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Childhood pilocytic astrocytomas (PA) are low-grade tumours with an excel-

lent prognosis. However, a minority, particularly those in surgically inaccessible

locations, have poorer long-term outcome. At present, it is unclear whether

anatomical location in isolation, or in combination with underlying biological

variation, determines clinical behaviour. Here, we have tested the utility of

DNA methylation profiling to inform tumour biology and to predict behaviour

in paediatric PA. Genome-wide DNA methylation profiles were generated for

117 paediatric PAs. Using a combination of analyses, we identified DNA

methylation variants specific to tumour location and predictive of behaviour.

Receiver-operating characteristic analysis was used to test the predictive utility

of clinical and/or DNA methylation features to classify tumour behaviour at

diagnosis. Unsupervised analysis distinguished three methylation clusters asso-

ciated with tumour location (cortical, midline and infratentorial). Differential

methylation of 5404 sites identified enrichment of genes involved in ‘embryonic

nervous system development’. Specific hypermethylation of NEUROG1 and

NR2E1 was identified as a feature of cortical tumours. A highly accurate

method to classify tumours according to behaviour, which combined three clin-

ical features (age, location and extent of resection) and methylation level at a

single site, was identified. Our findings show location-specific epigenetic profiles

for PAs, potentially reflecting their cell type of origin. This may account for dif-

ferences in clinical behaviour according to location independent of histopathol-

ogy. We also defined an accurate method to predict tumour behaviour at

diagnosis. This warrants further testing in similar patient cohorts.

Abbreviations

AUC, area under the curve; CNS, central nervous system; DMP, differentially methylated probe; DNA, deoxyribonucleic acid; EFS, event-

free survival; FFPE, formalin-fixed paraffin-embedded; HM450K, Illumina Infinium HumanMethylation450 BeadChip Array; HREC, Human

Research Ethics Committee; MAPK, mitogen-activated protein kinase; MRI, magnetic resonance imaging; PA, pilocytic astrocytoma; PC,

principal component; RCH, Royal Children’s Hospital; ROC, receiver-operating characteristic; SEQUENOM, SEQUENOM MassARRAY; SNP,

single nucleotide polymorphism.

1219Molecular Oncology 12 (2018) 1219–1232 ª 2017 The Authors. Published by FEBS Press and John Wiley & Sons Ltd.

This is an open access article under the terms of the Creative Commons Attribution License, which permits use,

distribution and reproduction in any medium, provided the original work is properly cited.



1. Background

Pilocytic astrocytoma (PA), a WHO-grade I glial

tumour, is the most common central nervous system

(CNS) tumour in children, accounting for 15% of all

diagnoses (Ostrom et al., 2015). Approximately 5–10%
of PAs arise in children with neurofibromatosis type 1,

most occurring in the optic pathway (Marko and Weil,

2012). In contrast, sporadic PAs arise most commonly

in the cerebellum, followed by the supratentorial

region, optic pathway and hypothalamus, brainstem

and spinal cord (Burkhard et al., 2003; Collins et al.,

2015). PAs grow slowly and rarely transform to higher

grades or metastasise (Collins et al., 2015); however,

the possibility of local recurrence remains (particularly

after incomplete surgical resection) (Dodgshun et al.,

2016; Gnekow et al., 2012; Youland et al., 2013). PA

in childhood has an excellent prognosis, with a 10-year

overall survival rate of over 90% (Bandopadhayay

et al., 2014; Collins et al., 2015; Ohgaki and Kleihues,

2005); however, age (< 2 years), location (extracerebel-

lar) and incomplete resection are associated with

poorer outcome (Bandopadhayay et al., 2014; Collins

et al., 2015). Whilst overall survival is an important

measure of treatment outcome, long-term morbidity

and the quality of survival is a crucial consideration

when deciding upon treatment.

