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ABSTRACT

Medulloblastoma (MB), the most common malignant childhood brain tumor, 
encompasses a collection of four clinically and molecularly distinct tumor subgroups, 
i.e. WNT, SHH, Group 3 and Group 4. These tumors are believed to originate from 
precursor cells during cerebellar development. Although the exact etiology of these 
brain tumors is not yet known, histone modifications are increasingly recognized as 
key events during cerebellum development and MB tumorigenesis. Recent studies 
show that key components involved in post-translational modifications of histone 
H3 lysine 27 (H3K27) are commonly deregulated in MB. In this descriptive study, 
we have investigated the trimethylation status of H3K27, as well as the expression 
of the H3K27 methylase EZH2 and demethylases KDM6A and KDM6B, during human 
cerebellum development in relation to MB. H3K27 Trimethylation status differed 
between the MB subgroups. Moreover, trimethylation of H3K27 and expression of its 
modifiers EZH2, KDM6A and KDM6B were detected in a spatio-temporal manner during 
development of the human cerebellum, with consistent high occurrence in the four 
proliferative zones, which are believed to harbor the precursor cells of the different 
MB subgroups. Our results suggest that H3K27 trimethylation in MB is deregulated by 
EZH2, KDM6A and KDM6B. Moreover, we provide evidence that during development 
of the human cerebellum H3K27me3 and its regulators are expressed in a spatio-
temporal manner.

INTRODUCTION

During development, cerebellar neurons are 
generated from two anatomically and molecularly distinct 
progenitor zones: the cerebellar ventricular zone (VZ) 

and the rhombic lip (RL) [1–3]. The VZ gives rise to 
all the GABAergic neurons, including Purkinje cells 
and inhibitory interneurons. The RL gives rise to all 
glutamatergic neurons, including granule neuron precursor 
cells (GNPs), unipolar brush cells and deep nuclei 

www.impactjournals.com/oncotarget/              Oncotarget, 2017, Vol. 8, (No. 45), pp: 78978-78988

                                                               Research Paper



Oncotarget78979www.impactjournals.com/oncotarget

neurons. Exiting the RL, GNPs migrate rostrally across 
the pial surface of the cerebellum and form a secondary 
germinal zone, the external germinal layer (EGL). This 
cell layer proliferates extensively until the first months 
postnatal, producing granule cells which reside in the 
internal granule layer (IGL). These proliferative zones 
are present during cerebellar development at a specific 
spatio-temporal manner [2, 3]. Medulloblastomas (MB) 
are highly invasive primitive neuroectodermal tumors, 
which are believed to originate from aberrantly dividing 
precursor cells present during cerebellar development 
[4]. MB are considered to encompass a collection of four 
clinically and molecularly distinct tumor subgroups [5–
7]. For two of these subgroups the cell of origin has been 
identified. The first subgroup has aberrant activation of 
the Sonic Hedgehog (SHH) pathway and originates from 
GNPs of the developing cerebellum [8, 9]. The second 
subgroup has activating mutations in the WNT pathway 
effector beta-catenin 1 (CTNNB1) and arises outside the 
cerebellum from cells of the lower RL located at the dorsal 
brainstem during early hindbrain development [10]. For 
the other MB subgroups, i.e. Group 3 and Group 4, the 
pathological processes that drive tumor formation remain 
elusive, although these tumors show GABAergic (Group 
3) and glutamatergic features (Group 4) [11–13].

Epigenetic gene regulation is essential for neural 
differentiation and crucial during human cerebellum 
development [14–16]. Histone modifications, such as 
histone acetylation, are associated with active gene 
transcription, whereas others such as the trimethylation 
of histone H3 lysine 27 (H3K27me3) are an indicator 
of condensed and inactive chromatin [17]. Important 
regulators of histone modification are the polycomb 

group protein complexes. The Enhancer of zeste homolog 
2 (EZH2) is an essential member of these complexes, 
as it has methyltransferase activity. EZH2 specifically 
trimethylates H3K27, leading to target gene silencing 
[18]. Counterparts of these repressive complexes are the 
histone demethylases KDM6A and KDM6B, which can 
specifically remove methyl marks of H3K27, and are able 
to activate silenced genes [19–21].

Deregulation of H3K27 trimethylation has 
recently been identified in all subgroups of MB [22–25]. 
Genome-wide mutation analyses in MBs have identified 
inactivating mutations in KDM6A and KDM6B, the two 
demethylases of H3K27, in respectively 8% and 0.3% 
of sequenced MB [22, 23]. Moreover, KDM6A (Xp11.3) 
and KDM6B (17p13.1) are also affected at a copy number 
level as deletions have been identified in almost 30% 
of MB cases [23]. Overexpression of EZH2 has been 
reported in several types of cancers, [26–29], including 
MB where EZH2 (7q36.1) is gained and overexpressed 
in almost 14% of MB cases [23]. Moreover, functional 
studies have provided compelling evidence that targeting 
EZH2 in MB activates silenced tumor suppressor genes 
and reduces stem cell properties in MB cell lines and 
transforming capacity in neural stem cells [30, 31]. 
Although deregulation of H3K27me3 occurs in all MB 
subgroups, the strongest effects are observed in Group 3 
and Group 4 MB [23–25]. Importantly, in these subgroups 
increased trimethylation of H3K27 leads to poor outcome 
[23]. While H3K27 methylation status seems to play 
an important role in MB, its role during cerebellum 
development has not been evaluated previously. Since MB 
are believed to arise from aberrantly dividing precursor 
cells present during cerebellar development, in this 

Figure 1: Expression of H3K27 and its modifiers in medulloblastoma. Representative selection of immunohistochemical 
staining for KDM6A, KDM6B, EZH2 and H3K27me3 in MB samples of different subgroups.
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descriptive study we have investigated the expression of 
EZH2, KDM6A, KDM6B and the H3K27me3 at various 
developmental stages of the human cerebellum.

