signaling, have no or very low OTX2 expression. Including these tumors 

would result in many genes that correlate with OTX2 expression but, in fact, represent 

subtype-specific differences not related to OTX2. Type A tumors, characterized by activated 
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WNT signaling, were excluded because of the very different genetic background compared 

with other subtypes.

Of all genes expressed in C, D, and E (CDE) tumors, 17.1% showed binding of OTX2 in MED8A 

cells (Figure 7B). Genes that positively correlate with OTX2 expression in CDE tumors were 

enriched for OTX2 binding, and this enrichment increased to >25% when we used more 

stringent cutoffs for correlation with OTX2 expression (Figure 7B). In contrast, genes that 

negatively correlate with OTX2 expression were not enriched for OTX2 binding and even 

Figure 6. Examples of regulated genes with OTX2 binding and their correlation with OTX2 expression in tumors. 

CDC40 (A), CCNG2 (B), HBP1 (C), and CDKN3 (D) represent genes upregulated by OTX2 in MED8A-OTX2 (first 

panel), with direct OTX2 binding near the TSS (second panel), and a corresponding positive correlation with OTX2 

in primary medulloblastoma (third panel). All these genes are involved in cell cycle regulation.
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Figure 7. Relationship between genes regulated by OTX2, OTX2-bound genes, and genes that correlate with 

OTX2 expression in tumors. (A) OTX2-regulated genes in MED8A are enriched for OTX2 binding near TSS. This 

enrichment is most clear among upregulated genes, especially for genes in cluster IX. (B) similarly, genes with 

increasing positive correlation with OTX2 in primary tumors also show more OTX2 binding in the MED8A-OTX2 

ChIP-on-chip experiment. (C) Upregulated genes in MED8A-OTX2 cells strongly overlap with genes that positively 
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2showed lower percentages of OTX2 binding. We also analyzed the overlap between genes 

that are regulated by OTX2 in MED8A cells and genes that correlate with OTX2 expression in 

tumors. The strongest overlap was found for genes that are upregulated by OTX2 in MED8A 

cells and that positively correlate in tumors (Figure 6, 7C-D and Supplementary Table S5). 

Finally, we combined all parameters (regulation in MED8A, binding by OTX2, and correlation 

in tumors) (Figure 7E). Genes upregulated in MED8A cells and with a positive correlation 

with OTX2 in tumors were clearly enriched for OTX2 binding (30.4%). This was not the case 

for downregulated genes. These data support our previous analyses of gene regulation by 

OTX2 in MED8A cells, suggesting that, in vivo, OTX2 also mainly functions as a transcriptional 

activator.

Mitotic genes are among the most promising direct targets of OTX2

To identify which of the regulated genes in MED8A are most likely direct targets of OTX2 in 

medulloblastoma, we combined all data (Supplementary Table S6). Thirty-one genes were 

downregulated and bound by OTX2 and had a negative correlation with OTX2 expression in 

tumors (Figure 7F). Eighty genes were upregulated and bound by OTX2 and had a positive 

correlation in tumors (Figure 7G). As expected, the upregulated genes include several 

G2-M–associated genes, such as CDC25C, CCNG2, RCBTB1, DSN1, NDE1, SGOL2, CDC40, 

CEP57, and CEP70 (Figure 6). Strikingly, this list also includes genes that negatively regulate 

the G1-S transition, such as HBP1, E2F8, and CDKN3 (Figure 6). Moreover, GSPT1, which is 

necessary for G1-S transition, is one of the downregulated genes. Overall, these candidate 

OTX2 targets seem to promote G2-M while inhibiting G1-S transition.

To evaluate whether these stringently selected genes were also regulated by OTX2 in 

DAOY cells, we selected nine genes, upregulated after OTX2 induction in MED8A cells, 

and analyzed their expression by quantitative PCR in DAOY cells after OTX2 induction. This 

analysis showed that OTX2 also induced their expression in DAOY cells (Supplementary Figs. 

S5 and S6). Furthermore, we performed an OTX2 ChIP-on-chip experiment on OTX2-induced 

DAOY cells. OTX2 binding was detected for 20% of all genes, but this percentage increased to 

61% for genes that were regulated and bound by OTX2 in the MED8A cells. This percentage 

of OTX2 binding even further increased to 68% for genes that also correlated in expression 

with OTX2 in primary tumors (Supplementary Table S6). These data strongly suggest that 

correlate with OTX2 expression in primary tumors. (D) The overlap between downregulated genes and genes that 

negatively correlate with OTX2 expression is much smaller. (E) All data sets combined. OTX2 binding near TSS is 

most prominent in genes upregulated in MED8A-OTX2 and with a positive correlation in primary tumors. F and 

G, identification of regulated genes that bind OTX2 and correlate with OTX2 expression in tumors (R ≥ 0.2). *, P < 

0.0001, χ2 test with Yates correction.
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many of the genes regulated in MED8A after OTX2 induction are also directly regulated by 

OTX2 in DAOY.

Discussion

Ectopic expression of OTX2 at physiologic levels in MED8A and DAOY medulloblastoma cell 

lines resulted in reduced cell proliferation. Both cell lines displayed an oncogene-induced 

senescence-like phenotype characterized by increased cytoplasm, loss of shape, and 

senescence-associated β-galactosidase activity. The OTX2-induced senescence explains why, 

in the past, we failed to generate constitutively OTX2-expressing cell lines of both MED8A 

and DAOY cells. OTX2-induced senescence was not anticipated, as both cell lines that have 

no endogenous OTX2 express low levels of OTX1, which encodes a functional homologue of 

OTX2 [29]. Medulloblastoma tumors without OTX2 expression also have OTX1 expression, 

although in most cases at low levels[2]. However, the proliferation of MED8A and DAOY cells 

was apparently not compatible with high OTX2 levels. Nevertheless, we identified genes 

regulated and bound by OTX2 in MED8A-OTX2 cells that show a clear correlation with OTX2 

expression in tumors (Figure 7F-G and Supplementary Tables S1 and S6). Many of these 

genes were also regulated and bound by OTX2 in DAOY cells.

Oncogene-induced senescence was first described in cells with overexpression of 

constitutively activated RAS genes [30]. These oncogenes are able to transform cells, but 

only in collaboration with other oncogenes such as MYC [31, 32]. Similar results have been 

described for ectopic expression of other components of the RAS pathway, such as RAC1 

and RAF [33, 34], as well as other oncogenes, including E2F and STAT5A [35, 36]. Although, 

in most studies, these experiments were conducted in primary fibroblasts or other primary 

cell lines, oncogene-induced senescence has also been described in tumor cell lines [37, 

38]. The molecular mechanisms underlying oncogene-induced senescence are complex, but 

most signals seem to converge on the RB and P53 pathways [22], as observed in MED8A cells. 

Accordingly, virtually all human cancers lack functional RB and P53 pathways and thereby 

escape from senescence [39]. Alternative mechanisms of oncogene-induced senescence 

involve the activation of senescence-associated secretory factors [22, 23, 25], as observed in 

DAOY cells after OTX2 induction for IL-6 [27] and IGFBP7 [28]. Interestingly, these secretory 

factors were not activated in MED8A cells after OTX2 induction (Supplementary Table S1), 

most likely because they were suppressed by P53 [40].

Expression profiling of MED8A cells showed that, among many others, mitosis-related genes 
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were initially upregulated, followed by a decrease at later time points (cluster IX of Figure 

3 and 4A). Furthermore, these genes were enriched for OTX2 binding to the TSS region 

and for positive correlation with OTX2 expression in tumors (Figure 7A and C), suggesting 

that they represent direct targets of OTX2. These data further hint at an initial stimulation 

of cell proliferation. Such an effect has been described for other oncogenes that induce 

senescence [35, 41, 42]. We also observed a slight increase in cell proliferation shortly after 

OTX2 induction in MED8A and DAOY cells before the onset of senescence and reduced cell 

proliferation (Supplementary Figure S1). This initial increase in proliferation in our model is 

modest, which might be due to the higher basal proliferation rates of cancer cells relative 

to the fibroblast cells used in other studies. In addition, already early after OTX2 induction, 

G1-S cell cycle genes were downregulated (Figure 4B and C). This imbalance in cell cycle 

regulation by OTX2 probably creates stress that leads to P53 pathway activation, such as 

in MED8A cells, or, when P53 is mutated, to activation of senescence-associated secretory 

factors, such as in DAOY cells. Expression profiling and reporter assays of MED8A cells 

showed activation of P53 and its downstream target genes after induction of OTX2.

Most medulloblastomas express high OTX2 levels [9]. We hypothesize that inactivation of 

the P53 pathway is one of the potential mechanisms in medulloblastoma to prevent OTX2-

induced senescence. However, P53 mutation or amplification of MDM2, which inhibits P53, 

has been infrequently reported for medulloblastoma [20, 43-46]. However, PPM1D, shown 

to inhibit P53 in medulloblastoma, is highly overexpressed in most medulloblastoma and 

even amplified in some [9, 47-49].

Furthermore, to prevent an imbalance in cell cycle regulation induced by OTX2, 

medulloblastomas must have found ways to drive G1-S transition. CCND1, CCND2, CDK4, 

CDK6, and MYC are all highly expressed in medulloblastoma (Figure 4B and Supplementary 

Table S1). In some tumors, this is caused by gene amplifications [9, 49, 50]. Especially MYC, 

but also its family members MYCN and MYCL, are frequently amplified in medulloblastomas 

[9, 51]. If not amplified, these genes are transcriptionally upregulated as direct targets 

of the WNT or SHH signaling pathway, which are constitutively activated in ∼40% of 

medulloblastomas [9, 52].