Given that location strongly influences the degree of

resection, treatment approach, chance of recurrence

and associated treatment-related morbidity, under-

standing possible location-specific biological behaviour

is important (Marko and Weil, 2012; Zhang et al.,

2013). Whilst there is no difference in the frequency of

copy number variations according to PA location,

there is evidence to show that tumour location is asso-

ciated with specific MAPK pathway alterations (Jones

et al., 2006; Pfister et al., 2008). For example,

KIAA1549-BRAF fusions are more common in poste-

rior fossa tumours (up to 90%), compared to supra-

tentorial tumours (33–59%), and BRAF V600E

mutations are more frequent in supratentorial tumours

(~ 18%) than those in the posterior fossa (~ 3%)

(Bergthold et al., 2015; Horbinski, 2013; Zhang et al.,

2013). These location-specific alterations are also seen

in gene expression analyses that show significant differ-

ences between supratentorial and infratentorial PAs

and between hypothalamic/chiasmatic and posterior

fossa PAs (Bergthold et al., 2015; Sharma et al., 2007;

Tchoghandjian et al., 2009).

Whilst the role of the MAPK pathway in PA is well

known, less is known about other ‘layers’ of molecular

disruption, including DNA methylation. DNA

methylation analysis has identified clinically distinct

subtypes of CNS tumours including medulloblastoma,

ependymoma, anaplastic astrocytoma and glioblas-

toma (Northcott et al., 2015; Pajtler et al., 2015;

Sturm et al., 2012; Wiestler et al., 2014); therefore, it

is relevant to investigate its role in PA. Recently, Lam-

bert et al. (2013) identified genome-wide DNA methy-

lation differences between 62 supratentorial and

infratentorial PAs with concurrent changes in gene

expression.

In the current study, we aimed to build on this

work, refining DNA methylation signatures of PAs in

specific brain regions and exploring the potential of

DNA methylation to predict tumour recurrence.

Importantly, whilst most of the previous work has

focussed on infratentorial versus supratentorial loca-

tion alone, we have compared three location groups

of infratentorial, midline and cortical origin. Group-

ing tumours in this way allows investigation of supra-

tentorial midline tumours separately to those of the

cerebral cortex, a clinically important consideration

given the difficulty of surgical resection and high

rates of recurrence in midline tumours (Tchoghand-

jian et al., 2009).

2. Materials and methods

2.1. Tumour samples

Tumour samples from two cohorts were used in the

study: the Melbourne cohort and the Cambridge/Hei-

delberg cohort. The first comprised formalin-fixed,

paraffin-embedded (FFPE) tumour tissue from 73

children diagnosed with PA at the Royal Children’s

Hospital (RCH), Melbourne, between 1998 and 2014.

Diagnosis of PA was confirmed by histological assess-

ment by a paediatric anatomical pathologist (D.M.).

None had undergone chemotherapy or radiotherapy

prior to resection. Recurrence status, defined as the

presence or absence of increased growth or regrowth

at the original resection site reported in any surveil-

lance magnetic resonance imaging (MRI) scans during

a five-year period from diagnosis, was available for

60 patients. This study was approved by the RCH

Human Research Ethics Committee, HREC #34040A

and #34049C. The Cambridge/Heidelberg cohort

comprised 58 snap-frozen paediatric PA tissues from

tissue banks in Cambridge, United Kingdom and

Heidelberg, Germany. The features of this cohort

have been previously described (Lambert et al., 2013).

An overview of the samples used for each analysis is

shown in Fig. 1.
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2.2. DNA extraction

Haematoxylin and eosin-stained slides from the Mel-

bourne cohort were reviewed by D.M. to ensure tumour

content of ≥ 90%. Between 2 and 4 10-lm FFPE sec-

tions were cut and deparaffinised with xylene, and DNA

was extracted using the QIAamp DNA FFPE Tissue

Kit (QIAGEN, Dusseldorf, Germany). DNA was

extracted from snap-frozen tissue in the Cambridge/Hei-

delberg cohort, with a tumour cell content of ≥ 70%, as

previously described (Lambert et al., 2013).

2.3. Genome-wide DNA methylation detection

Melbourne cohort: Genome-wide DNA methylation

was measured on bisulfite-converted genomic DNA

using the Illumina Infinium HumanMethylation450

BeadChip Array (HM450K) at ServiceXS (the Nether-

lands). Cambridge/Heidelberg cohort: Genome-wide

DNA methylation was measured on bisulfite-converted

genomic DNA using the HM450K array at the Ger-

man Cancer Research Centre Genomic and Proteomics

Core Facility. Raw methylation data from both

cohorts were combined for analysis. Data were pro-

cessed using the lumi and minfi packages for R and

normalised using SWAN (Maksimovic et al., 2012).