RESULTS

H3K27me3 and its regulators are expressed 
differentially in MB subgroups

We evaluated the presence of the chromatin 
H3K27me3 mark and the expression of the methylase 
EZH2 and demethylases KDM6A and KDM6B in a 
selection of MB samples with known subgroup status. 
A subgroup specific expression pattern was observed, 
with increased trimethylation for H3K27 and increased 
EZH2 expression in group 3 and group 4 MB samples 
(Figure 1). The increased H3K27me3 in these subgroups 
also correlated with low protein expression of KDM6B. 
The expression of KDM6A was relatively high in 
most samples and did not correlate with any subgroup. 
Intermediate expression for EZH2 and H3K27me3 was 
found for SHH medulloblastoma samples, with both low 
and high expression of KDM6A and KDM6B. The WNT 
group samples had the lowest expression of EZH2 and 
H3K27me3, combined with relatively higher KDM6A 
and KDM6B protein levels (Figure 1). These results are in 
line with previous studies showing aberrant trimethylation 
of H3K27 in a subgroup-specific manner in MB [23, 24].

The expression of H3K27me3 and its regulators 
in developing human cerebellum

MB is considered to arise through transformation 
of early developmental progenitor cells [4]. To identify 
potential precursors for H3K27 deregulated MB, we 
evaluated the presence of H3K27 markers during human 
cerebellum development.

First, we analyzed transcriptional data previously 
published as part of the BrainSpan Atlas of the Developing 
Human Brain (http://brainspan.org/) [32]. The gene 
expression data for EZH2, KDM6A and KDM6B were 
analyzed for the periods spanning from embryonic 
(9 weeks GSA) until birth/early infancy (40 weeks). 
Throughout the prenatal period EZH2 displayed high 
mRNA expression in the developing human brain. This 
expression then dropped significantly after birth, with 
consistent low expression onwards (Figure 2A). KDM6A 
was also highly expressed prenatally, although expression 
varied between different brain regions and samples 
(Figure 2B). KDM6B expression was less consistent 
during prenatal development, with a trend towards lower 
expression during postnatal periods (Figure 2C).

To further evaluate the trimethylation status of 
H3K27 in human cerebellum development, we established 
a cohort of human cerebellum samples during different 
time points of development, ranging from gestational age 

(GSA) 9 weeks till 40 weeks. At least two samples per 
gestational age were investigated, with no difference in 
expression between samples.

At 9 weeks of gestation all important proliferative 
zones could be visualized (the VZ, upper- and lower RL 
and the EGL). Staining with an antibody directed against 
EZH2 showed a strong nuclear signal in all these different 
zones (Figure 3a–3f). However, at later time points 
EZH2 expression was markedly reduced and restricted. 
Between 28 weeks and 33 weeks gestation EZH2 was only 
detectable in part of the EGL (Figure 3g and 3h). After 
34 weeks GSA EZH2 could not be detected in any layer 
of the human cerebellum (data not shown and Figure 3i).

During early cerebellar development (9 weeks GSA) 
an uniformly high protein expression for KDM6A was 
detected in all the proliferative zones (Figure 4a–4f and 
Supplementary Figure 1). At 28 weeks gestation, strong 
nuclear KDM6A expression was observed in Purkinje 
cells, and to a lesser extent in the granule neuron precursor 
cells In the EGL and in the granule cells in the IGL (Figure 
4g). After 28 weeks GSA KDM6A could not be detected 
in any layer of the human cerebellum (Figure 4h–4i). 
KDM6B expression showed a bi-temporal expression 
pattern. During early cerebellar development (9 weeks 
GSA), KDM6B was present in the VZ, both upper and 
lower RL and EGL (Figure 5a–5f). However, compared to 
EZH2 and KDM6A fewer cells stained positive. Especially 
fewer KDM6B positive cells were present in both upper 
and lower RL. In contrast, KDM6B expression was more 
prominent in the VZ as compared to EZH2 (Figure 3e 
and 5e). Interestingly, the expression and localization 
of KDM6B changed during development. At 28 weeks 
gestation, expression of KDM6B was predominantly 
observed in Purkinje cells, and to a lesser extent in 
granule cells in the internal granule layer. Moreover, the 
staining intensity in Purkinje cells became more prominent 
in later stages and in adulthood (Figure 5g–5i and data 
not shown). The distribution of the signal also changed 
from only nuclear at 9 weeks GSA to predominantly 
cytoplasmic staining in Purkinje cells after 28 weeks GSA 
(Figure 5g–5i).

