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Central nervous system primitive neuro-ectodermal tumours (CNS-PNETS) are a group of
rare childhood embryonal brain tumours associated with a poor prognosis (approximately
50% overall survival) and defined by a common histology according to the current
consensus World Health Organisation (WHO) classification [7]. CNS-PNETSs occur
supratentorially and are defined by histological features shared with cerebellar PNETSs
(termed medulloblastomas), however the histological classification of CNS-PNET can be
challenging. Individual CNS-PNETS are often reclassified as other paediatric supratentorial
tumour groups, including anaplastic astrocytoma, atypical teratoid rhabdoid tumour
(ATRT), anaplastic oligodendroglioma and anaplastic ependymoma, following central
immunophenotypic and histological review [3, 12]. Initial studies have shown that
substantial molecular heterogeneity exists within CNS-PNETS; molecular features
characteristic of other cerebral brain tumour types (e.g. IDH1 mutation, CDKN2A deletion)
have been detected in subsets, but unifying genomic defects have not yet been reported [4, 8,
10, 11].

The recent definition of embryonal tumours with abundant neuropil and true rosettes
(ETANTR) as a discrete tumour entity occurring in very young children within the CNS-
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PNET group - characterised by focal amplification of 19913.42 and dismal outcome [5, 6, 9]
- suggests the existence of currently unrecognised molecular pathological variants, and a
refined understanding of CNS-PNET biology could lead to their improved subclassification
and the subsequent development of directed therapies.

We and others have recently demonstrated the utility of DNA methylation profiling for the
discovery and distinction of clinical and molecular sub-classes of brain tumour types
including medulloblastomas, gliomas and ependymomas [13-15]. To investigate the
potential of DNA methylation profiles to enhance the molecular classification of CNS-
PNETSs, we assessed 1505 CpG residues across 807 genes in a series of 29 archival CNS-
PNETSs using established methods [14], alongside assessment of clinical and molecular
characteristics (Figure 1h). All biopsies underwent central neuropathological review
according to WHO criteria [7] by a three pathologist panel (TSJ, KR and JL). Tumours
representing ETANTRs, CNS-PNETSs with significant glial (GFAP) or neuronal
(synaptophysin) differentiation, and SMARCB1/INI1-negative tumours (by
immunohistochemistry (IHC)), were excluded and not assessed, thus defining a study
population of morphologically homogeneous CNS-PNETS for analysis (Figure 1a). Finally,
DNA methylation profiles from 136 further paediatric brain tumours were generated
contemporaneously and assessed in comparison. These included medulloblastomas of
defined molecular subgroup (n=60; 15 representative examples each from the WNT
(MBwnT), SHH (MBsph), Group 3 (MBgyroypa) and Group 4 (MBgroupa) [14]), alongside
ependymomas (n=61; 45 posterior fossa (16 anaplastic, 29 classic; median age at diagnosis,
2.8 years), 16 supratentorial (9 anaplastic, 7 classic; median age, 6.9 years)) and cerebral
high-grade gliomas (pHGG; n=15; 12 glioblastoma multiforme, 3 anaplastic astrocytoma;
median age 7.1 years) with histology confirmed by central histological review (by WHO
criteria [7]).

We first undertook unsupervised clustering of the CNS-PNET tumour group based on their
DNA methylation patterns using non-negative matrix factorisation (NMF [2, 14]). Three
sub-groups produced the most consistent consensus clustering; the majority of tumours
clustered confidently into a single large group (21/29), while the two smaller remaining
groups (n<5) were less well defined (Figure 1b).

Next, we sought to compare the DNA methylation patterns observed for CNS-PNETS with
those of the seven other paediatric brain tumour groups with available data. Prior to the
addition of CNS-PNETS into our analysis, these tumours formed seven groups as expected
(Figure 1c,d,f), representing discrete confidently-defined (average silhouette width, 0.82)
groups of MBwnt, MBsyH, MBgroups and MBgroups, posterior-fossa ependymomas and
pHGG tumours, and a mixed tumour group containing all (n=16) supratentorial
ependymomas alongside some posterior fossa ependymomas (n=9) and pHGGs (n=3).
Whilst the inclusion of CNS-PNETS in the analysis yielded 8 optimal clusters (Figure
1c,e,f), the overall quality of these clusters was reduced (average silhouette width, 0.69) and
CNS-PNETSsS did not form a single discrete group; indeed, CNS-PNETS clustered into six of
the different tumour groups observed (Figure 1e,f), showing closer similarities to the other
clinically and molecularly-defined paediatric brain tumour groups investigated than to each
other.
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Finally, we made an initial assessment of relationships between the clustered CNS-PNETS
and other clinical and molecular disease features (Figure 1g,h). Although numbers were
limited, TP53 nuclear stabilisation was common and detected in most clusters, while TP53
mutation and MYCN amplification were rare. Most notably, both IDH1 mutations were
exclusively detected in pHGG-like CNS-PNETS arising in adults [4], although no pHGG-
characteristic HIST1H3B or H3F3A hotspot mutations were observed [15]. The single WNT
pathway-activating CTNNB1 mutation was detected in a MByynT-like CNS-PNET tumour.
No relationships to clinical or pathological disease features were observed in this cohort
(Figure 1h).