Probes on the X and Y chromosomes, associated with

single nucleotide polymorphisms (minor allele fre-

quency > 1%), or which failed in one or more samples

were removed, leaving data for 422 877 probes com-

mon to all samples for subsequent analysis. Probable

BRAF fusion status was predicted by manual

inspection of copy number profiles generated from

HM450K data by the conumee package for R. Control

brain: raw HM450K array IDAT files for 14 snap-fro-

zen control adult brain tissues were obtained from

D.T.W.J. Tissues were from the cerebellum, hypothala-

mus and cerebral hemispheres. Data were processed as

above, which yielded data for 453 805 probes.

2.4. Locus-specific DNA methylation detection

Approximately 10 ng of genomic DNA was bisulfite-

converted using the MethylEasy Xceed Kit (Human

Genetic Signatures, Randwick, Australia). Methylation

assays for the validation of HM450K data were designed

using EPIDESIGNER software (http://www.epidesigner.c

om) that covered target probe regions of interest. Primer

sequences and annealing temperatures are shown in

Table S1. Predicted cleavage patterns were determined

using the MassArray package for R. DNA methylation

was detected using the SEQUENOM MassARRAY

platform and EpiTYPER software (SEQUENOM). All

samples were amplified and assayed in triplicate, and the

mean methylation value was calculated after discarding

outliers (deviation of � 10% from the median) as previ-

ously described (Ollikainen et al., 2010).

2.5. BRAF mutation detection

Melbourne cohort: samples were analysed for the pres-

ence of the BRAF V600E mutation by sequencing as

previously described (Myung et al., 2012); primer

sequences and annealing temperatures are shown in

Fig. 1. Study overview. Data were generated from two cohorts for the analysis of tumour location differences in DNA methylation profile;

this included 59 tumours from the Melbourne cohort (with sufficient DNA for analysis by the HM450K array) and 58 tumours collected from

Cambridge/Heidelberg. Tumour behaviour analysis was restricted to 60 samples from the Melbourne cohort (those with sufficient clinical

information); of those, 46 had sufficient DNA for analysis by the HM450K array and 59 had sufficient DNA for analysis by SEQUENOM.
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Table S2. Cambridge/Heidelberg cohort: samples were

analysed for the presence of BRAF mutations as previ-

ously described (Lambert et al., 2013).

2.6. Immunohistochemistry

Immunohistochemistry was performed on paraffin-

embedded sections using the BenchMark ULTRA system

(Roche, Castle Hill, Australia). Anti-NR2E1 antibody

was obtained from Abcam (Cambridge, UK) and diluted

1 : 250 with Ventana antibody dilution buffer (Roche).

2.7. Data analysis

Multidimensional scaling plots, which encompass a

Euclidean distance determination of relatedness, were

generated from all methylation values. Supervised anal-

ysis was performed using the WGCNA and limma

packages for R. Linear regression analysis was used to

compare methylation between groups according to

tumour location, taking into account the following

covariates: study cohort, HM450K chip number and

patient age, as identified by principal component (PC)

analysis as contributing significantly (P < 0.05) to over-

all variation. Linear regression analysis was also used

to compare methylation between groups according to

tumour behaviour, taking into account the following

covariates: HM450K chip number, tumour location,

patient age and patient sex, as identified by PC analysis

as contributing significantly (P < 0.05) to overall varia-

tion. The Benjamini–Hochberg FDR method (Ben-

jamini and Hochberg, 1995) was used to adjust for

multiple testing when defining statistically differentially

methylated probes (DMPs). Methylation distribution

at individual genes and sites according to location or

behaviour was assessed using the Mann–Whitney U-

test. Correlations of SEQUENOM methylation values

with HM450K values were assessed using Pearson’s

correlation coefficient. Kaplan–Meier curves were pro-

duced using the survival package for R. Comparison of

event-free survival (EFS) times between groups was

made using the two-tailed log-rank test. An ‘event’ was

defined as increased growth, or regrowth at the original

resection site reported in any surveillance MRI scans

during a five-year period from diagnosis. Receiver-

operating characteristic (ROC) analysis was performed

to identify whether clinical features, alone or in combi-

nation, could accurately classify tumours into ‘re-

curred’ and ‘no recurrence’ behaviour categories.

Ability to classify correctly can be inferred by the area

under the curve (AUC) value, which ranges from 0 to

1.0. AUC values were determined using ROC analysis

using the pROC package for R.