The potential role of OTX2 as a positive regulator of cell cycle progression, as suggested 

by the regulation of mitosis genes, fits with our observation that, in normal cerebellum, 

OTX2 is mainly expressed in proliferating progenitor cells, but not in differentiated neurons 

[2]. It is also in line with the results reported by Yan and colleagues that silencing of OTX2 

in D425 cells inhibited proliferation and induced differentiation [4, 10]. However, ectopic 
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expression of OTX2 alone is apparently not sufficient to drive proliferation and instead 

results in senescence in both MED8A and DAOY cells. Here, we present the first data about 

the genes and pathways regulated by OTX2. OTX2 directly and indirectly upregulates genes 

associated with the G2-M phase of the cell cycle. These data are confirmed in D425 cells 

in which we silenced OTX2 expression using inducible shRNA. Microarray and OTX2 ChIP-

on-chip analyses performed for these cells also identified the mitotic cell cycle genes as 

one of the major categories of direct targets of OTX2. The full description of these data will 

be published elsewhere [53]. Our results emphasize the role of OTX2 as an oncogene. In 

addition, our data obtained with MED8A and DAOY cells also suggest that cooperating genes 

are required for a balanced acceleration of the cell cycle by OTX2 in medulloblastoma.
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Supplementary data

EdU time course

For quantification of cell cycle distribution and S-phase in time, 100 ng/mL doxycycline was 

added to cells 24 h after plating. After different time points of OTX2 induction, cells were 

incubated with EdU for 1 hr and subsequently fixed and labeled using the Click-iT™ EdU Cell 

Proliferation Assay Kit (Invitrogen) as prescribed by the manufacturer. Cells were analyzed 

on the BD FACSCanto flow cytometer (BD Bioscience). Obtained data were analyzed using 

FlowJo 7.2 software (Tree Star Inc., Ashland, USA).

Additional annotation expression data

Whether regulated genes in the MED8A-OTX2 cells after OTX2 induction were overexpressed 

or underexpressed in medulloblastoma tumors versus normal brain tissues was determined 

by comparing the 2log expression data of 62 medulloblastoma tumors [9] to the 2log 

expression data of 169 arrays of normal brain tissues [11] using the in-house developed 

software tool R2. A gene was assigned as over- or underexpressed in medulloblastoma when 

P<1E-5 (Supplementary Table S1). Furthermore, we calculated the correlation value r between 
2log expression data of OTX2 and the regulated genes in MED8A-OTX2 in tumors. Pearson 

correlations were calculated in R2. Functional and gene ontology annotation data for genes 

were acquired using SOURCE (http://smd.stanford.edu/cgi-bin/source/sourceBatchResult). 

qPCR validation ChIP

For ChIP on chip validation (Supplementary Table S5), samples from an independent 

experiment were analysed with SYBR Green based quantitative PCR. Primer pairs were 

checked for specificity by melting curve analysis and gel electrophoresis. Primer pair 

efficiencies were determined by the slope of PCR curves, which were comparable at 

different template concentrations, and by performing PCR reactions with different dilutions 

of a known template. A complete list of primers used for ChIP analysis is listed in the 

Supplementary Table S11.

qPCR validation expression

For first-strand cDNA synthesis 1 μg of total RNA from DAOY-OTX2 was reverse transcribed 

using 125 pM oligodT12 primers, 0.5 mM dNTPs, 2 mM MgCl2, RT-buffer (Invitrogen) and 

100 U superscript II (Invitrogen) in a total volume of 25 μl. The cDNA was diluted two times 

to a total volume of 50 μl. A fluorescence-based kinetic real-time PCR was performed using 

the real-time iCycler PCR platform (Biorad) in combination with the intercalating fluorescent 
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dye SYBR Green I. Twenty nanograms of cDNA was used for each quantitative PCR reaction. 

The IQ SYBR Green I Supermix (BioRad) was used in accordance with the manufacturer’s 

instructions. A complete list of all the primers used for quantitative PCR is listed in the 

supplementary table 11. Expression values were normalized to ACTB signal. 
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Supplementary Figure S1. Time course analysis of MED8A-OTX2 and DAOY-OTX2 cell proliferation. (A) OTX2 

induces in MED8A cells a small increase in cell proliferation up to 24 h after OTX2 induction (+DOX). At 48 h and 

onwards cell numbesr start to reduce compared to the uninduced cells. (B) In independent experiments, this initial 

increase in cells was validated. Both in MED8A and DAOY cells OTX2 induction first resulted in a higher percentage 

of viable cells compared to the control, but after 24 h this difference decreased again and finally resulted in lower 

cell numbers for the OTX2 induced cells.
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Supplementary Figure S2. Time course analysis of MED8A-OTX2 cell cycle distribution. Cell cycle distribution 

of MED8A-OTX2 with and without OTX2 induction was analyzed in triplicate using combined EdU and total DNA 

staining. Within 48 h, the percentage of cells in G1-phase significantly increased in OTX2 expressing cells, whereas 

the percentage of cells in S-phase decreased as compared to the uninduced MED8A cells (* P<0.005).

Supplementary Figure S3. Time course analysis of MED8A-OTX2 and DAOY-OTX2 for apoptosis related protein 

markers. PARP cleavage and CASP3 cleavage were determined by Western Blot for DAOY-OTX2 and MED8A-OTX2 

cells with and without OTX2 induction in time. 
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Supplementary Figure S4. Western blot analyses of 

G1-S related genes in DAOY-OTX2 cells after OTX2 

induction. Protein levels of CCND1, CCND2, MYC, CDK4 

and CDK6 as well as cell cycle inhibitor CDKN1 (P21) 

determined for DAOY-OTX2 at different time points 

after induction of OTX2, similar to MED8A-OTX2 (Figure 

4). CDK4, MYC, CCND1 and CCND2 levels decreased in 

time, whereas CDKN1 was not detected. ATCB was used 

as loading control.
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Supplementary Figure S5. qPCR time course analysis and ChIP-on-chip data of DAOY-OTX2 for OTX2 target genes 

depicted in Figure 6. Gene expression with normalized to ACTB expression and depicted in relation to expression 

on 0 h.
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Supplementary Figure S6. Time course analysis of OTX2 and its target gene expressing by qPCR in DAOY-OTX2. 

Gene expression with normalized to ACTB expression and depicted in relation to expression on 0 h.
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differentiation in medulloblastoma cells
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OTX2 directly activates cell cycle genes and inhibits differentiation 
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Abstract

The transcription factor OTX2 has been implicated as an oncogene in medulloblastoma, 

which is the most common malignant brain tumor in children. It is highly expressed in 

most medulloblastomas and amplified in a subset of them. To study the role OTX2 has in 

medulloblastoma we investigated the downstream pathway of OTX2. We generated D425 

medulloblastoma cells in which endogenous OTX2 can be silenced by inducible shRNA. 

Silencing of OTX2 strongly inhibited cell proliferation and resulted in a neuronal-like 

differentiation. Expression profiling of time courses after silencing showed a progressive 

change in gene expression for many cellular processes. Downregulated genes were highly 

enriched for cell cycle and visual perception genes, while upregulated genes were enriched 

for genes involved in development and differentiation. This shift is reminiscent of expression 

changes described during normal cerebellum development where proliferating granule 

progenitor cells have high OTX2 expression, which diminishes when these cells exit the cell 

cycle and start to differentiate. ChIP-on-chip analyses of OTX2 in D425 cells identified cell 

cycle and perception genes as direct OTX2 targets, while regulation of most differentiation 

genes appeared to be indirect. The expression of many directly regulated genes correlated 

to OTX2 expression in primary tumors, suggesting the in vivo relevance of these genes and 

their potential as targets for therapeutic intervention. These analyses provide more insight 

in the molecular network of OTX2, demonstrating that OTX2 is essential in medulloblastoma 

and directly drives proliferation by regulation of cell cycle genes. 
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Introduction

Medulloblastoma, an embryonal tumor originating in the cerebellum, is the most common 

malignant brain tumor in children. One of the genes implicated in medulloblastoma 

tumorigenesis is OTX2, which encodes a member of the bicoid subfamily of homeodomain-

containing transcription factors. OTX2 is essential for normal brain and sensory organ 

development, such as the eye [1-3]. Mouse models showed that deletion of both Otx2 alleles 

is lethal, whereas decreased levels of Otx2 resulted in serious malformations of the brain, 

including the cerebellum [4]. OTX2 protein is detected in progenitor cells of the external 

granule cell layer (EGL) during cerebellum development, but in postnatal cerebellum, when 

EGL cells have disappeared, OTX2 is no longer expressed [5]. Medulloblastomas, however, 

have a high OTX2 expression, as was first discovered using SAGE [6]. OTX2 mRNA levels as well 

as protein levels are high in 75–80% of all medulloblastomas [5, 7-9]. Recently, we and others 

identified with expression profiling distinct molecular subtypes in medulloblastoma [10, 

11]. Two of these subtypes are characterized by activated WNT-signaling or SHH activation, 

respectively. Other subtypes are more related to each other and are characterized by the 

expression of neuronal markers and/or photoreceptor genes. OTX2 is highly expressed in 

WNT tumors and all non-WNT/non-SHH tumors, but expression levels are low or absent in 

SHH tumors.

High level amplifications and frequent focal gain of the OTX2 locus in medulloblastoma 

suggest an oncogenic role for OTX2 in medulloblastoma [5, 7, 8, 12]. Furthermore, 

medulloblastoma cell lines expressing OTX2 are inhibited in proliferation and tumor 

formation when OTX2 is silenced, indicating that OTX2 is essential for medulloblastoma [7, 

8]. Recently, we overexpressed OTX2 in the medulloblastoma cell lines MED8A and DAOY 

to investigate the OTX2 pathway [13]. The expression levels of many genes were changed 

after OTX2 induction, but the OTX2 overexpression also induced senescence in both cell 

lines, which limited further investigations of the precise role OTX2 has in medulloblastoma. 

Therefore, knockdown in cells with endogenous OTX2 expression is required.

In this study, we silenced the high endogenous OTX2 expression in D425 medulloblastoma cells 

by doxycyclin-inducible shRNAs to identify genes and pathways under direct transcriptional 

control of OTX2 in medulloblastoma. As a result, cells ceased proliferation and obtained a 

differentiated phenotype. Expression profiling and OTX2 ChIP-on-chip analyses identified 

cell cycle genes as direct targets of OTX2, in line with our previous results obtained with the 

overexpression models [13]. Differentiation genes, which were strongly regulated after OTX2 
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silencing, are most likely indirect targets. The differentiation triggered by OTX2 silencing 

in D425 was reminiscent to expression changes during normal cerebellum development, 

while targets of OTX2 also correlated to OTX2 expression in a series of medulloblastoma 

tumors. The elucidation of the OTX2 downstream network therefore identified many genes 

that may mediate the oncogenic role of OTX2 in vivo, providing many potential targets for 

therapeutic intervention.

