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Abstract

Tumors of the central nervous system (CNS) often display a wide morphologic spectrum that 

has, until recently, been the sole basis for tumor classification. The introduction of the integrated 

histomolecular diagnostic approach in CNS tumors has facilitated a classification system that 

is increasingly data-driven and with improved alignment to clinical outcome. Here, we report a 

previously uncharacterized glioma type (n = 31) using unsupervised clustering analysis of DNA 
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methylation array data from approximately 14,000 CNS tumor samples. Histologic examination 

revealed circumscribed growth and morphologic similarities to pleomorphic xanthoastrocytoma 

(PXA), astroblastoma, ependymoma, polymorphous neuroepithelia tumor of the young (PLNTY), 

and IDH-wildtype glioblastoma (GBM). Median age (46.5 years) was significantly older 

than other circumscribed gliomas and younger than GBM. Dimensionality reduction with 

uniform manifold approximation and projection (UMAP) and hierarchical clustering confirmed a 

methylation signature distinct from known tumor types and methylation classes. DNA sequencing 

revealed recurrent mutations in TP53 (57%), RB1 (26%), NF1 (26%), and NF2 (14%) BRAF 
V600E mutations were detected in 3/27 sequenced cases (12%). Copy number analysis showed 

increased whole chromosome aneuploidy with recurrent loss of chromosome 13 (28/31 cases, 

90%). CDKN2A/B deletion (2/31, 6%) and MGMT promoter methylation (1/31, 3%) were 

notably rare events. Most tumors showed features of a high-grade glioma, yet survival data showed 

significantly better overall survival compared to GBM (p < 0.0001). In summary, we describe a 

previously uncharacterized glioma of adults identified by a distinct DNA methylation signature 

and recurrent loss of chromosome 13.

Introduction

The integration of molecular alterations into the classification of CNS tumors has 

revealed distinct tumor entities, or types, that often comprise a spectrum of morphologic 

features. A notable example includes the consolidation of the histologic entities embryonal 

tumor with abundant neuropil and true rosettes (ETANTR), ependymoblastoma, and 

medulloepithelioma into a single tumor type called embryonal tumor with multilayered 

rosettes (ETMR), frequently characterized by alterations in the microRNA cluster C19MC 

[10] or rarely, by DICER1 mutations [12, 22]. High-grade astrocytoma with piloid 

features (HGAP), formerly known as anaplastic astrocytoma with piloid features, is a 

recently described tumor type that occasionally demonstrates morphologic similarities to 

glioblastoma (GBM), pilocytic astrocytoma (PA) with anaplastic features, and pleomorphic 

xanthoastrocytoma (PXA), despite having clinical and molecular features distinct from 

these tumor types [19]. The characteristic triad of molecular findings in HGAP includes 

alterations in the MAPK pathway (NF1 mutation/deletion in 30%, BRAF fusions in 20%, 

FGFR1 mutation/fusion in 19%, KRAS in 3%, and BRAF V600E mutation in 1% of cases), 

CDKN2A/B deletion or mutation (80% of cases), and alterations in telomere maintenance 

(ATRX mutation in 45% and TERT promoter mutation in 3% of cases) [19]. Importantly, 

the identification of alterations in these three pathways is neither necessary nor sufficient 

for the diagnosis of HGAP. In fact, 25% of cases in the study by Reinhardt et al. lacked 

a detectable MAPK alteration, while two cases did not harbor alterations in any of these 

pathways. Despite this complex genetic profile, HGAP is identified by a distinct epigenetic 

signature with DNA methylation array profiling [3, 5, 6, 19], and methylation is the sole 

molecular diagnostic criterion for this tumor type in the 2021 WHO Classification of Central 

Nervous System Tumors [12].