2.8. Pathway analysis

A list of 1806 individual genes, corresponding to 5404

probes (adjusted P ≤ 0.01), identified as differentially

methylated between tumour locations, was interro-

gated using a core analysis approach in the Ingenuity

Pathway Analysis package (www.ingenuity.com).

3. Results

In total, 117 paediatric PAs were subject to genome-

wide DNA methylation analysis. These comprised

tumours from eight infants (0–18 months), 87 children

(19 months–11 years) and 22 adolescents (12–
18 years). The majority of tumours were infratentorial

(82), with 23 midline and 12 cortical (Table S3). Of

tumours, 71% had a BRAF fusion and 8% had a

BRAF V600E mutation. There were no significant dif-

ferences in patient sex, age or tumour location between

cohorts (all P > 0.05, Fisher’s exact test).

3.1. DNA methylation profiling identifies three PA

subgroups according to tumour location

Principal component analysis was used to define the

major sources of variation within the data set. This

revealed PC2 as primarily being due to study and/or

sample source, which was taken into account in subse-

quent analyses. Multidimensional scaling analysis of

PC1 vs PC3 and PC1 vs PC4 largely separated

tumours according to anatomical location (Fig. 2A,B),

confirming a distinct DNA methylation profile of each.

Linear regression analysis identified 5404 DMPs (ad-

justed P ≤ 0.01) between the three different regions.

Unsupervised hierarchical clustering using the top

1000 DMPs demonstrated that cortical and infratento-

rial tumours had widely disparate methylation profiles,

whereas the midline group of tumours variously clus-

tered with the infratentorial or cortical tumours

(Fig. 3). A role for tissue of origin (as opposed to dif-

ferences in PA tumours per se) in driving this effect is

supported by clustering of control brain tissue from

the same regions in adults, which clearly separated by

tissue of origin and showed a similar methylation ‘pat-

tern’ to the paediatric PA samples.

3.2. Differentially methylated genes are enriched

for roles in embryonic nervous system

development networks

Pathway analysis of 1806 genes associated with loca-

tion-specific DMPs (adjusted P ≤ 0.01) identified a sig-

nificant enrichment for ‘embryonic nervous system
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development’ and ‘nervous system development and

function’ networks. Of particular interest were genes

associated with neuroglial development. Given their

involvement in this pathway, NR2E1 (nuclear receptor

subfamily 2 group E) and NEUROG1 (neurogenin 1)

were chosen for further targeted investigation. NR2E1

contained 17 DMPs located in the gene body, and

NEUROG1 contained six in the transcription start site.

As shown in Fig. 4A,B, NR2E1 and NEUROG1 had

significantly higher levels of methylation in cortical

tumours relative to infratentorial and midline tumours

(P ≤ 0.05). Infratentorial tumours also had significantly

lower levels of methylation in NR2E1 and NEUROG1

when compared to midline tumours (P ≤ 0.01).

A

B

Infratentorial
Midline
Cor�cal

Infratentorial
Midline
Cor�cal

Fig. 2. (A) Beta values for 422 877 HM450K probes were used to produce an MDS plot of sample relatedness over principal components 1

and 3. This revealed two methylation clusters with overlap between infratentorial and cortical tumours, and that tumour location is an

important source of variation in DNA methylation profile. (B) Beta values for 422 877 HM450K probes were used to produce an MDS plot of

sample relatedness over principal components 1 and 4. This revealed two methylation clusters with overlap between infratentorial and

midline tumours, and that tumour location is an important source of variation in DNA methylation profile.

1223Molecular Oncology 12 (2018) 1219–1232 ª 2017 The Authors. Published by FEBS Press and John Wiley & Sons Ltd.

A. Sexton-Oates et al. DNA methylation in pilocytic astrocytoma



3.3. Differential methylation of NR2E1 is not

associated with differential protein expression

Immunohistochemical staining was performed on 59

PAs (Melbourne cohort) to detect expression of

NR2E1. Results showed variable expression across

tumours with no clear differences between tumours

from different locations (Fig. 5). Furthermore, there

was considerable variation in expression within indi-

vidual tumour tissues (Fig. 5A,B). Control tissue (nor-

mal cortex) was stained consistently across all slides.