Material en Methods

Cell line, constructs and transfection

D425 medulloblastoma cells, a gift from Michael Grötzer (Zürich, Switzerland), were cultured 

as described [5]. Cells were authenticated by checking their morphology and array-CGH and 

Southern blot analysis, showing the MYC and OTX2 amplification, characteristic for this cell 

line [5, 14]. To generate D425 cells with inducible shRNA against OTX2, cells were transfected 

with pcDNA6/TR (Invitrogen). After selection with 8 μg/mL blasticidin (Invitrogen), 

surviving clones were tested for expression of the Tet repressor. Inducible constructs for 

OTX2 specific shRNA (Supplementary Table 1A) were generated using the pTER plasmid 

(gift from van de Wetering, NKI Amsterdam). After the constructs were transfected in a Tet 

repressor expressing D425 clone, cells were cultured in selective medium with 50 μg/mL 

zeocin (Invitrogen) to generate stable clones. To induce shRNA expression, doxycycline (MP 

Biochemicals, Eschwege, Germany) was added to a final concentration of 100 ng/mL.

Western blotting and antibodies

Western blotting and antibodies used were as previously described [13]. Other antibodies 

used included: GAPDH, NEUROD1, NOTCH2, ERK (Cell signaling technology, Danvers, MA), 

RB (BD Biosciences, San Jose, CA), CCND3 (Labvision, Fremont, CQ) and SPARC (Hematologic 

Techn, Essex Junction, VT).

Growth assay and FACS analysis

Cells were plated in 96-wells microplates at 1,500 cells per well and doxycycline was added 

24 hr later. Cell viability was measured in time by MTT (Sigma-Aldrich, St. Louis, MO). FACS 

analysis was performed as previously described [13]. Cell cycle distributions were analyzed 

using FlowJo 7.2 software. The results of 3 independent experiments were analyzed using a 

two-tailed Student’s t-test to assess statistical significance.
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Immunofluorescence

For immunofluorescence microscopy, cells were grown on glass. Cells were washed with 

PBS and fixed on glass using 4% paraformaldehyde in PBS for 15 min in an incubator. After 

washing twice, cells were permeabilized in 0.2% Triton X-100 in PBS for 20 min. After 

three wash steps using 0.04% Triton X-100 in PBS, slides were blocked in 1% BSA, 0.01% 

Triton X-100 and PBS, followed by incubation for 60 min with 1:100 MAP2 (Santa Cruz 

Biotechnology, Santa Cruz, CA), 1:1,000 NeuN (Millipore, Billerica, MA), or 1:200 SYN (Cell 

signaling technology) antibody in 100 μL blocking solution. Slides were washed three times 

with 0.01% Triton X-100 in PBS. Slides were then incubated for 15 min with 0.5 μL anti-rabbit 

ALEXA 594 or 488 or anti-mouse ALEXA 488 (Invitrogen) and (for the MAP2 slides only) 0.1 

μg phalloidin-FITC labeled (Sigma-Aldrich) in 100 μL blocking solution, followed by three 

times washing with 0.01% Triton X-100 in PBS and once with H2O. After drying, slides were 

mounted in Vectashield (Vector Laboratories, Burlingame, CA) with 400X diluted DAPI.

RNA extraction and expression profiling

At different time points after induction of OTX2 shRNA, total RNA was extracted with Trizol 

reagent (Invitrogen) according to manufacturer’s instructions. Northern blot analyses were 

as described.6 For expression profiling, RNA purification and hybridization to HG U133 Plus 

2.0 Array (Affymetrix, Santa Barbara, CA) were described previously [9]. For normalization of 

the expression data we used the MAS5.0 algorithm of the GCOS program (Affymetrix). Target 

intensity was set to 100 (α1 = 0.04 and α2 = 0.06). Detection p values were assigned to each 

probe set using the MAS5.0 algorithm (trimmed mean 96 = 100). Quality of the arrays was 

ensured by inspection of the beta-actin and GAPDH 5’-3’  ratios as well as the percentage 

of present calls generated by the MAS5.0 algorithm (Affymetrix). In case of multiple probe 

sets for one gene, the probe set with the highest expression and correct mapping was used. 

Expression data have been deposited in NCBI’s Gene Expression Omnibus and are accessible 

through GEO Series accession number GSE22875.

Data analyses

Affymetrix data showed for 13313 genes a present call in at least one of the samples. 

Regulated genes were defined as having 2log fold change of >1 with a minimal expression 

change of 50 in all three D425-shOTX2 experiments. Cluster analyses of expression data of 

regulated genes were performed using the TMEV program [15]. Gene ontology analyses 

were performed using the DAVID tool (http://david.abcc.ncifcrf.gov/) [16]All plots of 

regulated genes and the correlation with OTX2 expression in non-WNT/non-SHH tumors 

were analyzed using the R2 microarray analysis and visualization platform (http://r2.amc.

nl). SHH tumors were excluded in these correlation analyses, because they lack OTX2 
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expression. Inclusion would drive correlation to differentially expressed genes between 

this group compared to the others. WNT tumors were excluded, as activated CTNNB1 can 

influence the gene regulation by OTX2 [17].

Chromatin immunoprecipitation

Chromatin immunoprecipitation, using OTX2 antibody (Millipore) or FLAG antibody 

(Stratagene, La Jolla, CA), and amplification and labeling of recovered DNA were carried 

out as described previously [13]. Labeling of the material, hybridization to the 2.1M Deluxe 

Promoter Array, scanning of the arrays and peak calling were performed by Nimblegen 

(Madison, WI). OTX2 binding was defined when a called peak overlapped with the 

transcription start site (±250 bp). Differences in percentage of OTX2 binding between sets 

of genes were tested with a Pearson’s chi-square test. OTX2 binding was validated by qPCR 

as described previously [13]. Primers are listed in Supplementary Tables 1B and 1C. The 

program DME (v2.0) was employed using the hybrid mode to identify enriched sequence 

motifs of length 6 in the peaks when compared to a background of peak-flanking sequences 

[18].

Results

OTX2 silencing inhibits cell proliferation and induces differentiation

To study the downstream pathway of OTX2 we selected the D425 medulloblastoma cell 

line, which has high OTX2 expression due to amplification of the OTX2 gene. Based on this 

amplification, which is most typical for non-WNT/non-SHH tumors, the expression of retinal 

genes and the presence of a MYC amplification, it is most likely that the cell line is derived 

from a Type E/Group C tumor [7, 9]. We used the D425 cell line to silence OTX2 expression 

with doxycycline (DOX) inducible shRNAs. We generated two clones of D425 with different 

inducible shRNAs targeting OTX2 (D425-shOTX2). Induction of shRNA1 or shRNA2 rapidly and 

strongly reduced both OTX2 mRNA and protein levels in each clone. In control cells without 

shRNA but treated with DOX or in noninduced cells OTX2 expression did not change (Figure 

1 and Supplementary Figure S1). Silencing of OTX2 resulted in reduced cell proliferation, 

which even completely halted after 3–4 days (Figure 2A). FACS analyses at 48 hr after DOX 

induction showed that the reduced proliferation was accompanied by a strong arrest in 

G0-G1 phase (Figure 2B and Supplementary Figure S2). We found no evidence for increased 

apoptosis after OTX2 silencing, neither with FACS analysis nor with protein analyses of 

cleaved PARP or CASP3 (Supplementary Figure S2 and S3). However, within 72 hr after OTX2 

silencing, D425-shOTX2 cells displayed neurite-like outgrowths instead of the normal round 
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shape, indicating a more differentiated phenotype (Figure 2C and Supplementary Figure 

S4). These results show that OTX2 is essential for proliferation and inhibits differentiation of 

medulloblastoma cells.

mRNA profiling identifies regulated genes after OTX2 silencing

To investigate the effect of OTX2 silencing on the cellular transcriptome in D425-shOTX2 cells, 

we generated mRNA expression profiles at 0, 8, 16, 24, 48 and 96 hr after DOX treatment, 

in triplicate for cells in which shRNA1 was induced, as well as for an identical time series of 

control cells. Of the 13,313 genes that were significantly expressed in any of the 24 profiles, 

Figure 1. OTX2 silencing in D425 

medulloblastoma cells. (A) 

Northern blot analysis of OTX2 

mRNA in D425-shOTX2 and 

control cells at different time 

points after induction of shRNA 

with doxycycline (DOX). Actin 

mRNA levels were used as loading 

control (B) Western blot analyses 

of OTX2, CDKN1A, CCND3, MYC 

and phosphorylated RB protein 

in D425-shOTX2 and control cells 

after induction of shRNA. ERK 

detection was used as loading 

control. (C) mRNA expression data 

for CDKN1A, CCND3 and MYC as 

measured with Affymetrix arrays 

in three independent knockdown 

experiments (blue lines) and the 

control experiment (black line).
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2,202 (16.5%) were consistently regulated in all three time courses (2log fold regulation of 

>1; minimal expression change 50, see Materials and Methods). There were 1,172 genes 

upregulated and 1,030 genes downregulated (Supplementary Tables 2–4). Most of these 

genes (>93%) were not regulated in the control time course.

Gene Ontology analysis of regulated genes

To distinguish different kinetic patterns of regulated genes we used k-means clustering. 

The expression patterns of the identified gene sets are shown in Figure 3A, ordered from 

top to bottom according to the onset of their up- or downregulation. Figure 3B shows the 

expression data of a representative gene for each gene set, with the triplicate experiments 

where OTX2 was silenced in blue and the control experiment in black. Supplementary 

Figure S5 shows the expression patterns of all gene sets for all three time courses after OTX2 

Figure 2. Silencing of OTX2 in D425 cells reduces cell proliferation and increases differentiation. (A) MTT assays 

performed at different time points after induction of shRNA1 or shRNA2, both targeting OTX2, show that both 

shRNAs inhibit cell proliferation. Standard deviations over four independent experiments are depicted in the 

graphs. (B) FACS analyses were performed 48 hr after adding DOX. Each experiment was performed in triplicate and 

the standard deviations are depicted in the graph. Significant differences were calculated by a two-tailed unpaired 

t test (“*” = p < 0.0005) (C) 72 hr after adding DOX D425-shOTX2 cells displayed morphologic changes including the 

appearance of long neurite-like outgrowths. Magnification 200X.
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Figure 3. Cluster and Gene Ontology analyses of 

mRNA expression profiles after OTX2 silencing. 