Histologically, gliomas have traditionally been separated into two major groups based on 

infiltrating (“diffuse”) and non-infiltrating (“circumscribed”) growth patterns. Circumscribed 

gliomas often occur in younger individuals and include tumor types such as PA, 
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PXA, subependymal giant cell astrocytoma (SEGA), chordoid glioma, ependymoma, 

subependymoma, and astroblastoma. While the molecular features of these tumors have 

been increasingly elucidated in recent years, there remains a subset of cases that do not 

demonstrate the characteristic clinical and/or molecular features for these tumor types. For 

example, astroblastoma, a glial neoplasm with distinctive perivascular pseudorosettes, is 

now defined by an MN1 (22q12.1) gene fusion involving BEND2 (Xp22.13) or rarely 

CXXC5 (5q31.2) [21]. Rare examples feature BEND2 fusion with other partners, such as 

EWSR1 (22q12) [25]. A recent molecular analysis of histologically defined astroblastomas 

revealed that a subset of these tumors resolve into other established CNS WHO diagnoses 

such as PXA and ZFTA (formerly RELA) fusion-positive supratentorial ependymoma 

[11]. Furthermore, a small subset of these tumors failed to resolve into a known tumor 

type entirely. A separate study similarly reclassified a subset of histologically defined 

astroblastomas into PXA and GBM based on sequencing and methylation profiling [4]. 

Thus, there is significant clinicopathologic heterogeneity in MN1-intact gliomas with 

astroblastoma-like histologic features, some of which harbor molecular features of PXA 

(e.g., BRAF V600E mutation, DNA methylation profile) and display high-grade features 

reminiscent of GBM.

Herein, we describe the clinical, histologic, and molecular features of a group of 

circumscribed, predominantly high-grade gliomas primarily occurring in young adults that 

is associated with a relatively favorable clinical outcome. While these tumors often showed 

histologic similarities to both high-grade (GBM, anaplastic PXA, anaplastic ependymoma) 

and low-grade (astroblastoma, PLNTY) gliomas or glioneuronal tumors, we show that the 

diverse histology and mutational profile of this group resolves into a single nosologic type 

based on DNA methylation and the presence of chromosome 13 loss in almost all cases, 

clearly distinguishing them from other circumscribed and diffuse gliomas.

Materials and methods

Samples and datasets

This study included previously published cases for which the raw methylation array 

data (IDAT format, 450 K/EPIC platform) was available and cases profiled through 

the consult service at the National Institutes of Health/National Cancer Institute (NIH/

NCI) Laboratory of Pathology in Bethesda, Maryland. Publicly available methylation 

data were acquired from the following sources: PMID: 28966033 (E-MTAB-5528), 

PMID: 30876455 (GSE125450), PMID: 31346129 (E-MTAB-7490), and PMID: 32991787 

(GSE143843). The remaining samples were procured from in-house cases and the following 

collaborating institutions: Johns Hopkins Medical Institute (Baltimore, Maryland); Mayo 

Clinic (Rochester, Minnesota); University of California San Francisco Medical Center (San 

Francisco, California); University of Chicago (Chicago, Illinois); Loyola University Medical 

Center (Maywood, Illinois); and the University of Utah (Salt Lake City, Utah). Sample 

collection and processing and data collection were performed in accordance with local ethics 

regulations and approval.
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Histology and immunohistochemistry

Representative 5-μm-thick sections from formalin-fixed paraffin embedded (FFPE) 

blocks were used for histochemical and immunohistochemical studies. Where available, 

immunohistochemical staining of cases at the NIH/NCI for glial fibrillary acidic 

protein (GFAP), epithelial membrane antigen (EMA), Ki-67, CD34, and OLIG2 was 

performed using automated immunohistochemistry Roche-Ventana Bench-Mark Ultra 

(Roche Diagnostics Corporation, Indianapolis, USA). Stained slides were scanned with the 

NanoZoomer S210 Digital Slide Scanner (Hamamatsu, Japan).

DNA methylation profiling

Samples with tumor cellularity over 60%, wherever possible, were selected for DNA 

methylation profiling, which was performed as previously described [24]. Genomic DNA 

(target amount > 250 ng) was bisulfite-converted (EZ DNA Methylation Kit, Zymo 

Research D5001). Bisulfite-converted FFPE DNA was processed with the Infinium FFPE 

DNA Restore kit (Illumina, USA) and was assayed on the Infinium MethylationEPIC 

kit (Illumina, USA), according to the Infinium HD FFPE Methylation Assay automated 

protocol (Illumina, USA).