H3K27me3 showed a staining pattern that was 
comparable to EZH2 during early development (Figure 
6a–6f). All proliferative zones showed strong H3K27me3 
positive progenitor cells. During later development 
H3K27me3 staining was more localized in Purkinje 
cells, while a few positive cells could also be detected in 
the EGL and the internal granular layer (Figure 6g–6i). 
Whereas KDM6B staining in the Purkinje cells became 
more intense during development, H3K27me3 positive 
Purkinje cells became less intense (Figure 6g–6i). In 
contrary to the cytoplasmic localization of KDM6B in 
Purkinje cells, H3K27me3 staining was restricted to the 
cell nucleus (Figure 5i and 6i).

In conclusion, during development of the human 
cerebellum H3K27me3 and its regulators are expressed in 
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Figure 2: Dot plot showing transcript levels of EZH2 (A), KDM6A (B) and KDM6B (C) during human development as reported in the 
Brainspan database. Depicted are stage 2A (corresponding with 9 weeks GSA; early prenatal – blue), stage 5 (corresponding to 28 and 33 
weeks GSA; late prenatal – gray), and stage 6 (corresponding to 40 weeks GSA; birth-early infancy – yellow).

Figure 3: EZH2 expression during human cerebellum development. (a) Expression of EZH2 at 9 weeks GSA. (b-f) Higher 
magnifications (400x) of boxed areas showing high EZH2 expression in the proliferative zones of the developing cerebellum; upper RL 
(c), EGL (d), VZ (e), and lower RL (f). Expression of EZH2 is only detectable in the EGL layer between 28 weeks gestation (g) and 33 
weeks gestation (h). Higher magnification of boxed area in (h) shows the EZH2 positive cells in the EGL layer. After 33 weeks no EZH2 
expression can be detected in the cerebellum (i). Scale bars 1000 μm (b), 25 μm (c-i), 5 μm (inset in h).
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a spatio-temporal manner. A summary of the expression 
patterns of EZH2, KDM6A and KDM6B and the 
trimethylation of H3K27 is given in Table 1.

DISCUSSION

Since the onset of MB is thought to be associated 
with a block in normal differentiation, and histone 
methylation patterns are frequently altered in MB, we 
investigated the pattern of H3K27me3 and its methylase 
EZH2 and demethylases KDM6A and KDM6B during 
human cerebellum development. Here, we provide 
evidence that during development of the human 
cerebellum H3K27me3 and its regulators are expressed in 
a spatio-temporal manner. Moreover, in line with previous 
studies, an aberrant expression pattern was seen in specific 
MB subgroups.

In recent years, four distinctive subgroups have 
been identified in MB: SHH, WNT, group 3, and group 
4. Although an H3K27me3 enriched phenotype has 

been described exclusively for Group 3 and Group 4 
MBs, amplification of EZH2 (gain of chromosome 7q) 
and deletion of KDM6B (loss of chromosome 17p) are 
also found in SHH MBs [23]. Moreover, both EZH2 
and KDM6B have been linked to SHH signaling during 
cerebellar development [33]. The SHH subgroup is 
thought to arise from the EGL [8]. Here we observed 
temporal expression of H3K27me3, EZH2, KDM6A 
and KDM6B at 9 weeks gestation in the EGL. KDM6B 
became undetectable after 9 weeks GSA. Expression of 
EZH2, KDM6A, and H3K27me3 however decreased 
rapidly in the EGL layer, with only a few positive cells 
between 28 and 33 weeks gestation. Li et al., have 
identified a subpopulation of Nestin positive progenitor 
cells (NEPs) within the EGL layer, which were found 
to be distinct from GNPs. When SHH signaling was 
aberrantly activated, these NEPs exhibited more severe 
genomic instability and gave rise to tumors more 
efficiently than GNPs [34]. EZH2 positive cells like 
the NEPs were present transiently during cerebellum 

Figure 4: KDM6A expression during human cerebellum development. (a) Expression of KDM6A expression at 9 weeks 
gestation. (b-f) Higher magnifications (400x) of boxed areas showing high KDM6A expression in the proliferative zones of the developing 
cerebellum; upper RL (c), EGL (d), VZ (e), and lower RL (f). At 28 weeks gestation, strong nuclear KDM6A expression was observed in 
Purkinje cells, and to a lesser extent in the granule neuron precursor cells In the EGL and in the granule cells in the IGL (g). After 28 weeks 
GSA KDM6A could not be detected in any layer of the human cerebellum (h-i). Scale bars 1000 μm (b), 100 μm (g), 50 μm (h), 25 μm 
(c-f and i).
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development in the EGL (Figures 3f and g). It is tempting 
to speculate whether the EZH2 positive cells within the 
EGL cells between 28 and 33 weeks gestation could be in 
fact these NEPs.