(A) The 2,202 genes regulated within the three 

independent OTX2 silencing experiments were 

grouped into 11 gene sets according to the onset 

of their up- or downregulation. Heat map shows 

the expression data of these regulated genes in one 

of the knockdown experiments where OTX2 was 

silenced. (B) For each gene set indicated in (A) the 

mRNA expression data of a representative gene are 

shown for all three knockdown experiments (blue 

lines) and the control (black line). (C) Gene Ontology 

analyses for up- and downregulated genes.
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silencing and in the control cells.

We performed Gene Ontology (GO) analysis for all up- or downregulated genes to identify 

biological processes that were most affected by OTX2 silencing (Figure 3C and Supplementary 

Table 5A). Downregulated genes were strongly enriched for cell cycle genes (156 genes), 

in particular those involved in mitosis (86 genes, including AURKA, AURKB, CDK2, CENPE, 

CDKN3). They were mainly found in gene sets 10 and 11, indicating that their expression 

started to be downregulated around 24 hr after induction of OTX2 silencing. Genes in 

gene sets 8 and 9, which have an earlier onset of downregulation, were more enriched 

for genes involved in visual perception (36 genes, including ABCA4, TULP1, GNGT2, RP1, 

PDE6H), but also included several cell cycle genes (E2F2/3, CCND3 and MCM genes). Other 

processes significantly enriched among the downregulated genes included DNA repair and 

chromosome segregation (e.g., MSH2, HMGB2 and BRCA2). Major GO categories identified 

for upregulated genes included nervous system development (159 genes, including STMN2, 

DCX, BDNF and NAV1 in gene sets 5 and 6), cell communication (239 genes, including CXXC4, 

PSEN2 and SSTR2 in gene set 4) and transcription (191 genes, including RUNXT1, ZNF238 

and NR2F1 in gene sets 3 and 6). Supplementary Table 5B displays the GO results for all 

gene sets.

OTX2 silencing blocks G1-S cell cycle transition

As OTX2 silencing resulted in a strong G0-G1 growth arrest (Figure 2B) and downregulation 

of cell cycle genes (Figure 3B), we validated these data for several cell cycle genes at the 

protein level by Western blot analysis. CCND3 (Cyclin D3) is required for G1-S cell cycle 

transition and was indeed strongly downregulated, whereas CDKN1A (P21), an inhibitor of 

G1 cell cycle progression was upregulated after OTX2 silencing, confirming their regulation at 

mRNA level (Figure 1B-C and Supplementary Figure S1A). Interestingly, MYC (c-MYC), highly 

expressed in D425 cells and important for G1-S transition was also strongly downregulated 

at the protein level, even much stronger than observed at mRNA level. At 96 hr after OTX2 

silencing MYC protein almost completely disappeared, whereas MYC mRNA levels were 

decreased but remained high (Figure 1B-C and Supplementary Figure S1). Finally, we analyzed 

the phosphorylation status of RB1, a marker for G1-S transition. RB1 phosphorylation 

indeed decreased after OTX2 silencing, whereas levels of the nonphosphorylated form of 

RB1 increased over time (Figure 1B and Supplementary Figure S1A). Protein analyses thus 

confirm the G0-G1 arrest induced by OTX2 silencing.

Differentiation after OTX2 silencing resembles granule cell development

OTX2 is expressed in proliferating progenitor cells of the external granule cell layer (EGL) 
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during normal cerebellum development. The expression attenuates when cells become 

postmitotic and start their migration toward the internal granule cell layer [5]. OTX2 

expression is completely gone when granule cells are fully differentiated. These data 

suggest that OTX2-positive tumors may arise from EGL cells. Accordingly, D425 cells express 

several markers for granule cell lineage, including ZSCAN21 (ZIPRO), ZIC1, MEIS1 and PDE1C 

(Supplementary Figure S6) [19, 20]. In contrast, markers for Purkinje cells, like LHX1, LHX5, 

CALB1 or GAD1 or markers for Bergmann glia, like GFAP or FABP7, are not expressed or only 

at very low levels. We therefore wondered how expression profiles of normal D425 cells and 

D425 cells differentiated by OTX2 silencing, compare with developing granule cells.

Expression profiles of differentiation stages of EGL cells in vivo have not been published. 

However, many genes have been identified, both on mRNA and protein level, that are 

markers for EGL development in vivo [19-22]. We used these genes as surrogate markers to 

compare the D425 cell line model with normal cerebellum development. Genes associated 

with proliferation of progenitor cells in the EGL, such as NOTCH2, HMGB2, UHRF1, FOXM1, 

RELN and PROM1 are expressed in D425 cells, but their expression decreased after OTX2 

silencing (Figure 4 and Supplementary Figure S1B-C) [21, 23]. Genes associated with later 

stages of granule cell development and neuronal differentiation increased their expression 

after OTX2 silencing. NEUROD1, BDNF, NR2F1, NFIA, MAP2, CNTN2 (TAG1), GPR56, SEMA6A, 

NHLH, THBS3, SPARC, SSTR2, SLC17A7, L1CAM and GRIA2, for example, were all upregulated 

(Figure 4 and Supplementary Figure S1B-C) [21, 22, 24-26]. Increased immunofluorescent 

staining of cells for neuronal markers MAP2, NeuN and SYN1 indeed confirmed the 

observed neuronal differentiation after OTX2 silencing (Figure 4D and Supplementary Figure 

S1C). Altogether, these data suggest that expression profiles of D425 cells, differentiated 

after OTX2 silencing, mimic normal granule cell development. Moreover, the data strongly 

suggest that OTX2-positive medulloblastoma arise from the EGL and that OTX2 functions to 

maintain the proliferative state of these cells and prevent their premature differentiation.

Chromatin immunoprecipitation identifies cell cycle genes as direct targets of OTX2

To discriminate among the regulated genes between direct and indirect targets of OTX2, 

we performed chromatin immunoprecipitation (ChIP) in D425 cells with an OTX2 antibody 

and hybridized the precipitated DNA to Nimblegen promoter arrays (ChIP-on-chip analysis). 

Control ChIP-on-chip experiments were performed either with a FLAG antibody or without 

antibody. qPCR was performed to validate binding (Supplementary Table 6). To assess 

the specificity of the ChIP-on-chip experiments, we performed de novo motif finding on 

all genomic sequences bound by OTX2 using the discriminating motif enumerator (DME) 

analysis tool [18]. These analyses identified TAATCC and TAATCC-related motifs as the most 
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Figure 4. Genes regulated after OTX2 silencing involved in granule cell layer development. (A) XY plot shows the 

average expression values of regulated genes at 0 and 96 hr after OTX2 silencing. Genes associated with granule 

progenitor cells were downregulated in time (purple), whereas genes associated with later stages of granule cell 

development increased their expression (black). (B) mRNA expression data represented for all three knockdown 

experiments (blue lines) and the control (black line) are shown for NOTCH2, NEUROD1, SPARC and MAP2. (C) 

Western blot analyses of D425 cells treated with or without DOX confirm the regulation of NOTCH2, NEUROD1 

and SPARC proteins after OTX2 silencing. (D) Immunofluorescence analyses. Panels to the left show parental cells 

without OTX2 silencing. These cells are round with little cytoplasm (phalloidin in green) surrounding the nucleus 

(DAPI in blue). After OTX2 silencing (panels in the middle and to the right), cells displayed neurite-like outgrowths 

(phalloidin in green) and showed increased expression of the neuronal markers MAP2 (red), NeuN (green) and 

SYN1 (green).
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Figure 5. Regulated genes are enriched for OTX2 binding and show more often a correlation in gene expression 

with OTX2 in primary tumors. (A) De novo motif finding on all genomic sequences bound by OTX2 identified 

TAATCC and TAATCC related motifs. (B) Up- and downregulated genes after OTX2 silencing are enriched for OTX2 

binding near their transcription start sites in comparison to all other genes. Significant changes were tested in 

a Pearson’s chi-square test and a significance of p < 0.001 is depicted with “*”. (C) Gene ontology analyses on 

the OTX2 regulated genes with and without OTX2-binding. (D) Downregulated genes show more often a positive 

correlation in gene expression with OTX2 in tumors, whereas upregulated genes show more often a negative 

correlation in gene expression with OTX2 in tumors when compared to nonregulated genes. Significant changes 

were tested in a Pearson’s chi square test and a significance of p < 0.001 is depicted with “*”.
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enriched sequences, present in 62.6% of all binding peaks (Figure 5A). These motifs form 

the core of all published OTX2-binding sequences and thus confirm the specificity of the 

OTX2 ChIP-on-chip experiment.

Genome wide analyses identified one or more significant OTX2-binding peaks in the region 

around the transcriptional start site (TSS) for 33.1% of all genes present on the Nimblegen 

array. This percentage is comparable to what has been found for other transcription factors, 

like TCF4, FOXA2, or E2F [27-29]. However, the frequency of OTX2 binding was significantly 

higher for genes regulated after OTX2 silencing (p < 0.001 in Pearson’s chi-square test). Of 

the 2,202 regulated genes, 2,103 were represented on the Nimblegen array and 44.5% of 

them bound OTX2 in the TSS region (Supplementary Table 3). The highest frequency of 

OTX2-binding (47.8%) was found for downregulated genes. Upregulated genes showed a 

lower frequency of OTX2-binding to the promoter regions (40.9%) (Figure 5B).

To discriminate between biological processes that are directly or indirectly controlled by 

OTX2, we performed GO analysis for the regulated genes with or without OTX2 binding. 

The most striking finding was that OTX2 bound to many of the cell cycle genes that showed 

a reduced expression after OTX2 silencing (Figure 5C and Supplementary Table 7A). This 

suggests that these cell cycle genes form an important group of genes directly induced 

by OTX2. Other biological processes enriched among the genes bound by OTX2 and with 

an abrogated expression after OTX2 silencing included chromosome segregation, DNA 

replication and visual perception. Genes downregulated after OTX2 silencing and without 

OTX2 binding were not enriched for any GO category. Genes upregulated after OTX2 silencing 

and with OTX2 binding were enriched for genes involved in regulation of gene expression. 

Interestingly, many genes involved in nervous system development, cell communication, 

or cell adhesion, upregulated after OTX2 silencing, did not bind OTX2. These analyses 

suggest that OTX2 directly controls cell cycle progression in medulloblastoma, but that 

differentiation-associated genes are indirectly regulated by OTX2.