Bioinformatic analyses

For unsupervised clustering of samples, IDAT files from both platforms (450 K, EPIC) were 

first normalized using the functional normalization procedure from the Meffil R package 

[15] as follows: background correction and dye bias correction was performed using a 450 

K/EPIC common feature set. Methylated and unmethylated signals were then compared and 

outlier samples whose predicted median methylated signal was more than three standard 

deviations from the expected were removed. Samples with the following probe quality 

control results were removed: control probe deviations from the mean, proportion of > 0.2 

of probes with a detection p value > 0.01, proportion of probes > 0.2 with a bead number < 

3, and proportion of samples with a detection p value > 0.01 is > 0.2 (i.e., only background 

signal in a high proportion of probes). Next, the number of principal components of the 

control matrix was determined to include in quantile normalization. This was done through 

visual assessment of plotting the quantile residuals after fitting different numbers of control 

matrix PCs. Control probe variance was then removed from the sample quantiles with the 

array type (450 K, EPIC) included as a fixed effects variable. Samples were then normalized 

using their normalized quality control objects with the aforementioned CpGs removed. 

The following probes were then removed from the combined normalized signals: probes 

mapping to X or Y chromosomes, probes where the 30 bp 3′-subsequence is non-unique, 

probes masked for mapping reasons, probes masked for extension base inconsistent with 

specified color channel (type I) or CpG (type II) based on mapping, probe has a SNP in the 

extension base that causes a color channel switch from the official annotation, and probes 

where the 5 bp 3′-subsequence (including extension for type II) overlap with any of the 

SNPs with global MAF > 1% (http://zwdzwd.github.io/InfiniumAnnotation) [26]

For clustering and dimensionality reduction, feature selection was performed by reducing 

the beta value matrix to the most variable probes by standard deviation (> 0.27 and > 

0.21 for the pan-CNS and focused unsupervised embeddings, respectively). The number 
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of principal components (PC) used for dimensionality reduction were 150 and 40 for the 

pan-CNS and focused unsupervised embeddings, respectively. Dimensionality reduction on 

the PC matrix was then performed using the uniform manifold approximation and projection 

(UMAP) method (uwot R package) with the following non-default parameters: n_neighbors 

= 10, spread = 2, min_dist = 0.2. Visualization using t-distributed stochastic neighbor 

embedding (t-SNE) was performed using the Rtsne package with the following parameters: 

perplexity = 10, iterations = 2500, theta = 0. Tumor samples were separately classified using 

v11 [5] of the CNS tumor methylation classifier (https://www.molecularneuropathology.org/

mnp). We used a classification calibrated score cut-off > 0.9 denoting a high confidence 

classification, unless otherwise specified. Agglomerative hierarchical clustering was 

performed on the reduced beta value matrix using the Euclidean distance metric and 

ward.D2 linkage method.

Genome-wide copy number estimation

Copy number profiling was performed on raw methylation signal intensities using the 

Conumee R package with an additional baseline correction, as previously described [9]. A 

non-default parameter of minimum width = 3 was used. Regions excluded from analysis 

included: probes where the 30 bp 3′-subsequence is non-unique, and probes where the 5 bp 

3′-subsequence (including extension for type II) overlap with any of the SNPs with global 

MAF > 1%. Copy number data from male and female samples were generated separately. 

Focal copy number alterations (i.e., deletions, amplifications) were called based on manual 

review of the log2 ratio plots for each sample. Broad copy number calls (i.e., gain, loss) were 

made based on a threshold of 0.1 log2 ratio.

MGMT promoter methylation estimation

MGMT promoter methylation status was derived from DNA methylation array data using a 

previously published method [1, 2].