In summary, our data show that despite a defining histological homogeneity using current
diagnostic criteria, CNS-PNETSs display highly heterogeneous DNA methylation patterns
which are more commonly related to other paediatric brain tumour types than to each other.
These initial findings raise important issues in the classification of CNS-PNETSs and indicate
their current clinical definition and grouping by common ‘PNET’ histology [7], and
treatment using uniform therapeutic approaches, does not adequately address their
underlying biological and clinical complexity. Moreover, our data suggest the potential of
refined molecular sub-classification for the improved diagnosis and discrimination of CNS-
PNET molecular variants, and to support molecularly-directed clinical trials across tumour
types defined currently by clinical and pathological criteria.

Despite the modest resolution of our platform, robust discrimination of recognised non-
CNS-PNET tumour groups was achieved, both supporting these conclusions and
highlighting the potential benefits of higher-resolution molecular investigations in expanded
cohorts to validate and extend our findings. The variable DNA methylation patterns
observed in CNS-PNETS are likely to represent complex factors, including cellular and
developmental origins and ‘driver’ events in tumourigenesis [1]. The collection of snap-
frozen tumour cohorts will now be essential to support comprehensive integrated genomic/
epigenomic investigations, and comparison with transcriptomic features [11], which were
not tractable in our current archival cohort. Finally, understanding the biological
significance of epigenetic events in CNS-PNET and related tumour types could lead to the
development of novel and/or targeted approaches for the improved therapy of these tumours.
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Figure 1. Consensus clustering of CNS-PNETswith other molecularly and histologically-defined
paediatric brain tumour s does not identify a discrete CNS-PNET tumour subgroup

a. Representative photomicrograph of histologically homogeneous CNS-PNETS selected for
analysis (H&E stain). A scale bar at 200um shown. b. Consensus clustering of DNA
methylation patterns in 29 CNS-PNETSs: NMF using standard methods was carried out over
100 runs for 3 to 6 metagenes, with the peak cophenetic coefficient supporting three groups
(metagenes). Consensus heatmap shows the consistency with which each sample was
assigned to the 3 clusters (termed 1 to 3). c-h. Consensus clustering of CNS-PNETSs with
other molecularly and histologically-defined paediatric brain tumours. c. Plot shows average
reproducibility with which each tumour was assigned to the same subgroup over 250
iterations. The highest reproducibility was observed at 7 metagenes (in mixed brain tumour
cohort omitting CNS-PNETSs) and 8 metagenes (in mixed brain tumour cohort including
CNS-PNETS). d,e. Silhouette plots demonstrate that addition of CNS-PNETS reduces cluster
quality and does not identify a discrete, CNS-PNET cluster. For each silhouette plot, the
samples are coloured to show their originating tumour group. MBgyn, red; MBwnT, blue;
MBgp3, yellow; MBgp4, dark green; pHGGs, purple; posterior fossa (PF) ependymomas,
brown; supratentorial ependymomas, pink; CNS-PNETS, black. The number of tumours and
silhouette width for each group are shown. d. Silhouette plot without CNS-PNETS. e.
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Silhouette plot with included CNS-PNETS. f. Principal component analysis (PCA) plots of
clusters assigned by iterative, consensus NMF clustering, with covariance spheroids (95%
confidence intervals) shown for each group. g. Relationships between assignment of CNS-
PNET samples to clusters identified in analysis of CNS-PNETs-alone (b) or within analysis
of multiple paediatric brain tumour groups (€). h. Clinico-pathological and molecular
correlates of identified clusters. Infant (<3.0 years), adult (>16.0 years), male patients, M
stage 2/3 tumours and patients dead of their disease are shown black. Patients with
mutations in the brain-tumour associated genes CTNNBL, IDH1, HIST1H3B and H3F3A are
shaded black. Finally, patients positive for TP53 IHC, TP53 mutation (mut) or MYCN
amplification (amp) are shown (also black). For each track, missing data is shown grey. ‘p’
values are shown from chi-squared tests of incidence between groups.
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