For the WNT subgroup, progenitor cells of the 
lower RL have been identified as cells of origin, which 
normally give rise to the pontine grey matter [10]. During 
early human cerebellum development EZH2, KDM6A and 
KDM6B were highly expressed in the lower RL at 9 weeks 
gestation and high levels of H3K27me3 were detected. 
Several studies have addressed the important role of 
EZH2 and KDM6B in brainstem development [35, 36]. In 
mouse pre-cerebellar neurons, EZH2 expression controls 
proper pontine neuron migration [35]. Moreover, KDM6B 
controls appropriate organization of the Pre-Bötzinger 
complex, a cluster of interneurons in the brainstem which 
control the respiratory rhythm generator [36]. Results 
from both studies, showing high expression patterns for 
EZH2, KDM6B and H3K27me3 in progenitors of lower 
RL during mouse brain development, are in line with our 
results in the human cerebellum.

Group 3 and Group 4 MB more commonly show 
deregulation of H3K27 trimethylation as compared to 
the SHH or WNT MBs. These subgroups predominantly 
show somatic copy number aberrations and mutations 
of EZH2,KDM6A and KDM6B [23–25]. Seen from a 
developmental point of view, the GABAergic (Group 3) 
and glutamatergic (Group 4) gene profiles point toward 
possible different precursor cells of origin for these MBs. 
During development GABAergic neurons are derived from 
precursors of the VZ expressing Pancreatic transcription 
factor 1a (PTF1A) [1]. We have shown that H3K27me3, 
EZH2, KDM6A and KDM6B are temporally present in 
the VZ at 9 weeks gestation. Later during development, 
trimethylation of H3K27 and expression of KDM6A and 
KDM6B could be detected in the GABAergic derived 
Purkinje cells starting from 28 weeks GSA. Moreover, 
KDM6B expression became stronger during further 
development in the Purkinje cells. KDM6B expression in 
Purkinje cells shifted from nuclear to cytoplasmic, which 
might suggest that in Purkinje cells KDM6B is involved in 
demethylating non-histone proteins as previously shown 

Figure 5: KDM6B expression during human cerebellum development. (a) Expression of KDM6B at 9 weeks gestation. (b-f) 
Higher magnifications (400x) of boxed areas showing high KDM6B expression in the proliferative zones of the developing cerebellum; 
upper RL (c), EGL (d), VZ (e), and lower RL (f). During further development KDM6B is selectively expressed in the Purkinje cells. 
Staining intensity increases in time, and distribution changes from nuclear to more cytoplasmic (f-i). Scale bars 1000 μm (b), 100 μm (g), 
50 μm (h), 25 μm (c-f and i).
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Figure 6: H3K27me3 trimethylation during human cerebellum development. (a) Expression of H3K27me3 at 9 weeks 
gestation. (b-f) Higher magnifications (400x) of boxed areas showing high H3K27me3 expression in the proliferative zones of the 
developing cerebellum; upper RL (c), EGL (d), VZ (e), and lower RL (f). At 28 weeks gestation strong staining is present in Purkinje cells 
and some cells in the EGL and IGL layers (g). From 33 weeks gestation and further H3K27me3 expression is only present in Purkinje cells 
(h-i). Scale bars 1000 μm (B), 25 μm (c-i).

Table 1: Summary of H3K27 regulators expression in the developing human cerebellum

Week 9 GSA Week 28 GSA Week 33 GSA Week 40 GSA

URL EGL VZ LRL EGL ML PCL IGL EGL ML PCL IGL EGL ML PCL IGL

EZH2 +++ +++ +++ +++ + - - +/- + - - - - - - -

KDM6A +++ ++ +++ +++ + - ++ +/- - - - - - - - -

KDM6B ++ ++ +++ ++ - - ++ +/- - - +++ +/- - - +++ +/-

H3K27me3 +++ +++ +++ +++ + +/- + + + +/- ++ + +/- - +/- +

URL, upper rhombic lip; EGL, external granule layer; VZ, ventricular zone; LRL, lower rhombic lip; ML, molecular layer; 
PCL, Purkinje cell layer; IGL, internal granule layer. Relative staining intensity is indicated as: - absent staining; + / - weak 
and sporadic staining; + low intensity staining or strong sporadic staining; ++ medium intensity staining; +++ high intensity 
staining.

for primary human fibroblasts [37]. Interestingly, the 
increase in KDM6B expression in Purkinje cells coincided 
with an increase in H3K27me3 in week 33, despite the 
absence of EZH2. Since it has been described previously 
that EZH2 deficient mouse models still show H3K27me2 
and H3K27me3 marks [38, 39], this suggests that H3K27 
methylation may occur through other methyltransferases, 

such as EZH1. According to the BrainSpan Atlas of the 
Developing Human Brain cerebellar transcript levels 
of EZH1 increase indeed at 25-38 weeks GSA (http://
brainspan.org/).

Elevated levels of H3K27me3 in human cerebellum 
have been described in Ataxia-telangiectasia, a 
neurodegenerative disease. In the same study, H3K27me3 
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staining was shown to be low in Purkinje cells of healthy 
adults, in line with our results [40]. During development 
all glutamatergic neurons are derived from precursor cells 
of the upper RL [41, 42]. We detected strong expression of 
EZH2, KDM6A, KDM6B and H3K27me3 in the upper RL 
at 9 weeks gestation. Whether precursors of GABAergic 
and glutamatergic neurons drive Group 3 and Group 4 
MB has recently received greater interest [13, 43]. The 
consistent high expression of EZH2 across different MB 
subgroups [30, 31, 44], and no expression of EZH2 after 
week 34 GSA, provides a possibility for targeted therapy 
with EZH2 inhibitors in medulloblastoma [31, 45, 46]. 
However, more preclinical experiments may be needed 
before implementing such inhibitors into clinical practice, 
as recent evidence suggests that deletion of EZH2 in group 
3 tumors may also accelerate tumorigenesis [47].