3.4. DNA methylation profiling reveals limited

variation associated with tumour recurrence

A subset of 46 tumours from the initial 117 had suffi-

cient data related to disease course to be included in

an analysis of factors contributing to tumour recur-

rence. Within five years of diagnosis, 18 tumours had

recurred, whilst 28 had not (Table S4). Unsupervised

analysis of methylation data from probes contributing

to the first two PCs of variation in the total data set

(or any other specific PC combinations) did not sepa-

rate cases according to tumour behaviour.

Linear regression analysis identified 4935 DMPs

(unadjusted P ≤ 0.01) associated with tumour beha-

viour, one of which (cg13890972) remained significant

after FDR correction. Unfortunately, due to being

located within a repetitive genomic region (12p11.22),

this could not be validated using locus-specific analy-

sis. Three additional CpG sites (of low unadjusted P-

value) were therefore selected for verification and vali-

dation: cg24641352 (located in the transcription start

site of ZFP41), cg11691093 (located in the gene body

of MYH9) and cg02343451 (no gene association). Each

showed a significant difference in methylation between

the two behaviour groups (P ≤ 0.01, Fig. 6B,E,H).

Locus-specific methylation analysis (SEQUENOM)

was carried out for each of these three sites on 45 of

the 46 above samples (one sample had insufficient

DNA and tissue for analysis), and an additional 14

paediatric PAs from Melbourne (nine that recurred

and five that did not). Results largely validated the

HM450K data, with good correlations (R value)

between the two platforms (Fig. 6A,D,G). Further, the

three sites remained significantly differentially methy-

lated between the two behaviour groups (P ≤ 0.05) in

the replication cohort (Fig. 6C,F,I).

control adult brain

BRAF muta�on status
BRAF fusion status

Age
Loca�on

BRAF muta�on status
V600E
No muta�on
Unknown

BRAF fusion status
Any fusion
No fusion

Age
Infant
Child
Adolescent
Adult

Loca�on
Infratentorial
Midline
Cor�cal

Fig. 3. Individual samples are plotted on the x-axis, and individual probes on the y-axis. Completely unmethylated probes (beta value of 0) are

represented by yellow, and completely methylated probes (beta value of 1) are represented as red; values in between 0 and 1 are

represented by a spectrum of colours from yellow and red. The branch dendrogram indicates the relatedness of samples by methylation;

branches closer together are more similar than those further apart. The histogram depicts the distribution of methylation levels across all

samples and probes; the beta value is plotted on the x-axis and the number of probes on the y-axis. The heatmap showed that the majority of

tumours in each location group clustered together, with the exception of two infratentorial tumours and four cortical tumours that clustered

with the midline tumours. Infratentorial and cortical tumours had widely disparate methylation levels across the 1000 probes, whilst midline

tumours variably clustered with the infratentorial and cortical tumours. Over the 1000 probes, control adult brain clustered by region of origin.
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3.5. Clinical features in isolation are associated

with event-free survival time and predict tumour

recurrence in paediatric PA

Clinical features known to be associated with poorer

outcome in paediatric PA were assessed for their effect

on EFS in the Melbourne cohort. As shown in Fig. 7,

EFS was significantly shorter in (a) patients diagnosed

as infants relative to those diagnosed in childhood, (b)

those with subtotal resection as opposed to gross-total

resection and (c) those with a tumour in the midline

relative to those with a cortical or infratentorial

tumour (all P ≤ 0.05). Patient age (infant vs noninfant,

AUC = 0.64), tumour location (midline vs non-mid-

line, AUC = 0.68) and extent of surgical resection

(subtotal vs gross-total, AUC = 0.75) all had some

independent utility in classifying tumours into beha-

viour groups, with the highest AUC obtained by com-

bining all three features (0.84, Table S5).

3.6. DNA methylation combined with clinical

features increases predictive accuracy

Two of the three selected HM450K probes gave a

higher AUC value than clinical features (individually

or combined) in isolation, with methylation at

NEUROG1 (6 probes)NR2E1 (17 probes)
P ≤ 0.01

P ≤ 0.05

P ≤ 0.01

P ≤ 0.01
P ≤ 0.01

P ≤ 0.01

A B

Fig. 4. Box and whisker plots show median, interquartile range, lowest value within 1.5 9 IQR, largest value within 1.5 9 IQR and outliers

for each location group. Median methylation level of cortical, midline and infratentorial tumours across (A) 17 probes in the NR2E1 gene

body (cortical: 0.67, midline: 0.54, infratentorial: 0.26) and (B) six probes in the transcription start site of NEUROG1 (cortical: 0.48, midline:

0.35, infratentorial: 0.29).