Targeted next generation sequencing

For cases sequenced at the NIH/NCI (TSO500, PBTP), Genomic DNA and RNA 

was extracted from 5 μm sections of formalin-fixed paraffin embedded tissue (FFPE) 

sections using the AllPrep DNA/RNA FFPE Kit (Qiagen, Hilden, Germany). A portion 

of the DNA was set aside for methylation analysis as previously described. Next 

generation sequencing (NGS) was performed using either a custom amplicon-based 

brain tumor specific panel (PBTP) [18], or a commercial panel TruSight Oncology 500 

(TSO 500; Illumina, San Diego, USA). The TSO500 panel contents can be found on 

the manufacturer’s website: https://www.illumina.com/products/by-type/clinical-research-

products/trusight-oncology-500.html). For the Ion Torrent based panel (PBTP), libraries 

were generated from genomic DNA and cDNA using AmpliSeq technology and subjected 

to next generation sequencing using Ion S5™ XL Sequencing System (Thermo Fisher 

Scientific). Signal processing, base calling, and alignment to the GRCh37/hg19 human 

genome assembly were carried out using Torrent Suite™ software packages (Thermo Fisher 

Scientific). Variant annotation and interpretation were performed with Ion Reporter Software 

v.5.10 (Thermo Fisher Scientific). Illumina platform libraries were prepared using TruSight 

Oncology 500 kit according to the manufacturer’s instructions. Amplified pre-enriched 
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libraries were hybridized to probes specific to the 523 genes targeted by the TruSight 

Oncology 500 panel. Enriched libraries were amplified, quantified, and normalized to 2 nM, 

then sequenced as paired-end reads on a high-output NextSeq 500/550 flow cell. TruSight 

Oncology 500 local app was used for alignment, variant calling, and determination of TMB 

and MSI. All variants were manually reviewed by visualizing the raw sequencing read 

alignments using the Integrative Genomics Viewer [20]. Final interpretation of variants was 

based on an integration of data from multiple bioinformatics databases and experimental 

and clinical data reported in the biomedical literature. For a subset of cases, sequencing was 

performed from outside institutions and results reported as part of the consultation process. 

The specific panels are list in Supplementary table (online resource).

Statistical analysis

For comparison of copy number proportions, a two-sided Fisher's exact test was used with 

correction for multiple testing (Benjamini–Hochberg method). A two-tailed Student’s t test 

was used for comparison of age. Survival curves were estimated using the Kaplan–Meier 

method and differences were tested with the log-rank test. A p value < 0.05 was considered 

statistically significant, unless otherwise specified.

Results

DNA methylation profiling reveals a previously undescribed group of tumors near the PXA 
and PLNTY clusters

Through unsupervised clustering of DNA methylation profiles from approximately 14,000 

CNS samples, we identified a group of tumors (n = 31) in close proximity to, but distinct 

from, PXA and PLNTY that did not match to a known methylation class (score < 0.9) 

with v11 of the Heidelberg Classifier [5] (https://www.molecularneuropathology.org/mnp; 

Supplementary Fig. 1a, online resource). This group was comprised of tumors with a variety 

of diagnoses including anaplastic PXA, astroblastoma, anaplastic ependymoma, PLNTY, 

and glioblastoma (Supplementary table, online resource; also see detailed description 

of the morphologic features below). Unsupervised embedding (UMAP, t-SNE), along 

with representative samples among tumor types with similar histologic and molecular 

features (see genetic info below), confirmed these tumors as a distinct group (Fig. 

1a; Supplementary Fig. 1b, online resource). The clustering of these tumors in the 

low-dimensional space was confirmed with hierarchical clustering among PXA, PLNTY, 

and MN1-altered astroblastomas, tumor types with striking morphologic similarities to 

this group (Fig. 1b). Clustering also identified two potential subtypes, A and B, which 

was largely confirmed with both methodologies. As shown in Fig. 1b, this previously 

undescribed group shows epigenetic similarities to PXA and PLNTY across standard 

functional regions of the genome (regions in relation to gene promoters and CpG islands). 