In conclusion, our data show the spatio-temporal 
expression of H3K27me3 and its modifiers during human 
cerebellar development, and the comparison with the 
subtypes of MB indicate that the H3K27 methylation 
pathway is deregulated in MB.

MATERIALS AND METHODS

Fetal brain and MB tissue array samples

A database containing fetal autopsy cases that 
underwent a comprehensive neuropathological evaluation 
during the last 30 years was available at our hospital. 
We selected samples of cases between the gestational 
ages of 9–40 weeks and reviewed all Hematoxylin and 
Eosin stained sections and paraffin embedded blocks. 
Specimens were excluded if there were significant 
neuropathological findings, or if they showed any 
evidence of autolysis. At least two samples per gestational 
age were investigated. In addition, a largely independent 
tissue microarray (TMA) cohort with medulloblastoma 
specimen (n=87) was obtained from the files of the 
Department of Neuropathology of the Academic Medical 
Center (University of Amsterdam). Subgroup information 
was obtained by immunohistochemistry using antibodies 
for the subgroup-specific protein markers β-catenin 
(WNT), DKK1 (WNT), SFRP1 (SHH), NPR3 (Group 
3), and KCNA1 (Group 4) as described by Northcott et 
al. [48]. Informed consent was obtained according to 
institutionally-approved protocols.

Immunohistochemistry

Immunohistochemical staining was performed on 
formalin-fixed, paraffin-embedded 4-μm sections of tissue 
of the various developmental stages. For all sections, 
heat induced antigen retrieval was carried out in a 
microwave in a 10 mM citrate buffer (pH 6). Endogenous 
peroxidase was blocked for half an hour in 0.3% H2O2 

in methanol. Afterwards, sections were stained for 
monoclonal mouse anti-EZH2 (1:200; cat. NCL-L-EZH2, 
Novacastra), polyclonal rabbit anti-KDM6A (1:750; cat. 
HPA001165, Sigma Aldrich), polyclonal mouse anti-
KDM6B, C-terminus (1:200; cat. AP1022b, Abgent), and 
monoclonal rabbit anti-H3K27me3 (1:200; cat. 9733, Cell 
Signaling), all diluted in standard antibody diluents. As 
a negative control, the staining protocol was followed 
without adding primary antibodies. As a positive control 
tonsil tissue was stained for EZH2 and H3K27me3, 
placental tissue for KDM6A and neocortex tissue for 
KDM6B. Primary antibodies EZH2 were incubated 
for 30 min. Primary antibodies KDM6A, KDM6B and 
H3K27me3 were incubated overnight. DAB was used as 
a substrate for the peroxidase based Envision detection 
system (cat.K4065, DAKO, Heverlee, Belgium). Slides 
were counterstained with Hematoxylin.

Datamining

Immunohistochemical stainings were compared to 
mRNA expression of EZH2, KDM6A, and KDM6B during 
human embryonal development described by Miller et al. 
[32], using the R2 genomics analysis and visualization 
platform (http://r2.amc.nl): normal brain development 
– brain span – 524 – rpkm – brspv10rs. Time points 
used are stage 2A (early prenatal, corresponding with 9 
weeks GSA), stage 5 (late prenatal, corresponding with 
28-33 weeks GSA), and stage 6 (birth-early infancy, 
corresponding with 40 weeks GSA).
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6A; KDM6B: Lysine-specific demethylase 6B; WNT: 
Wingless-type MMTV integration site family, member 
1; SHH: Sonic Hedgehog; VZ: ventricular zone; RL: 
rhombic lip; GNPs: granule precursor cells; EGL: external 
granule layer; IGL: internal granule layer; ML: molecular 
layer; PCL: Purkinje cell layer; NEPs: nestin positive 
precursor cells; GSA: gestational age.

Author contributions

Study concept and design: SEM, JC and TW; 
Acquisition of data: SEM, MS, DB, MJ, MB, and EA; 
Analysis and interpretation of data: SEM, JC, EH; 
Drafting of manuscript and critical revision: SEM, GJLK, 
JC and EH.

CONFLICTS OF INTEREST

The authors declare to have no conflicts to disclose.



Oncotarget78986www.impactjournals.com/oncotarget

FUNDING

This study was financially supported by grants from 
the Dutch Cancer Society (S.E.M).

REFERENCES

1. Hoshino M, Nakamura S, Mori K, Kawauchi T, Terao M, 
Nishimura YV, Fukuda A, Fuse T, Matsuo N, Sone M, 
Watanabe M, Bito H, Terashima T, et al. Ptf1a, a bHLH 
transcriptional gene, defines GABAergic neuronal fates in 
cerebellum. Neuron. 2005; 47:201–13.