A B

C D

Fig. 5. Immunohistochemical staining for NR2E1 in tumours from three different locations. (A) Dense region of staining seen within an

infratentorial tumour and (B) sparse staining within the same tumour. (C) Staining pattern in a midline tumour. (D) Staining pattern in a

cortical tumour. Results showed variable expression across tumours with no clear differences between tumours from different locations.

Furthermore, there was considerable variation in expression within individual tumour tissues.
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R = 0.83 
P < 0.001 

R = 0.94 
P < 0.001 

R = 0.64 
P < 0.001 

P < 0.001 

P < 0.001 

P < 0.001 

P = 0.03 

P < 0.01 

P < 0.01 

A B C

D E F

G H I

Fig. 6. (A) Correlation between HM450K and SEQUENOM at cg24641352 (n = 44). (B) Median methylation at cg24641352 (HM450K) was

significantly higher in tumours that recurred than in those that did not (0.69 vs 0.50, n = 46). (C) Median methylation at cg24641352

(SEQUENOM) was significantly higher in tumours that recurred than in those that did not (0.47 vs 0.37, n = 53). (D) Correlation between

HM450K and SEQUENOM at cg11691093 (n = 42). (E) Median methylation at cg11691093 (HM450K) was significantly higher in tumours

that recurred than in those that did not (0.69 vs 0.58, n = 46). (F) Median methylation at cg11691093 (SEQUENOM) was significantly higher

in tumours that recurred than in those that did not (0.58 vs 0.49, n = 54). (G) Correlation between HM450K and SEQUENOM at

cg02343451 (n = 39). (H) Median methylation at cg02343451 (HM450K) was significantly lower in tumours that recurred than in those that

did not (0.62 vs 0.82, n = 46). (I) Median methylation at cg02343451 (SEQUENOM) was significantly lower in tumours that recurred than in

those that did not (0.65 vs 0.93, n = 43).
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cg02343451 alone producing the highest AUC value of

0.89 (Table S6). To extend this, ROC analysis was car-

ried out on SEQUENOM data of each site individu-

ally and all three sites in combination.

ROC analysis identified that age, location or resec-

tion status, combined with methylation at cg02343451

(measured by HM450K), produced higher AUC values

(0.90, 0.93 and 0.92, respectively) than methylation or

clinical features in isolation (Table 1). The combina-

tion of resection and methylation at cg02343451 (mea-

sured by SEQUENOM) also provided a higher AUC

value (0.87) than methylation features (SEQUENOM),

or clinical features, in isolation (Table 1). The greatest

predictive power was obtained from the combination

of all three clinical features with methylation at

cg02343451 (measured either by HM450K or by

SEQUENOM), with AUC values of 0.95 and 0.94,

respectively (Table 1).

4. Discussion

Aberrant DNA methylation has been studied exten-

sively in cancer and is a near ubiquitous feature of

human neoplasia (Jones and Baylin, 2002). DNA

methylation has the potential to provide insights into

tumour biology, to identify biomarkers of disease

progression and to inform novel treatment approaches

(Jones and Baylin, 2002). In the current study, we have

used genome-wide DNA methylation analysis to iden-

tify location-specific DNA methylation differences in

tumours of infratentorial, midline and cortical origin

and to identify a potential biomarker predictive of

tumour behaviour in paediatric PA.

Histologically, PAs from different brain regions are

generally indistinguishable from one another; however,

their variable behaviour suggests that there may be

underlying biological or tumour microenvironmental

differences that contribute to disease progression

(Chen and Gutmann, 2014; Gilbertson and Gutmann,

2007). It is hypothesised that glial tumours, such as

PA, can arise from either mature astrocytes, radial

glial cells or neural stem cells (NSCs) and that

tumours in different brain regions may arise from dif-

ferent precursor cell populations, contributing to their

variable behaviour (Chen and Gutmann, 2014; Gilbert-

son and Gutmann, 2007). Furthermore, it is under-

stood that different cell types in the CNS respond

differently to extrinsic factors depending on their loca-

tion; for example, the loss of NF1 expression in corti-

cal astrocytes has no effect on cell proliferation

in vitro, whereas loss in optic nerve, cerebellar and

brainstem astrocytes results in increased cell

Fig. 7. Probability of survival at any particular time point is shown on the y-axis; time (months) is shown on the x-axis. (A) Patients

diagnosed as infants had significantly shorter EFS than those diagnosed as children (P ≤ 0.05). There was no significant difference in EFS

between patients diagnosed as children or during adolescence, or between patients diagnosed as infants or during adolescence. (B)