Using the predominant morphologic features observed in these samples (described below), 

we propose the descriptive but representative name High-grade glioma with pleomorphic 
and pseudopapillary features (HPAP).
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HPAPs are enriched for TP53, RB1, and NF1 mutations with recurrent monosomy 13 and 
relative absence of CDKN2A/B homozygous deletions

Targeted next generation sequencing (NGS) (see Methods) identified inactivating alterations 

in TP53 (13/23 profiled samples, 57%), RB1 (6/23, 26%), NF1 (6/23, 26%), and NF2 (3/21, 

14%) (Fig. 2a; Supplementary table, online resource). Three cases (12%) harbored a BRAF 
V600E activating mutation, which was mutually exclusive with inactivating mutations in the 

aforementioned tumor suppressor genes (TSG). This genetic profile was also clearly distinct 

from the morphologically similar PXA (Fig. 2a). There was no apparent enrichment in the 

distribution of the TSG mutations (TP53, RB1, NF1) among the functional domains for 

these genes (Supplementary Fig. 2a-c, online resource). There was a slight difference in the 

frequency of TERT promoter mutations between HPAP and PXA (8% vs. 21% among HPAP 

and PXA, respectively).

Copy number profiles derived from methylation array data showed whole chromosome 

aneuploidy with frequent losses involving chromosomes 3, 6, 10–15, 17, 18, and 22, and 

gains involving chromosomes 4q, 5, 7, and 19 (Fig. 2b). Nearly all cases (28/31) harbored 

loss of the entirety of chromosome 13. When compared with PXA, the frequency of whole 

chromosome loss was significantly enriched among HPAPs for chromosomes 3, 11–14, 15, 

17, 18, and 22 (Fig. 2c). Conversely, the only significantly enriched region identified in 

PXA was the 9p21 locus involving the CDKN2A/B genes (adjusted p < 0.0001, two-sided 

Fisher's exact test; Fig. 2c). Interestingly, all three HPAP cases that harbored a BRAF V600E 

mutation did not show concurrent CDKN2A/B homozygous deletion. Similar differences 

were observed when compared with PLNTY and showed significant losses in chromosomes 

3, 6, 11–15, 17, and 18 (Fig. 2c). When comparing the CNV profile of HPAP to GBM, 

there were four cases (Cases 2, 9, 30, and 31; 4/31, 13%) demonstrating the + 7/− 10 

copy number pattern common to adult-type GBM (Supplementary Fig. 3a, online resource). 

Case 9 was from a 57-year-old man initially diagnosed as an IDH-wildtype GBM harboring 

RB1 and TP53 mutations and negative for TERT promoter mutation. Histology revealed 

a circumscribed growth pattern with increased mitotic activity, microvascular proliferation, 

and necrosis. The tumor recurred after 59 months and the patient was alive at last follow-up, 

74 months (6.2 years) after diagnosis, indicative of a survival time that would be unexpected 

for GBM. Case 2 was previously published as part of a pediatric high-grade glioma series 

(pHGG_META_0193) [14] and occurred in a 24-year-old woman with a reported histologic 

diagnosis of anaplastic ganglioglioma; the patient was reported to be alive 24 months after 

diagnosis. Genome-wide copy number plots for all samples included in this study can be 

found in the Supplementary material (online resource).

Analysis of HPAP subtypes revealed enrichment of specific somatic alterations. BRAF 
V600E mutations were exclusively observed in subtype B (3/13 cases), but not all subtype 

B tumors harbored this mutation (Fig. 2a). Chromosome 7 gain was more frequent in 

subtype B (10/16 cases versus 3/15 in subtype A), while subtype A showed numerous 

whole chromosome losses involving 3, 11–15, 17, 18, and 22 (Supplementary Fig. 3b, online 

resource). Both subtypes showed near-universal loss of chromosome 13.

Interrogation for potential fusions was performed in 21/31 cases using both whole-

transcriptome RNA-seq (4/21) and targeted sequencing (20/21) (see Methods). Case 3 
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harbored a KCTD8-NTRK2 fusion, but recurrent fusions, including those involving MN1 
or EWSR1 [13], were not identified in the samples evaluated. MGMT promoter methylation 

(calculated from methylation array data) was present in only 1/31 cases (0.3%).