2. Millen KJ, Gleeson JG. Cerebellar development and 
disease. Curr Opin Neurobiol. 2008; 18:12–9.

3. Roussel MF, Hatten ME. Cerebellum development and 
medulloblastoma. Curr Top Dev Biol. 2011; 94:235–82.

4. Gilbertson RJ, Ellison DW. The Origins of Medulloblastoma 
Subtypes. Annu Rev Pathol. 2008; 3:341–65.

5. Taylor MD, Northcott PA, Korshunov A, Remke M, Cho 
YJ, Clifford SC, Eberhart CG, Parsons DW, Rutkowski 
S, Gajjar A, Ellison DW, Lichter P, Gilbertson RJ, et al. 
Molecular subgroups of medulloblastoma: the current 
consensus. Acta Neuropathol. 2012; 123:465–72.

6. Ellison DW, Dalton J, Kocak M, Nicholson SL, Fraga 
C, Neale G, Kenney AM, Brat DJ, Perry A, Yong WH, 
Taylor RE, Bailey S, Clifford SC, et al. Medulloblastoma: 
clinicopathological correlates of SHH, WNT, and non-
SHH/WNT molecular subgroups. Acta Neuropathol. 2011; 
121:381–96.

7. Kool M, Korshunov A, Remke M, Jones DTW, Schlanstein 
M, Northcott PA, Cho YJ, Koster J, Schouten-van Meeteren 
A, van Vuurden DG, Clifford SC, Pietsch T, von Bueren 
AO, et al. Molecular subgroups of medulloblastoma: 
an international meta-analysis of transcriptome, genetic 
aberrations, and clinical data of WNT, SHH, Group 3, 
and Group 4 medulloblastomas. Acta Neuropathol. 2012; 
123:473–84.

8. Oliver TG, Read TA, Kessler JD, Mehmeti A, Wells JF, 
Huynh TT, Lin SM, Wechsler-Reya RJ. Loss of patched 
and disruption of granule cell development in a pre-
neoplastic stage of medulloblastoma. Development. 2005; 
132:2425–39.

9. Yang ZJ, Ellis T, Markant SL, Read TA, Kessler JD, 
Bourboulas M, Schüller U, Machold R, Fishell G, Rowitch 
DH, Wainwright BJ, Wechsler-Reya RJ. Medulloblastoma 
can be initiated by deletion of Patched in lineage-restricted 
progenitors or stem cells. Cancer Cell. 2008; 14:135–45.

10. Gibson P, Tong Y, Robinson G, Thompson MC, Currle DS, 
Eden C, Kranenburg TA, Hogg T, Poppleton H, Martin 
J, Finkelstein D, Pounds S, Weiss A, et al. Subtypes of 
medulloblastoma have distinct developmental origins. 
Nature. 2010; 468:1095–9.

11. Kool M, Koster J, Bunt J, Hasselt NE, Lakeman A, van 
Sluis P, Troost D, Meeteren NS, Caron HN, Cloos J, Mrsić 

A, Ylstra B, Grajkowska W, et al. Integrated genomics 
identifies five medulloblastoma subtypes with distinct 
genetic profiles, pathway signatures and clinicopathological 
features. PLoS One. 2008; 3:e3088.

12. Cho YJ, Tsherniak A, Tamayo P, Santagata S, Ligon A, 
Greulich H, Berhoukim R, Amani V, Goumnerova L, 
Eberhart CG, Lau CC, Olson JM, Gilbertson RJ, et al. 
Integrative genomic analysis of medulloblastoma identifies 
a molecular subgroup that drives poor clinical outcome. J 
Clin Oncol. 2011; 29:1424–30.

13. Lin CY, Erkek S, Tong Y, Yin L, Federation AJ, Zapatka 
M, Haldipur P, Kawauchi D, Risch T, Warnatz HJ, Worst 
BC, Ju B, Orr BA, et al. Active medulloblastoma enhancers 
reveal subgroup-specific cellular origins. Nature. 2016; 
530:57-62.

14. Qureshi IA, Mehler MF. Understanding neurological 
disease mechanisms in the era of epigenetics. JAMA 
Neurol. 2013; 70:703–10.

15. Dubuc AM, Mack S, Unterberger A, Northcott PA, Taylor 
MD. The epigenetics of brain tumors. Methods Mol Biol. 
2012; 863:139–53.

16. Alvarez-Saavedra M, De Repentigny Y, Lagali PS, Raghu 
Ram EVS, Yan K, Hashem E, Ivanochko D, Huh MS, 
Yang D, Mears AJ, Todd MA, Corcoran CP, Bassett EA, 
et al. Snf2h-mediated chromatin organization and histone 
H1 dynamics govern cerebellar morphogenesis and neural 
maturation. Nat Commun. 2014; 5:4181.

17. Chi P, Allis CD, Wang GG. Covalent histone modifications-
-miswritten, misinterpreted and mis-erased in human 
cancers. Nat Rev Cancer. 2010; 10:457–69.

18. Bracken AP, Dietrich N, Pasini D, Hansen KH, Helin K. 
Genome-wide mapping of Polycomb target genes unravels 
their roles in cell fate transitions. Genes Dev. 2006; 
20:1123–36.