OTX2 pathway genes may provide candidate drug targets

Our results show that OTX2 is essential for medulloblastoma cell proliferation and 

suppression of differentiation. Direct targets of OTX2 may have an important role in 

mediating this function. As OTX2 is a transcription factor and thereby a difficult target for 

therapy, downstream targets may represent better therapeutic targets. Silencing of OTX2 

in cell lines and ChIP-on-chip analyses represents one of the few methods to dissect the 

OTX2 pathway in human cells. However, the genes identified in this in vitro system do not 

necessarily have a similar regulation in medulloblastoma in vivo. To test which genes are also 
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in vivo functioning in the OTX2 pathway, we analyzed whether their expression correlated 

with OTX2 in a series of primary tumors.10 The percentage of genes downregulated after 

OTX2 silencing that did show a positive correlation with OTX2 expression in primary tumors 

was almost twice as high (13.4%) as that of the genes not regulated (7.4%) or upregulated 

(7.7%). The same was true for genes upregulated after OTX2 silencing. Expression of 

these genes more often negatively correlated with OTX2 expression (12.1%) compared to 

nonregulated (6.0%) or downregulated genes (5.8%) (Figure 5C and Supplementary Table 

7B).

To identify the most promising downstream targets of OTX2 for therapy, we selected for 

OTX2-bound genes downregulated after OTX2 silencing with a positive correlation with 

OTX2 in tumors (Figure 6A and Supplementary Tables 8 and 9). This stringent selection 

identified 69 genes (Supplementary Table 8B). Many important cell cycle genes and genes 

involved in chromosome segregation, including several drug targets, were present in this 

list (for example CDKN3, CENPA, CCNB1, MELK, C13orf34 (BORA), HMGB2, MSH2, CDC7 

and HAT1). The list included also several genes involved in visual perception like RP1, RBP3, 

TULP1, ABCA4 and GNGT2 (Tables 1B and 1C). Figure 6B shows for four examples (RP1, 

ABCA4, CDKN3 and HMGB2) how these genes are regulated after OTX2 silencing, how OTX2 

binds in their promoter regions, and how their expression correlates with the expression of 

OTX2 in primary tumors.

These selected genes seem to be valid targets of OTX2, as they were also bound by OTX2 

in MED8A and DAOY cells with induced OTX2 (Supplementary Figure S7) [13]. Furthermore, 

most of these genes are, like OTX2, highly overexpressed in medulloblastoma in comparison 

to normal cerebellum or other normal brain tissues (data not shown), suggesting that they 

might be important for tumorigenesis. Identification of these downstream targets of OTX2 

may help to develop new therapeutic strategies in the treatment of medulloblastoma 

patients.

Discussion

In this article we show that silencing of OTX2 in medulloblastoma cells not only inhibits cell 

proliferation, in line with previous data [7, 8], but also induces neuronal differentiation. 

Moreover, expression profiling performed in time after OTX2 knockdown, together with 

ChIP-on-chip analyses showed that OTX2 directly controls the expression of many cell cycle 

genes, especially those involved in mitosis. Expression of differentiation genes, strongly 
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upregulated after OTX2 silencing, seems to be more under indirect control of OTX2.

Identification of cell cycle genes as direct targets of OTX2 is in line with our previous data 

from other cell lines with inducible OTX2 overexpression [13]. Indeed, many cell cycle genes, 

including AURKA, CENPE and CDC25C, were upregulated in these cell lines shortly after the 

OTX2 induction [13]. Moreover, 43% of genes regulated and bound by OTX2 in both cell 

systems (OTX2 induction and OTX2 silencing) are cell cycle genes (Supplementary Figure S8).

In general, most of the downregulated genes with direct OTX2 binding in D425 cells were 

also bound by OTX2 in MED8A and DAOY cells (Supplementary Figure S7). However, not all 

these genes were upregulated in the overexpression models. For instance, retinal genes 

like RP1, RBP3 or ABCA4 remained unexpressed in MED8A cells after OTX2 induction. A 

reason for this could be that cofactors, necessary to regulate the expression of these genes 

together with OTX2, are not expressed in these cells [30].

Recently, Adamson et al. suggested upregulation of MYC by OTX2 as a potential mechanism 

how OTX2 may promote proliferation [7]. Indeed, MYC protein levels strongly decrease after 

OTX2 silencing in D425 cells, but interestingly, in our study we observed that the decrease at 

the mRNA level was only limited (Figure 1B and Supplementary Figure S1). Although these 

results do not exclude a role for OTX2 in the transcriptional control of MYC, they strongly 

suggest that OTX2 might be more important in controlling the protein levels of this key 

oncogene. As many OTX2-positive medulloblastomas do not express MYC [9], upregulation 

of MYC by OTX2 might not represent a general mechanism in the control of cell proliferation 

by OTX2.

OTX2 as a driver of proliferation fits in the context of its role in cerebellum development. 

OTX2 is highly expressed in the proliferating granule progenitor cells (GPCs) in the external 

granule layer of the cerebellum, which is considered as the cell of origin for medulloblastoma 

Figure 6. Combining gene regulation after OTX2 silencing with OTX2 binding and correlation in gene expression 

with OTX2 in primary tumors. (A) A flow diagram representing the number of genes when applying sequential 

criteria as regulation in D425-shOTX2 after OTX2 silencing, OTX2 binding to the promoter region and correlation 

with OTX2 expression in primary medulloblastoma (see Material and Methods for the exact criteria). (B) Examples 

of regulated genes that have OTX2 binding in their promoter and correlate in expression with OTX2 in primary 

tumors. Left panels: RP1, ABCA4, CDKN3 and HMGB2 are downregulated in all three OTX2 silencing experiments 

(blue lines), but not in cells without OTX2 silencing (black line). Middle panels: ChIP-on-chip analyses detected 

OTX2 binding (red bars) near the transcription start site of all four genes. The graphs in the right panels represent 

the mRNA expression of these four genes in primary medulloblastoma (blue dots) and how they correlate with 

the OTX2 mRNA expression in these same tumors (red dots). Tumors were sorted based on their OTX2 expression.
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[31]. When these GPCs migrate inward to form the internal granule layer, OTX2 levels 

decreased [5]. Moreover, conditional Otx2 knock-out mice showed that lowering OTX2 

levels in GPCs decreased proliferation of these cells resulting in an abnormal development 

of the cerebellum [4, 32]. Thus, as OTX2 is required for proliferation of progenitor cells, 

maintaining high levels of OTX2 could be a critical step in medulloblastoma pathogenesis. 

The neuronal differentiation observed after OTX2 silencing in D425 cells is reminiscent to 

granule cell maturation. Moreover, expression profiling showed downregulation of genes 

associated with proliferating progenitor cells and upregulation of genes associated with 

granule cell differentiation.

Differentiation induced after OTX2 silencing might either be directly regulated by OTX2 or 

might be an indirect consequence of the decreased proliferation. The promoter regions of 

most neuronal differentiation genes, upregulated after OTX2 silencing, were not bound by 

OTX2, indicating that they are not direct targets of OTX2. However, the transcription factors 

NEUROD1 and NR2F1, involved in regulation of neuronal differentiation, are upregulated 

already early after OTX2 silencing and are direct targets of OTX2, as ChIP-on-chip experiments 

showed OTX2 binding to their promoters [21]. Therefore, OTX2 might control differentiation 

through regulating the expression of these transcription factors.

An interesting group of direct OTX2 targets are genes involved in visual perception. OTX2 plays 

an important role in normal retinal development by regulating many of the photoreceptor-

specific genes [2, 33, 34]. Expression of retinal genes in medulloblastoma has been reported 

as early as 1987, but their role in cerebellum or medulloblastoma development remains 

unclear. However, we recently showed that about half of the OTX2 expressing tumors 

(subtypes D and E) are marked by expression of these photoreceptor genes [9].

As OTX2 is expressed in most medulloblastomas, but not in normal brain and other normal 

tissues, it provides an interesting target for therapy. Silencing of OTX2 in mice grafted with 

D425 cells, significantly prolonged survival of these animals [7]. Retinoic acid has been 

shown to inhibit the proliferation of OTX2 expressing cell lines [1, 8, 35]. As a result OTX2 

expression is reduced and cells differentiate, similar to what we observe in D425 cells after 

OTX2 silencing by shRNAs. However, retinoic acid does not only target OTX2 and therefore 

more specific drugs are required for the optimal treatment of medulloblastoma patients. 

Downstream targets of OTX2, including several mitotic cell cycle genes, like AURKA, MELK 

or CENPE might be good candidates for therapy [36-38]. Many antimitotic drugs have been 

developed and investigated in clinical trials for various human malignancies, with an AURKA 

inhibitor already been shown to be effective in medulloblastoma xenografts [39, 40]. Some 
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of these drugs might be explored for novel therapeutic strategies for OTX2 expressing 

tumors, which comprise 80% of all medulloblastoma.
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Supplementary Figures

Supplementary Figure S1. Confirmation of protein level changes in D425-shOTX2 cells with induction of shRNA2. 

(A) Similar to cells with induced shRNA1 (Figure 1B), OTX2 protein levels start to decrease within 16 hr after adding 

doxycycline (DOX). Regulation of cell cycle genes CDKN1A, CCND3, MYC, and RB after OTX2 silencing was also 

similar to the experiment with induced shRNA1. (B) In time after induction of shRNA2, NOTCH2 protein levels 

decreased while NEUROD1 and SPARC protein levels increased, as they did for shRNA 1 (Figure 3C and 4C). (C) 

Neuronal markers MAP2, NeuN and SYN1 showed increased staining after OTX2 silencing (Fig. 4D).
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Supplementary Figure S2. Triplicates of cell cycle distribution analyses by FACS for D425-shOTX2 cells with 

either induction of shRNA1 or shRNA2 or for D425-control cells. Analyses were performed at 48 hr after adding 

doxycycline.
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Supplementary Figure S3. Silencing 

of OTX2 does not result in increased 

apoptosis. Western blot analysis of 

cleaved PARP and CASP3 for D425-

shOTX2 shRNA1 shows no significant 

increase in apoptosis when OTX2 is 

silenced.

Supplementary Figure S4. Similar to D425-shOTX2 shRNA1 (Figure 2D), cells with shRNA2 showed neuronal 

differentiation phenotype at 72 hr after adding doxycycline.