Patients who underwent subtotal resection had significantly shorter EFS than those who underwent gross-total resection (P ≤ 0.01). (C)

Patients with a tumour located in the midline had a significantly shorter EFS than those with a tumour located in the cortical or infratentorial

regions (both P ≤ 0.05). There was no significant difference in EFS between patients with a cortical tumour as compared to those with an

infratentorial tumour.
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proliferation (Yeh et al., 2009). Additionally, cerebel-

lum and third ventricle-derived NSCs from the brain-

stem of mice expressing KIAA1549-BRAF (by

retroviral infection) exhibit increased proliferation,

whilst NSCs from the lateral ventricle subventricular

zone and neocortex do not (Kaul et al., 2012; Lee

et al., 2012).

The notion that underlying biological features of

paediatric PA differ by location, partly due to the cell

(s) of origin, is supported by several previous studies.

These have shown that histologically identical tumours

have different methylation and gene expression profiles

depending on their location and that these differences

are associated with genes involved in nervous system

development pathways (Bergthold et al., 2015; Lam-

bert et al., 2013; Sharma et al., 2007; Tchoghandjian

et al., 2009). Here, we have provided further evidence

in support of this concept, identifying location-specific

differential methylation of genes involved in embryonic

nervous system development, several of which have

been previously reported, including LHX2, NR2E1,

SIX3, PAX3 and IRX2 (Bergthold et al., 2015; Lam-

bert et al., 2013; Sharma et al., 2007; Tchoghandjian

et al., 2009). Additionally, our analysis showed that

many of the location-specific differences identified in

DNA methylation profile were reflected in control

adult brain, which supports the concept that tissue of

origin is an important driver of DNA methylation pro-

file of histologically similar tumours.

To further explore this, we investigated two such

genes, NEUROG1 and NR2E1. During embryonic

development, most progenitor cells in the CNS can

generate neurons, astrocytes and oligodendrocytes,

with cell-fate specification controlled by a number of

molecules including NEUROG1 (Gilbertson and Gut-

mann, 2007; Ma et al., 1997). NEUROG1 is a proneu-

ral transcription factor that inhibits differentiation of

NSCs into astrocytes (Sun et al., 2001). Neurog1 is

also expressed in the developing rodent CNS adjacent

to, and in a nonoverlapping pattern with, another neu-

ronal development gene Mash1, which suggests that it

is involved in the development of location-specific

NSC populations (Ma et al., 1997). We found signifi-

cantly higher methylation in the transcription start site

of NEUROG1 in cortical tumours when compared

with both midline and infratentorial tumours. Midline

tumours also had significantly higher methylation than

infratentorial tumours. In combination, these findings

suggest that PAs from different locations may develop

from progenitor cells with different location-specific

genetic and epigenetic profiles.

NSCs are present in the adult brain, but remain in

an inactive nondividing state (Niu et al., 2011). The

nuclear receptor tailless (NR2E1) acts as a key regula-

tor of NSC expansion during fetal forebrain develop-

ment and maintains NSCs in the adult brain (Park

et al., 2010; Sharma et al., 2007). Recently, it has been

demonstrated that Nr2e1 expression can activate post-

natal NSCs in young mice (Niu et al., 2011), whereas

overexpression in adult mice leads to a migration of

NSCs from their natural niche, to the production of

neurons and to the development of gliomas (Liu et al.,

2010). In humans, increased NR2E1 expression has

been reported in glioma cell lines and glial tumours

including astrocytomas (Liu et al., 2010). Overexpres-

sion is correlated with poorer survival in patients with

glioma (Park et al., 2010). In this study, we identified

NR2E1 to have significantly higher gene body methy-

lation in cortical relative to midline and infratentorial

tumours. Midline tumours also had significantly higher

methylation than infratentorial tumours. This confirms

findings from work by Lambert et al. who also identi-

fied hypermethylation in the gene body of NR2E1 in

supratentorial tumours in comparison with infratento-

rial tumours. This was associated with significantly

higher NR2E1 expression (Lambert et al., 2013), in

Table 1. ROC analysis: utility of clinical and DNA methylation features to predict tumour recurrence.