19. Hong S, Cho YW, Yu LR, Yu H, Veenstra TD, Ge K. 
Identification of JmjC domain-containing UTX and JMJD3 
as histone H3 lysine 27 demethylases. Proc Natl Acad Sci 
USA. 2007; 04:18439–44.

20. Lan F, Bayliss PE, Rinn JL, Whetstine JR, Wang JK, Chen 
S, Iwase S, Alpatov R, Issaeva I, Canaani E, Roberts TM, 
Chang HY, Shi Y. A histone H3 lysine 27 demethylase 
regulates animal posterior development. Nature. 2007; 
449:689–94.

21. De Santa F, Totaro MG, Prosperini E, Notarbartolo S, Testa 
G, Natoli G. The histone H3 lysine-27 demethylase Jmjd3 
links inflammation to inhibition of polycomb-mediated gene 
silencing. Cell. 2007; 130:1083–94.

22. Parsons DW, Li M, Zhang X, Jones S, Leary RJ, Lin JCH, 
Boca SM, Carter H, Samayoa J, Bettegowda C, Gallia 
GL, Jallo GI, Binder ZA, et al. The genetic landscape of 
the childhood cancer medulloblastoma. Science. 2011; 
331:435–9.

23. Dubuc AM, Remke M, Korshunov A, Northcott P a, Zhan 
SH, Mendez-Lago M, Kool M, Jones DT, Unterberger 



Oncotarget78987www.impactjournals.com/oncotarget

A, Morrissy AS, Shih D, Peacock J, Ramaswamy V, et 
al. Aberrant patterns of H3K4 and H3K27 histone lysine 
methylation occur across subgroups in medulloblastoma. 
Acta Neuropathol. 2013; 125:373–84.

24. Robinson G, Parker M, Kranenburg T a, Lu C, Chen X, 
Ding L, Phoenix TN, Hedlund E, Wei L, Zhu X, Chalhoub 
N, Baker SJ, Huether R, et al. Novel mutations target 
distinct subgroups of medulloblastoma. Nature. 2012; 
488:43–8.

25. Jones DTW, Jäger N, Kool M, Zichner T, Hutter B, Sultan 
M, Cho YH, Pugh TJ, Hovestadt V, Stütz AM, Rausch T, 
Warnatz HJ, Ryzhova M, et al. Dissecting the genomic 
complexity underlying medulloblastoma. Nature. 2012; 
488:100–5.

26. Morin RD, Johnson NA, Severson TM, Mungall AJ, An J, 
Goya R, Paul JE, Boyle M, Woolcock BW, Kuchenbauer 
F, Yap D, Humphries RK, Griffith OL, et al. Somatic 
mutations altering EZH2 (Tyr641) in follicular and diffuse 
large B-cell lymphomas of germinal-center origin. Nat 
Genet. 2010; 42:181–5.

27. Chase A, Cross NCP. Aberrations of EZH2 in cancer. Clin 
Cancer Res. 2011; 17:2613–8.

28. Varambally S, Cao Q, Mani RS, Shankar S, Wang X, Ateeq 
B, Laxman B, Cao X, Jing X, Ramnarayanan K, Brenner 
JC, Yu J, Kim JH, et al. Genomic loss of microRNA-101 
leads to overexpression of histone methyltransferase EZH2 
in cancer. Science. 2008; 322:1695–9.

29. Smits M, Nilsson J, Mir SE, van der Stoop PM, Hulleman 
E, Niers JM, de Witt Hamer PC, Marquez VE, Cloos J, 
Krichevsky AM, Noske DP, Tannous BA, Würdinger T. 
miR-101 is down-regulated in glioblastoma resulting in 
EZH2-induced proliferation, migration, and angiogenesis. 
Oncotarget. 2010;1:710–20. http://doi.org/10.18632/
oncotarget.205.

30. Smits M, van Rijn S, Hulleman E, Biesmans D, van 
Vuurden DG, Kool M, Haberler C, Aronica E, Vandertop 
WP, Noske DP, Würdinger T. EZH2-regulated DAB2IP is 
a medulloblastoma tumor suppressor and a positive marker 
for survival. Clin Cancer Res. 2012; 18:4048–58.

31. Alimova I, Venkataraman S, Harris P, Marquez VE, 
Northcott P a, Dubuc A, Taylor MD, Foreman NK, 
Vibhakar R. Targeting the enhancer of zeste homologue 2 
in medulloblastoma. Int J Cancer. 2012; 131:1800–9.

32. Miller JA, Ding SL, Sunkin SM, Smith KA, Ng L, Szafer A, 
Ebbert A, Riley ZL, Royall JJ, Aiona K, Arnold JM, Bennet 
C, Bertagnolli D, et al. Transcriptional landscape of the 
prenatal human brain. Nature. 2014; 508:199-206.

33. Shi X, Zhang Z, Zhan X, Cao M, Satoh T, Akira S, Shpargel 
K, Magnuson T, Li Q, Wang R, Wang C, Ge K, Wu J. An 
epigenetic switch induced by Shh signalling regulates 
gene activation during development and medulloblastoma 
growth. Nat Commun. 2014; 5:5425.