92

Supplementary Figure S5. Regulated genes after OTX2 silencing. Heat map of k-mean clustering for all regulated 

genes. For these genes z-scores were calculated separately for the three independent OTX2 silencing experiments 

and control.



93

3
Supplementary Figure S6. D425 cells express markers for granule cell lineage, but not markers for Purkinje cells 

Bergmann glia. Depicted expression in based on time point zero of the three experiments and the control.
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Supplementary Figure S7. Examples of OTX2 binding to candidate direct targets in other ChIP-on-chip 

experiments. For 15 genes from Supplementary Table S7B, which were all downregulated after OTX2 silencing 

and bound by OTX2 and which showed a positive correlation in gene expression with OTX2 in tumors, the ChIP-on-

chip data are depicted from other experiments. In all OTX2 ChIP experiments binding signals are detected on the 

same location as in D425, whereas the controls do not show no these peak signals. OTX2_1 and D425_control_1 

represent data from an unpublished individual D425 experiment, which was hybridized to an older array version of 

Nimblegen. D425_OTX2_2 and D425_control_2 represent the data acquired in this paper. The data for MED8A and 

DAOY cells were described in Bunt et al., 2010 [14].
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Supplementary Figure S8. Cell cycle genes as direct targets of OTX2 in both silencing (D425-shOTX2) and 

overexpression (MED8A-OTX2 and DAOY-OTX2) models. For 6 cell cycle genes, ChIP-on-chip data and expression 

data are shown. The data for MED8A and DAOY cells were described in Bunt et al., 2010 [14].
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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 −250 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 [2, 3, 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 differentiation 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 medulloblastoma. 

MYC is another important oncogene in medulloblastoma pathogenesis and high-level 

amplifications of the MYC locus are significantly associated with a poor clinical outcome 

[22-26]. 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 [25, 27]. Both OTX2 and MYC binding to the 
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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 medulloblastoma.

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 µg/mL streptomycin (Invitrogen) at 37°C in a 

humified atmosphere containing 5% CO2. Two days after plating, cells were cross-linked with 

1% formaldehyde for 10′. After washing, cells were incubated for 5′ in swelling buffer (5 

mM PIPES, 85 mM KCl, 0.5% NP40) and passed through a 23G needle. Isolated nuclei were 

lysed for 10′ in 1 M Tris-HCl/1% SDS/0.5 M EDTA pH 8 on ice. Lysates were sonicated on ice 

7×25′ 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 30′ with 40 µL protein A agarose (Roche) and 125 µL 10 mg/

mL haring sperm DNA (Roche Applied Sciences, Basel, Switzerland). 30 µL MYC antibody 

(Abcam, Cambridge, MA) with 40 µL beads were added to cleared samples and tumbled 

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 µL 100 mM NaHCO3/1% 

SDS. 20 µL 5 M NaCl was added before decrosslinking at 65°C for 4 h. Next 10 µL 0.5 M EDTA, 

20 µL 1 M Tris-HCl pH 6.5 and 2 µL 10 mg/mL Prot K (Roche) were added and incubated 

at 45°C for 1 h to degrade protein. RNA was degraded by adding 5 µL 10 mg/mL Rnase A 

(Roche) and incubating for 30′ at 37°C. 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].
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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. 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 [29]. 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 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 −2000 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 −2000 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 cerebellum 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) [30-32].

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 [33]. 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.
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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].

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 −250 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 transcription 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 [25, 27].
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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, respectively). 

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).
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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, 25, 27, 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 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 
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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.
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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 [33]. 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 overexpression 

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 



107

4

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).
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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.
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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. 

Interestingly, 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 

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.
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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 (Figure 6B) [5, 34]. These results suggest that multiple OTX2 and MYC binding have 

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.
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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 [30] or the BROAD tools [31, 32], revealed that genes with multiple OTX2-

binding peaks and MYC binding were significantly enriched for genes associated with mouse 

(neuronal) stem cells and human medulloblastoma (Table S2) [35, 36]. The other groups did 

not show such enrichments.

Finally, we investigated the relation between this class of promoter regions and 

medulloblastoma/stem cell specific expression. 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 GATA1 and TCF4 [25, 27, 37-39]. 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].
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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 [7, 25, 27, 37-39]. Similar to genes as MYC or OCT4, OTX2 binds 

to a large number of genes [25, 40]. 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 [41] 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 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 [41] Secondly, silencing of a transcription factor is commonly used to identify 

its target genes. The transcription factor levels are greatly 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 [40]. 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 interaction with OTX2 are less likely candidates. For 

instance MITF, SOX2, LHX1 and FOXA2, show only limited expression in tumors and are absent 
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in D425 cells [11, 15, 42]. 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 [17-21, 43]. 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. Furthermore, 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 [44]. 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 transcription 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 [45, 46]. Unfortunately 

direct evidence was not shown. However, for the homologue ATXN1 interaction was shown 

in a yeast two-hybrid experiment [47]. 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 [48, 49].
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Supplemantary Figures

Supplementary Figure S1. Immunoprecipitation of OTX2 and MYC in medulloblastoma cells. Western blot 

analyses of immunoprecipitation of OTX2 and MYC in D425 medulloblastoma cells as well as OTX2 in MED8A and 

DAOY cells with induced OTX2 expression.
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Supplementary 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.
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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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Discussion 

OTX2 as an oncogene in medulloblastoma

OTX2 expression has been implicated in the biology of medulloblastoma since 1999 [1], but 

until recently little was known about its molecular role in medulloblastoma. In recent years, 

OTX2 has been established as an oncogene expressed in the majority of medulloblastoma 

[2-9]. This thesis describes the biological effect of OTX2 manipulation in medulloblastoma, 

showing that OTX2 promotes proliferation and inhibits differentiation. Furthermore, 

downstream molecular studies like the identification of target genes by expression profiling 

and ChIP-on-chip assays revealing the effects of OTX2 on H3K27 methylation have been 

performed.

Drivers of OTX2 expression

Although OTX2 has been recognized as an oncogene  and a marker for the majority of 

medulloblastoma, little is known of the upstream regulation of OTX2 expression. OTX2 is 

focally gained in about 20% of all medulloblastoma [2, 10]. and high level amplifications 

of OTX2 (>100 copies) have also been reported but are  less frequent  [2, 4, 8-10]. Still 

frequent increased copy numbers do not explain why high overexpression of OTX2 is found 

in over 70% of all medulloblastomas. Furthermore, there are no reports suggesting genomic 

aberrations in the promoter region of OTX2.

Even though the spatial and temporal expression from the various promoter regions of 

OTX2 have been studied, little is known about the transcription factors regulating OTX2 

expression in medulloblastoma [11-16]. For the WNT subgroup of medulloblastoma, the 

aberrant activation of beta-catenin (CTNNB1) may drive OTX2 expression. Based on studies 

in brain and eye development, OTX2 can be a direct target of the WNT pathway [12, 13, 16, 

17]. For the Group 3 and 4 medulloblastomas there are currently no candidate transcription 

factors known. OTX2 itself can regulate its promoter in an autoregulatory loop, providing 

another potential explanation for the high OTX2 expression [18, 19]. 

Clinical value of OTX2 

As a clinical marker, OTX2 immunohistochemical staining was associated with classical 

medulloblastoma, but has no further prognostic value [8]. In hindsight, OTX2 is a marker 

highly expressed in all medulloblastoma, except for the SHH subgroup. This subgroup 

contains many desmoplastic tumors, which explains the association of OTX2 with classical 

medulloblastoma. In the other three subgroups, WNT, Group 3 and Group 4, OTX2 expression 



146

is very high in all tumors and expression levels do not show any correlation with clinical 

parameters. However, based on this high expression in many tumors and the absence of 

expression in normal brain, OTX2 is an interesting candidate for targeted therapy.

Potential drugs against OTX2 are retinoic acids. In embryonic development, OTX2 promoter 

activity can be suppressed by all-trans retinoic acid [20]. Subsequently, several studies have 

shown that OTX2 expressing cell lines are sensitive to different retinoic acids and OTX2 

mRNA and protein levels are reduced after treatment [3, 9, 21]. Of the different retinoic 

acids tested, 9-cis retinoic acid seems to be most potent in suppressing OTX2. The effect 

of retinoic acid is dependent on OTX2 expression, as overexpression of OTX2 enables cells 

to overcome the sensitivity for retinoic acids [3, 6]. In flank xenografts treated with 9-cis 

retinoic acid, tumor growth is {Lock, 2011 #3249}decreased and differentiation is induced, 

similar to our OTX2 silencing experiment in D425 cells [22].

Intracranial xenografts of D425 cells however did not respond to 9-cis retinoic acid treatment 

[3]. The authors suggest this is caused by an opposing effect of FGF signaling, which can be 

reduced by drugs targeting this pathway. However the authors only used D425 cells, which 

have a high level amplification of OTX2, and did not assess the level of knockdown in the 

tumors. These cells might be less sensitive to retinoic acid-induced promoter repression 

than cells without amplification. Furthermore, the local concentration of retinoic acid might 

be insufficient to be effective. More extensive studies are needed to investigate retinoic 

acids as a drug against OTX2 expressing tumors. The newly described mouse models for 

WNT might be very useful in this context [23].

Targeting transcription factors in tumors is difficult. Besides directly targeting of OTX2 

expression, there are two alternative approaches for therapy. First of all, downstream 

targets of OTX2 can be targeted. We discovered that many mitotic cell cycle genes are direct 

targets of OTX2 [5, 6]. Among those genes are AURKA, MELK, or CENPE, for which drugs are 

available [24-27] Alternatively, the genes required for oncogenic acceleration by OTX2 could 

be targeted. As we showed by inducible overexpression of OTX2 in MED8A and DAOY cells, 

OTX2 overexpression alone leads to senescence [5]. In contrast, Adamson et al found that 

stable overexpression in non-neoplastic rat kidney cells (RK3E) or transient transfection of 

OTX2 in medulloblastoma cell line MHH1 induced proliferation [2]. This suggests that OTX2 

requires a specific cellular context in order to drive proliferation. Understanding more about 

the molecular difference between these cells may provide novel targets to switch OTX2 

function in cancer cells.
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Photoreceptor genes as targets of OTX2

As previously described, OTX2 is expressed within 3 molecular subgroups of medulloblastoma 

(WNT, Group 3 and 4), which show many differences at the molecular level. Group 3 tumors 

show many genes that have been described as targets of OTX2 in retinal development, such 

as RBP3, TULP3, RP1 and GNGT2. These genes seem genuine targets in medulloblastoma, 

as they were downregulated in D425 cells after OTX2 silencing and most of these genes 

bind OTX2 in their promoters. However, these genes are not expressed within the WNT 

group or most of Group 4. However, there is a subset of Group 4 tumors that express 

photoreceptor genes as well as neuronal genes that are markers of Group 4. Cho et al 

performed immunohistochemistry on these tumors using CRX (photoreceptor gene) and 

GRM8 (neuronal gene). Interestingly, they found that these genes are expressed within 

distinct populations in these tumors. Assuming that OTX2 is expressed within both cell types, 

co-factors seem to be required to alter the targets within each cell type. As photoreceptor 

genes are normally not expressed within the developing cerebellum, they may represent a 

progression within the tumor cells with a co-factor that turned on activation of photoreceptor 

genes by OTX2. Elucidating this process may provide us with important knowledge about 

the biology of OTX2 positive medulloblastoma as it is currently unknown whether these 

photoreceptor-specific genes have any role in medulloblastoma tumorigenesis.