Histologic features resemble multiple tumor types including anaplastic PXA, 
astroblastoma, anaplastic ependymoma, PLNTY, and glioblastoma

The majority of cases in this group had been given a histologic diagnosis or impression 

of glioblastoma (9/30), anaplastic pleomorphic xanthoastrocytoma (3/30), astroblastoma 

with and without anaplasia (7/30), or anaplastic ependymoma (5/30). A minority of cases 

demonstrated lower grade histology and were identified as pilocytic astrocytoma (1/30), 

PLNTY/ganglioglioma (2/30), or simply ‘low-grade glial or glioneuronal tumor’ (1/30) 

and ‘glioma’ (3/30). Indeed, review of H&E-stained slides from a large subset (23/31) 

showed a wide range of morphologic and architectural features. A recognizable feature, 

when present, was marked pleomorphism of tumor nuclei, often with giant cell morphology 

and multinucleation (Fig. 3a, b). In contrast, some tumors showed monomorphic nuclear 

features (Fig. 3c). Eosinophilic granular bodies were occasionally identified. A distinctive 

feature overlapping with PLNTY was the focal presence of oligodendroglial-like perinuclear 

clearing in pleomorphic tumor cells, but this was only seen in a minority of cases (Fig. 

3d, e). One tumor demonstrated an ependymoma-like appearance with elongated cells 

in perivascular arrangements including nuclear-free fibrillary zones (Fig. 3f). Loss of 

cellular cohesion, leading to pseudopapillary structures was another frequent and distinctive 

finding, but these were not present in every case (Fig. 3g-i). One tumor displayed a 

prominent mucinous matrix admixed with more typical perivascular pseudorosettes (Fig. 

3j). Finally, all tumors for which histologic information and/or H&E-stained slides were 

available showed a predominantly non-infiltrative appearance, with tumors often appearing 

well-delineated from the adjacent non-neoplastic brain tissue (Fig. 3k,l).

Features typically associated with higher grade (mitotic figures, elevated Ki-67 labeling 

index, microvascular proliferation, necrosis) were observed or reported in most cases (Fig. 

4a; Supplementary Fig. 4, online resource; Supplementary table, online resource). Mitotic 

activity ranged from inconspicuous to > 10 per 10 hpf with atypical forms present in some 

cases (Supplementary Fig. 4a, online resource). Necrosis and microvascular proliferation 

were present in approximately half of the cases (Supplementary Fig. 4b, online resource). 

Immunohistochemistry was performed and/or reported in most cases. In cases that were 

stained with GFAP (22/31), all were either diffusely positive (19/22) or showed patchy 

immunoreactivity (3/22) (Fig. 4a). OLIG2, CD34, and EMA were inconsistently expressed 

(Supplementary Fig. 5a-c, online resource). Staining for OLIG2 ranged from negative to 

diffusely positive in tumor nuclei (Supplementary Fig. 5d-f, online resource). CD34 staining 

showed a range of membranous and cytoplasmic expression patterns, with occasional cases 

being completely negative (Supplementary Fig. 5 g-i, online resource); these features could 

be seen within regions of the same tumor. Increased reticulin deposition, a feature often 

observed in PXA, was not identified in 4/4 cases.

It should be noted that none of these histologic features were present in all cases (low 

sensitivity) and most are seen in other established CNS WHO tumor types (low specificity). 
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Additionally, multiple patterns and cellular morphologies could be observed within a single 

case. There was no observed association of morphology and/or immunophenotype with 

specific subtypes or genetic alterations (Supplementary Fig. 6, online resource), suggesting 

that histologic criteria alone will likely be insufficient to identify this tumor type. Digital 

images from scanned slides have been made available from representative cases (see Data 

availability).