34. Li P, Du F, Yuelling LW, Lin T, Muradimova RE, Tricarico 
R, Wang J, Enikolopov G, Bellacosa A, Wechsler-Reya RJ, 
Yang ZJ. A population of Nestin-expressing progenitors 

in the cerebellum exhibits increased tumorigenicity. Nat 
Neurosci. 2013; 16:1737–44.

35. Di Meglio T, Kratochwil CF, Vilain N, Loche A, Vitobello 
A, Yonehara K, Hrycai SM, Roska B, Peters AH, Eichmann 
A, Wellik D, Ducret S, Rijli FM. Ezh2 orchestrates 
topographic migration and connectivity of mouse 
precerebellar neurons. Science. 2013; 339:204–7.

36. Burgold T, Voituron N, Caganova M, Tripathi PP, Menuet C, 
Tusi BK, Spreafico F, Bévengut M, Gestreau C, Buontempo 
S, Simeone A, Kruidenier L, Natoli G, et al. The H3K27 
demethylase JMJD3 is required for maintenance of 
the embryonic respiratory neuronal network, neonatal 
breathing, and survival. Cell Rep. 2012; 2:1244–58.

37. Zhao L, Zhang Y, Gao Y, Geng P, Lu Y, Liu X, Lu J, Huang 
B. JMJD3 promotes SAHF formation in senescent WI38 
cells by triggering an interplay between demethylation and 
phosphorylation of RB protein. Cell Death Differ. 2015; 
22:1630-40.

38. Muto T, Sashida G, Oshima M, Wendt GR, Mochizuki-
Kashio M, Nagata Y, Sanada M, Miyagi S, Saraya A, kamio 
A, Nagae G, Nakaseko C, Yokote K, et al. Concurrent 
loss of Ezh2 and Tet2 cooperates in the pathogenesis of 
myelodysplastic disorders. J Exp Med. 2013; 210:2627-39.

39. Simon C, Chagraoui J, Krosl J, Gendron P, Wilhelm B, 
Lemieux S, Boucher G, Chanon P, Drouin S, Lambert R, 
Rondeau C, Bilodeau A, Lavallée S, et al. A key role for 
EZH2 and associated genes in mouse and human adult 
T-cell acute leukemia. Genes Dev. 2012; 26:651-6.

40. Li J, Hart RP, Mallimo EM, Swerdel MR, Kusnecov AW, 
Herrup K. EZH2-mediated H3K27 trimethylation mediates 
neurodegeneration in ataxia-telangiectasia. Nat Neurosci. 
2013; 16:1745–53.

41. Ben-Arie N, Bellen HJ, Armstrong DL, McCall AE, 
Gordadze PR, Guo Q, Matzuk MM, Zoghbi HY. Math1 is 
essential for genesis of cerebellar granule neurons. Nature. 
1997; 390:169–72.

42. Machold R, Fishell G. Math1 is expressed in temporally 
discrete pools of cerebellar rhombic-lip neural progenitors. 
Neuron. 2005; 48:17–24.

43. Kawauchi D, Ogg RJ, Liu L, Shih DJH, Finkelstein D, 
Murphy BL, Rehg JE, Korshunov A, Calabrese C, Zindy 
F, Phoenix T, Kawaguchi Y, Gronych J, et al. Novel MYC-
driven medulloblastoma models from multiple embryonic 
cerebellar cells. Oncogene. 2017. [Epub ahead of print].

44. Cavalli FMG, Remke M, Rampasek L, Peacock J, Shih 
DJH, Luu B, Garzia L, Torchia J, Nor C, Morrissy AS, 
Agnihotri S, Thompson YY, Kuzan-Fischer CM, et al. 
Intertumoral heterogeneity within medulloblastoma 
subgroups. Cancer Cell. 2017; 31:737-754.

45. Gajjar A, Packer RJ, Foreman NK, Cohen K, Haas-
Kogan D, Merchant TE; COG Brain Tumor Commmittee. 
Children’s Oncology Group’s 2013 blueprint for research: 
central nervous system tumors. Pediatr Blood Cancer. 2013; 
60:1022-6.



Oncotarget78988www.impactjournals.com/oncotarget

46. Liu H, Sun Q, Sun Y, Zhang J, Yuan H, Pang S, Qi X, Wang 
H, Zhang M, Zhang H, Yu C, Gu C. MELK and EZH2 
cooperate to regulate medulloblastoma cancer stem-like 
cell proliferation and differentiation. Mol Cancer Res. 
2017;15:1275-1286.

47. Vo BT, Li C, Morgan MA, Theurillat I, Finkelstein D, 
Wright S, Hyle J, Smith SM, Fan Y, Wang YD, Wu 
G, Orr BA, Northcott PA, et al. Inactivation of Ezh2 

upregulates Gfi1 and drives aggressive Myc-driven group 3 
medulloblastoma. Cell Rep. 2017; 18:2907-2917.

48. Northcott PA, Korshunov A, Witt H, Hielscher T, Eberhart 
CG, Mack S, Bouffet E, Clifford SC, Hawkins CE, French 
p, Rutka JT, Pfister S, Taylor MD. Medulloblastoma 
comprises four distinct molecular variants. J Clin Oncol. 
2011; 29:1408-14.