Understanding the role of OTX2 in medulloblastoma

We are only slowly starting to understand the role of OTX2 in medulloblastoma. Based on 

recent data using medulloblastoma cell lines, OTX2 dependence is evident. Unfortunately, 

the cell lines with OTX2 expression most likely represent only Group 3 tumors, especially 

those with MYC amplification. Additional experiments using the mouse model for WNT 

group tumors [23] might be helpful to further underline the importance of OTX2 in 

medulloblastoma.  

As we have identified both in our overexpression and silencing cell models, OTX2 can induce 

proliferation by direct regulation of cell cycle genes. However, this function is context 

dependent, as overexpression to physiological levels causes oncogenic stress. A potential 

partner in crime is the MYC oncogene. Within a subset of Group 3 tumors MYC is amplified 

and high levels of MYC are also present in all WNT tumors and some of the Group 3 and 

Group 4 tumors. MYC is known to drive G1-S cell cycle, while OTX2 seems to play a bigger 

role in the G2-M part of the cell cycle. Interestingly, OTX2 also seems to directly affect MYC 

protein levels, as OTX2 silencing in D425 results in a small decrease in MYC mRNA, but a 

large decrease in MYC protein level. A MYC stabilizing effect might be one of the advantages 

of OTX2 expressing tumors. Furthermore, our analyses of both OTX2 and MYC binding in 
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D425 cells clearly distinguish a set of shared targets, which comprise of highly expressed 

genes which are enriched for medulloblastoma and progenitor cell specific genes.

In regard to the interaction between MYC and OTX2 in medulloblastoma, the recently 

described MYC driven mouse models are intriguing [22, 28]. Although in both described 

models the resulting tumors are most similar to Group 3 tumors, they might not be 

representative for Group 3 tumors. First of all, only half the Group 3 tumors highly express 

MYC.  Secondly, in the mouse models the tumors do not express Otx2 or any photoreceptor 

genes, which are characteristic for this subgroup. In both described models, tumors only arise 

within a P53 defective background [22, 28], while in human primary tumors P53 mutations 

are not associated with MYC tumors [29, 30]. Furthermore in one model described by 

Kawauchi et al the cells where also Cdkn2c null, while in the model from Pei and colleagues 

a degradation resistant MYC mutant was used (refs). Therefore even though these mouse 

models most resemble Group 3 tumors they do not really fully capture the molecular 

background of Group 3. Most likely the similarity is only based on the expression of MYC 

and its target genes. It would be interesting for instance to combine these mouse models 

with the recently described mouse models, which overexpresses Otx2 in the hindbrain, but 

do not form tumors [31]. 

Mode of function

Although we know now more about the targets of OTX2 and the effect of overexpression 

or silencing of OTX2 in medulloblastoma, the exact function of OTX2 remains unclear. OTX2 

binds to many promoters in medulloblastoma cells, of which only a small part is regulated 

after either ectopic expression or silencing. We can speculate that therefore only part of its 

bound genes can be considered transcriptional targets in the classical sense. An alternative 

function of OTX2 might lie within control of the global histone modification landscape, 

thereby allowing or preventing regulation of genes by their cognate transcription factors. 

Indeed, we found that OTX2 has a distinct effect on H3K27 methylation. The OTX2-bound 

promoters display a bivalent-like state of histone modifications, with high levels of the 

activating H3K4me3 and H3K9ac marks and intermediate levels of the repressive H3K27me3 

mark. Upon silencing of OTX2, the H3K27me3 levels strongly decrease, while H3K4me3 and 

H3K9ac levels remain unchanged. Nevertheless, of the OTX2-bound genes, only 7% shows 

an increased expression and also 7% a decreased expression after OTX2 silencing. The 

H3K27me3 mark is therefore strongly reduced in OTX2-bound promoters, but expression 

can go up, down or remain unchanged. This suggests that the primary effect of OTX2 is 

to maintain moderate H3K27 levels at the OTX2-bound promoters. When OTX2 is silenced 

and no longer can bind to these promoters, the H3K27me3 disappears and genes can be 

regulated by specific transcription factors.
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Summary 

Medulloblastoma is the most common pediatric malignant brain tumor, which arises in the 

cerebellum or brainstem. Despite recent improvements in survival the survival is still poor 

and many survivors suffer from the effect of the harsh treatment. To improve the outcome 

and the quality of life, more understanding is needed about the underlying molecular events 

in medulloblastoma. 

The transcription factor OTX2 is one of the genes implicated in medulloblastoma 

tumorigenesis. In normal development, the gene is required for proper patterning of 

the embryo. In later stages of development, OTX2 is needed for the proper formation of 

multiple regions of the brain, including the cerebellum, as well as sensory organs such as 

the eyes. After birth, OTX2 expression is not detected in the cerebellum. However, over 80% 

of all medulloblastoma have a high expression of the gene. The gene is frequently gained 

or even amplified in medulloblastoma. Although OTX2 is implicated as an oncogene, little 

was known about the function of OTX2 and its transcriptional targets at the start of this PhD 

project. 

To investigate the role of OTX2 in medulloblastoma we have generated several cell line 

models in which we either overexpressed ectopic OTX2 or silenced endogenous OTX2. For 

OTX2 overexpression we introduced a doxycycline-inducible OTX2 expression construct in 

MED8A and DAOY medulloblastoma cell lines, which both lack endogenous OTX2 expression 

(Chapter 2). Even though the OTX2 levels were comparable to that of D425 cells, which 

have high endogenous OTX2 expression, ectopic OTX2 expression caused oncogene-induced 

senescence rather than the expected accelerated growth. In MED8A cells OTX2 induction led 

to P53 activation and in DAOY cells (P53 mutant) senescence-associated secretory factors, 

like IL6 and IGFBP7, were induced. Indeed, both cell lines stained positive for senescence-

associated β-galactosidase activity. Expression profiling also revealed that G2-M cell cycle 

genes, like AURKA, CDC25C, and CCNG2, were initially upregulated in MED8A. In contrast, 

G1-S phase genes were downregulated. This imbalance in cell cycle stimulation might be the 

underlying cause of the senescence phenotype. Still, these G2-M genes represent valid in 

vivo targets of OTX2, because they were enriched for OTX2 binding in their promoter as we 

determined by ChIP-chip assays using OTX2 specific antibodies. Also, mRNA expression of 

these G2-M genes correlated with OTX2 expression in primary tumors. We concluded from 

these experiments with OTX2 overexpression that OTX2 may directly induce cell cycle genes, 

but cooperating genes are required for an oncogenic acceleration of the cell cycle. 
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As the senescence phenotype hindered further investigation of the function and targets 

of OTX2 in medulloblastoma, D425 medulloblastoma cells were generated in which the 

high endogenous OTX2 expression can be silenced by inducible shRNA expression (Chapter 

3). Silencing of OTX2 caused neuronal-like differentiation and inhibition of proliferation. 

Expression profiling revealed upregulation of developmental and differentiation genes, 

while cell cycle and visual perception genes were downregulated. Again, the cell cycle genes 

were identified by ChIP-chip assays as direct targets of OTX2, as their promoters were bound 

by OTX2. This direct regulation of cell cycle genes by OTX2 was in line with the data from 

OTX2 overexpression and supported a role for OTX2 as driver of proliferation. This fits in 

the context of its role in cerebellum development. OTX2 is highly expressed in proliferating 

granule progenitor cells in the external granule layer, one of the proposed cells of origin 

for medulloblastoma. However, OTX2 expression diminishes when these cells migrate and 

differentiate into neurons. The changes in expression in D425 after OTX2 silencing resemble 

those of maturing granule cells. Hence, retained OTX2 expression in the granule progenitor 

cells could lead to medulloblastoma formation. As transcription factors are difficult targets 

for therapy, mitotic cell cycle genes, like AURKA, MELK, or CENPE, might be good candidates 

for therapy as they are direct targets of OTX2.

In Chapter 4, we compared the binding characteristics of OTX2 and MYC to promoter 

regions. MYC is another oncogene in medulloblastoma and could be a good candidate to 

cooperate with OTX2 in the formation of medulloblastoma. We generated ChIP-on-chip 

data to analyze the binding patterns of both transcription factors in D425 medulloblastoma 

cells. The OTX2-binding distribution in promoter regions was very different from that of 

MYC, which showed the expected binding peak at or near transcriptional start sites (TSS). 

OTX2 binding revealed a bi-modal distribution pattern surrounding TSSs. This is potentially 

caused by a depletion of OTX2-binding motifs near TSSs. Still, OTX2 and MYC had a strong 

tendency to bind in proximity of each other. Furthermore, we found that both OTX2 and 

MYC binding independently correlated with higher gene expression levels. Genes with 

multiple OTX2 binding peaks and MYC binding showed the highest expression levels in 

D425 cells and in primary medulloblastomas. Interestingly, these genes were enriched 

for medulloblastoma and stem cell specific genes. We concluded that OTX2 and MYC may 

functionally interact in the regulation of genes, which are characteristic for medulloblastoma 

and progenitor cells.