Clinical characteristics and outcome

The mean and median age at diagnosis for HPAP was 46.4 and 46.5 years (range 14–71), 

respectively. This was significantly older than PXA (mean/median of 21.3 and 18.5 years; 

p < 0.0001), pilocytic astrocytoma, posterior fossa (PA_PF) (17.5/20; p < 0.0001), pilocytic 

astrocytoma, midline (PA_MID) (6/4; p < 0.0001), astroblastoma, MN1-altered (AB_MN1) 

(15.9/14; p < 0.0001), and PLNTY (17.3/12; p < 0.0001), as well as being significantly 

younger than glioblastoma with primitive neuroectodermal features (GBM_PNET) (59.5/62; 

p < 0.01) and IDH-wildtype glioblastoma (MCF_GBM) (56.5/57; p < 0.01) (Fig. 4b; see 

figure caption for description of methylation class abbreviations). Additionally, subtype 

analysis showed cases in subtype A (mean age 51 years) were significantly older than 

those in subtype B (mean age 41.8 years, p < 0.05; Fig. 4c). There was a slight female 

predominance present in all cases as well as among subtypes (Fig. 4d). Tumors occurred 

across both the supratentorial and infratentorial compartments and had no predilection for 

a specific neuroanatomic site (Fig. 4e), although most occurred in the frontal lobes. There 

were no cases found to occur in the spinal cord in the current study.

Details regarding initial radiography were limited, but reports containing descriptions 

or excerpts of imaging features were available for twelve cases (Supplementary table, 

online resource). Three cases described features of a non-infiltrating neoplasm (e.g., 

“circumscribed”, “expansile”); among these, an “extra-axial” mass was described in two 

cases. Enhancement patterns were described as heterogeneous, nodular, and solid. A cystic 

component was mentioned in six cases and calcifications were noted in two cases.

Clinical outcome (overall survival, OS) data were available for 20/31 samples (11 females, 9 

males). The median follow-up time was 42.5 months (Fig. 4f). Cases clustering with HPAP 

showed significantly better OS than IDH-wildtype GBM (MCF_GBM, p ≤ 0.0001, Fig. 

4f); this survival difference remained significant even after filtering for histologic features 

diagnostic of GBM in HPAP (i.e., microvascular proliferation and/or necrosis; p ≤ 0.0001, 

Supplementary Fig. 7a, online resource). When compared to samples in the PXA and HGAP 

methylation classes, HPAP showed no significant difference in OS (p = 0.096 and p = 0.056, 

respectively; Fig. 4f). Most cases in our study within the PXA group, for which survival data 

were available, contained high-grade histology (i.e., WHO grade 3) and when filtering PXA 

and HPAP samples meeting diagnostic criteria for anaplastic PXA (≥ 5 mitoses per 10 hpf), 

there remained no significant difference in OS (p = 0.64, Supplementary Fig. 7b, online 

resource). There was also no significant difference in OS between HPAP and pilocytic 

astrocytoma (MCF_PA; p = 0.47), MN1-altered astroblastoma (p = 0.29), and PLNTY (p = 

0.2; Fig. 4f).
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HPAP demonstrates global hypermethylation with differential CpG island and enhancer 
methylation

We performed additional analyses to characterize aberrant methylation patterns seen in 

this newly identified group. For downstream analyses, we chose PXA and PLNTY as 

comparator groups due to the morphologic and epigenetic similarity observed in HPAP 

(e.g., frequent nuclear pleomorphism, circumscription, and proximity to PXA and PLNTY 

in the low-dimensional space among CNS tumors). Differential methylation between 

these groups showed an overall increase in hypermethylation of interrogated CpG sites 

(Fig. 5a). Further analysis of these differentially methylated regions showed inverse 

enrichment of CpG islands (CGI) and open sea probes (interCGI) among the tumor 

types examined: compared to PXA, HPAP showed greater hypermethylation of interCGI 

and hypomethylation of CGI (Fig. 5b). Conversely, CGI were found to be significantly 

hypermethylated in HPAP compared to PLNTY. Analysis of gene regulatory regions 

similarly showed inverse patterns of differential methylation: when compared with PXA, 

tumors showed increased hypermethylation of enhancer regions, while a comparison with 

PLNTY revealed hypomethylation of gene enhancers (Fig. 5c).