Features

HM450K SEQUENOM

AUC 95% Confidence Interval AUC 95% Confidence Interval

Age + cg24641352 0.58 0.38–0.78 0.55 0.37–0.72

Age + cg11691093 0.55 0.35–0.74 0.55 0.38–0.72

Age + cg02343451 0.90 0.80–1.00 0.79 0.63–0.95

Location + cg24641352 0.53 0.32–0.73 0.60 0.43–0.76

Location + cg11691093 0.52 0.32–0.73 0.60 0.43–0.77

Location + cg02343451 0.93 0.85–1.00 0.82 0.67–0.96

Resection + cg24641352 0.60 0.39–0.80 0.62 0.45–0.79

Resection + cg11691093 0.62 0.42–0.81 0.59 0.42–0.76

Resection + cg02343451 0.92 0.83–1.00 0.87 0.76–0.99

Age, location, resection + cg02343451 0.95 0.89–1.00 0.94 0.87–1.00
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accordance with an earlier study that identified nine-

fold higher expression of NR2E1 in supratentorial in

comparison with infratentorial PAs (Sharma et al.,

2007). Despite the previous work showing differential

expression depending on tumour location, in the cur-

rent study we showed variable expression of the

NR2E1 protein across all tumours irrespective of loca-

tion, as well as within tumours. This was not apparent

in control tissue (normal cortex); therefore, it is unli-

kely to be a technical artefact and is consistent with

dysregulation of expression of NR2E1 in PA. These

contrasting findings require further investigation in

order to better understand the role of NR2E1 in the

development of PA.

An important aspect in the treatment of paediatric

PA is managing tumour recurrence, associated with

extracerebellar tumour location, subtotal surgical resec-

tion and poorer outcomes (Armstrong et al., 2009;

Bandopadhayay et al., 2014; Collins et al., 2015;

Dodgshun et al., 2016; Fernandez et al., 2003; Krish-

natry et al., 2016; Lund et al., 2011; Ohgaki and Klei-

hues, 2005; Youland et al., 2013). At present, there are

limited data related to the molecular features underpin-

ning this behaviour. Although we were unable to eluci-

date any differentially methylated biological networks

between recurring and nonrecurring tumours, we were

able to define an accurate method to classify tumours

into behaviour groups at diagnosis by combining

patient age, tumour location, extent of resection and

DNA methylation at a specific CpG site. This is the

first report demonstrating the utility of a molecular fea-

ture in predicting recurrence in paediatric PA and has

potential implications for clinical management particu-

larly selection of surveillance and treatment protocols.

5. Conclusion

In summary, this study has identified distinct loca-

tion-specific DNA methylation profiles in a large

cohort of paediatric PA, indicating that despite

their often identical histology, they have different

underlying location-specific epigenetic properties

potentially determined by the progenitor cells from

which they develop (Gilbertson and Gutmann,

2007). Further in-depth analysis of epigenetic,

genetic, gene expression and tumour microenviron-

mental factors will help to further characterise the

progenitor cell(s) of PA, potentially explaining their

behaviour. Importantly, whilst previous studies have

explored differences between tumours at the level of

the three-vesicle stage of development, forebrain

(supratentorium, hypothalamus/chiasm) and hind-

brain (infratentorium/posterior fossa), in the current

study we have explored differences between tumours

at the level of the five-vesicle stage of development,

the telencephalon (cortical/cerebral hemisphere),

diencephalon (midline supratentorial structures

including thalamus and optic nerve and tract) and

metencephalon (infratentorium; Kandel et al., 2000).

Grouping tumours in this way allows investigation

of supratentorial midline tumours separately to

those in the cerebral cortex, a clinically relevant

comparison considering the difficulty of surgical

resection and high rates of recurrence in midline

tumours (Tchoghandjian et al., 2009). Furthermore,

the study also identified a highly accurate method

to classify tumours into behaviour groups at diag-

nosis. This provides a basis from which to conduct

future studies, applying more powerful machine-

based learning approaches to DNA methylation

profiles in a larger tumour series, and offers consid-

erable promise to more fully explore the potential

of methylation as a predictive tool in paediatric

CNS (and other) tumours.
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