In the last chapter, we describe a novel function for OTX2 in medulloblastoma. Recent 

genome sequencing studies implicate altered Histone 3 Lysine 27 (H3K27) methylation to 

play an important role in Group 3 and Group 4 medulloblastoma, as the H3K27 demethylases 



157

7

frequently harbor inactivating mutations. As these mutations are mutually exclusive with 

focal gain of OTX2 in these subgroups, we investigated the effect of OTX2 on the expression 

of histone modifiers and on the methylation itself. Polycomb genes, such as EZH2, EED, 

SUZ12 and RBBP4, all involved in methylation of H3K27, were strongly upregulated in primary 

tumors, but were downregulated in D425 cells after OTX2 silencing. Inversely, the H3K27 

demethylases KDM6A, KDM6B, JARID2 and KDM7A were all upregulated after OTX2 silencing. 

These changes in expression of histone modifiers after OTX2 silencing were accompanied 

by decreased H3K27me3 and increased H3K27me1 levels in promoter regions. Strikingly, 

the decrease of H3K27me3 levels were most prominent in OTX2-bound promoters, which 

showed high levels of the H3K4me3 and H3K9ac active marks as well as intermediate levels 

of the repressive H3K27me3 mark, which suggests a bivalent-like state of the promoters. 

After silencing of OTX2, H3K27me3 levels strongly decreased, but H3K4me3 and H3K9ac 

levels remained high. However, despite of the reduction of H3K27me3 at the promoter, 

the expression of these OTX2-bound genes remained mostly unchanged. Maintaining 

promoters in a more bivalent state by sustaining H3K27 tri-methylation therefore seems 

to be an important function of OTX2 in medulloblastoma, while other transcription factors 

might regulate the actual expression levels of these genes.

Nederlandse samenvatting

Het medulloblastoom is een kwaadaardige tumor van de kleine hersenen, oftewel het 

cerebellum. Het is de meeste voorkomende kwaadaardige hersentumor bij kinderen, maar 

komt ook sporadisch voor bij volwassenen. De afgelopen jaren is de overlevingskans van 

patiënten met een medulloblastoom sterk toegenomen, tot wel 75%. Desondanks blijft het 

een zeer dodelijke ziekte, die alleen met een zeer zware therapie behandeld kan worden. 

De meeste patiënten ondergaan na een ingrijpende operatie, waarbij de tumor zo goed 

mogelijk verwijderd wordt, bestraling gevolgd door meerdere chemokuren. Als gevolg van 

deze intensieve therapie hebben patiënten die een medulloblastoom overleven blijvend last 

van cognitieve, motorieke en psychosociale problemen. Om de overlevingskansen verder 

te vergroten en meer specifieke behandelingen te ontwikkelen met minder late effecten is 

daarom meer informatie nodig over het ontstaan van deze tumoren.

In de afgelopen jaren is meer en meer bekend geworden over de biologische en moleculaire 

oorzaken van medulloblastomen. Gebaseerd op de genexpressie in de tumoren, worden 

er nu 4 groepen medulloblastomen geclassificeerd. Deze groepen worden gekenmerkt 

door specifieke genetische en chromosomale afwijkingen. Ze verschillen ook in histologie, 
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leeftijd van diagnose, of ze vaker of minder vaak metastaseren, en hebben een verschil in 

overlevingskans. 

OTX2 wordt gezien als één van de genen die betrokken is in de vorming van 

medulloblastomen. In de normale ontwikkeling is OTX2 essentieel voor de vorming van 

hersenen, het cerebellum en de ogen. Na de geboorte is er geen expressie meer in het 

cerebellum. Echter, in medulloblastomen hebben 3 van de 4 groepen tumoren een zeer 

hoge expressie van OTX2. In enkele tumoren is het gen zelfs geamplificeerd. Omdat OTX2 

zo specifiek is voor medulloblastomen en in veel tumoren voorkomt, is het een mogelijke 

kandidaat voor therapie.

OTX2 codeert voor een transcriptie factor. Een transcriptie factor is een eiwit dat in staat is om 

de expressie van andere genen te reguleren. Het OTX2 eiwit heeft een DNA-bindingsdomein 

dat kan binden aan een specifiek stukje DNA met als sequentie TAATCC. Als OTX2 aan deze 

sequentie bindt in een promotor, een stukje DNA net voor een gen, kan OTX2 dit gen aan- of 

uitzetten. 

In hoofdstuk 2, hebben we onderzocht wat het effect is van OTX2 expressie in tumor cellen 

die normaal geen OTX2 hebben. Hiervoor hebben we de medulloblastoom cellijnen MED8A 

en DAOY gemanipuleerd zodat we OTX2 expressie in deze cellijnen kunnen induceren. Nadat 

we OTX2 aanzetten gingen de cellen niet harder groeien (zoals we hadden verwacht), maar 

stopten ze juist met groeien, hetgeen  ‘oncogene-induced senescence’ wordt genoemd. Dat 

houdt is dat de cellen in eerste instantie wel willen gaan groeien door de aanwezigheid van 

een oncogen, maar door stress juist stoppen met groeien. We zagen wel de aanwijzingen 

voor een initiële groei, ondere andere door regulatie van G2-M celcyclus genen als AURKA, 

CDC25C, en CCNG2. Deze genen lijken direct aangestuurd te worden door OTX2, aangezien 

ze ook met OTX2 expressie correleren in tumoren en door OTX2 gebonden worden.  Echter, 

de expressie van genen betrokken bij de G1-S fase van de celcyclus ging juist naar beneden. 

Door deze inbalans in de celcyclus lijkt de cel vast te lopen. Het lijkt erop dat OTX2 als 

oncogen hulp nodig heeft van andere genen. 

Om beter de functie van OTX2 in medulloblastoma te onderzoeken, hebben we vervolgens 

een ander cel model gemaakt. D425 medulloblastoom cellen hebben normaal hoge OTX2 

expressie, maar met behulp van induceerbaar shRNA kunnen we OTX2 uitzetten. In dit 

model stoppen de cellen met groeien en differentiëren tot neuronen na OTX2 uitschakeling. 

Aangezien OTX2 een transcriptie factor is en dus genen aanstuurt, hebben we ook gekeken 

welke genen veranderen van expressie. Genen betrokken bij groei en oogontwikkeling 
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kwamen minder tot expressie na uitschakeling van OTX2, terwijl genen die nodig zijn 

voor differentiatie juist harder aangingen. De genen betrokken bij celgroei worden direct 

aangestuurd door OTX2, omdat het OTX2 eiwit bindt aan hun promoter, het stukje DNA wat 

zorgt voor de regulatie van genexpressie. Dat OTX2 celgroei stimuleert en de differentiatie 

tot neuron inhibeert is in lijn met de rol van OTX2 in de normale ontwikkeling van de 

cerebellum. Het lijkt erop dat OTX2 aanblijft staan in de cellen die het cerebellum gaan 

vormen, zodat deze door blijven delen. 

Ook hebben we gekeken naar de binding van OTX2 aan promoteren in relatie tot MYC. 

MYC is een ander belangrijk oncogen in medulloblastomen en zou misschien met OTX2 

kunnen samenwerken om een tumor te vormen. Daarom hebben we het door OTX2 en 

MYC gebonden DNA met antilichamen tegen deze eiwitten uit D425 cellen gevist door 

middel van chromatine immunoprecipitatie. OTX2 en MYC binding aan de promoter is 

heel verschillend, aangezien MYC meestal op de transcriptie start site gebonden zit, terwijl 

OTX2 de voorkeur heeft om er juist vlak naast te binden. Toch is binding in beide gevallen 

geassocieerd met hogere genexpressie en hebben OTX2 en MYC de voorkeur om in de buurt 

van elkaar te binden. Genen die zowel OTX2 als MYC binden blijken de hoogste expressie 

te hebben en het zijn vooral genen die geassocieerd zijn met medulloblastoom cellen en 

stamcellen. We denken daarom dat OTX2 en MYC samenwerken om deze specifieke groep 

gemeenschappelijke genen aan te sturen .

Als laatste hebben we gekeken of OTX2 ook Histone 3 Lysine 27 (H3K27) methylatie beïnvloed. 

Histonen zijn eiwitten waaromheen ons DNA gewikkeld is. Door kleine verandering aan te 

brengen op deze eiwitten, wordt genexpressie beïnvloed. Eiwitten die deze veranderingen 

aanbrengen op Lysine zijn vaak gemuteerd in medulloblastomen met OTX2 expression 

van Groep 3 and 4. Bijzonder is dat de niet gemuteerde tumoren soms amplificatie van 

OTX2 laten zijn. Daarom hebben we gekeken of OTX2 misschien ook deze methylatie kan 

beinvloeden. Als we OTX2 uitschakelen wordt de expressie van de genen die de methylatie 

aanbrengen verlaagd, terwijl de demethylases verhoogd worden. We zien ook dat er minder 

H3K27 gemethyleerd is in de promotor regio. Dit geldt echter voor de hele promoter, behalve 

de transcriptie start site. We hebben ook gekeken of er verschil is tussen promotoren 

waaraan OTX2 bindt of niet. OTX2 gebonden promotoren hebben minder methylatie en na 

afschakeling van OTX2 neemt deze nog verder af, behalve op de transcriptie start site. OTX2 

is dus in staat om H3K27 methylering te beïnvloeden via een lokaal effect na binding aan 

het DNA. Dit is een nieuwe functie voor OTX2. Aangezien dit hetzelfde netto effect op kan 

leveren als mutaties in  demethylatie genen, levert dit een potentiele nieuwe drugs target 

voor Groep 3 en 4 tumoren, waarvoor nu nog geen specifieke drugs bestaan.
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We hebben nu een beter beeld van de rol van OTX2 en zijn downstream effecten in 

medulloblastomen. Meer onderzoek is echter nodig om te weten waarom de OTX2 expressie 

aan blijft staan in medulloblastomen. Ook al correleert OTX2 expressie niet direct met 

klinische parameters, het blijft een interessant gen voor therapie aangezien zoveel tumoren 

OTX2 tot expressie brengen. Derivaten van vitamine A zijn potentiele geneesmiddelen tegen 

medulloblastomen, aangezien deze middelen OTX2 expressie onderdrukken en cellen doen 

stoppen met delen. Daarnaast zijn er tegen een aantal van de door OTX2 gereguleerde 

genen geneesmiddelen die ingezet zouden kunnen worden als therapie. Meer onderzoek 

is hiervoor nodig voordat deze middelen ook daadwerkelijk in de kliniek toegepast kunnen 

worden.
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