Discussion

Here, we describe a previously uncharacterized group of predominantly high-grade 

circumscribed gliomas occurring in young adults. These tumors, which we have 

preliminarily termed high-grade glioma with pleomorphic and pseudopapillary features 
(HPAP), often demonstrate histologic features that overlap with previously established 

CNS tumor types including PXA, ependymoma, astroblastoma, PLNTY, and glioblastoma. 

DNA methylation profiling reveals a common DNA methylation signature that defines this 

group and shows clustering that is distinct from other CNS tumor types. DNA sequencing 

revealed recurrent deleterious alterations in TP53, NF1, NF2, RB1, and BRAF. A near-

universal finding was the presence of chromosome 13 loss, in addition to frequent whole 

chromosome aneuploidy. Patient outcome data showed that even among tumors with GBM-

like histology, survival was favorable compared to GBM. Taken together, these findings 

warrant consideration of this group of tumors as distinct from current recognized CNS 

tumor types. Given the wide spectrum of histologic features, key diagnostic criteria would 

necessitate additional molecular testing, and may include features such as a non-infiltrative 

glioma with multiple whole chromosome copy number changes (loss of chromosome 13 and 

lack of CDKN2A/B deletion are highly congruent with the diagnosis), and an appropriate 

mutational profile in conjunction with a ‘no match’ DNA methylation profile result using the 

with the machine learning-based (Heidelberg) classifier (v11b4).

In gliomas, success with targeted therapeutics has largely been demonstrated in tumors with 

identifiable driver alterations [7]. Interim results were recently published from the ROAR 

(Rare Oncology Agnostic Research) trial investigating BRAF/MEK combination targeted 

therapy in BRAF-mutant cancers [23]. The results showed a durable radiographic response 

in BRAF-mutant high- (33%) and low-grade (69%) gliomas based on RANO (Response 

Assessment in Neuro-Oncology) criteria [17, 23]. Interestingly, a separate study identified 

an additional dependency in MAPK driven tumors through DUSP4/6 deletion as a synthetic 
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lethal target in BRAF-mutant melanomas and may provide a mechanism for averting MAPK 

inhibitor resistance8. Perturbations in the RB1 pathway, and the consequent cell cycle 

deregulation, may also represent a therapeutic vulnerability for RB1-deficient tumors with 

CDK4/6 inhibition [16]. Therefore, the constellation of genetic alterations detected in this 

proposed group may warrant certain considerations for targeted therapy.

Conclusion

In summary, we describe the identification of a new epigenetically defined group of 

high-grade circumscribed gliomas that are primarily found in young adults and harbor 

chromosome 13 loss and mutations in RB1, NF1, NF2, BRAF V600E, and TP53. We 

propose the name high-grade glioma with pleomorphic and pseudopapillary features (HPAP) 

to reflect the predominant and recognizable histologic features. Importantly, a substantial 

proportion of these tumors demonstrated features of glioblastoma yet showed a significantly 

better clinical outcome.
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Fig. 1. 
UMAP embedding of DNA methylation array data for select tumor types (a). Samples 

from this proposed group (HPAP, n = 31) embedded among select groups of CNS tumors 

enriched for RB1 mutations (GBM_PNET, n = 19), NF1 mutations (HGAP, n = 87; PA_PF, 

n = 28; PA_MID, n = 41), and TP53 mutations (GBM, n = 77), as well as tumor types 

with similar histologic features (PXA, n = 79; AB_MN1, n = 46; PLNTY, n = 17). Two 

subtypes of HPAP, A and B, are readily distinguished. Hierarchical clustering of samples 

using the most variable probes and visualized across functionally important genomic regions 

(b). AB_MN1 astroblastoma with MN1-alteration; GBM glioblastoma (or MCF_GBM 

methylation class family is comprised of the v11 methylation classes GBM_MES 

GBM_RTK1 and GBM_RTK2); GBM_PNET glioblastoma with primitive neuroectodermal 

features; GG ganglioglioma; PLNTY polymorphous low-grade neuroepithelial tumor of 

the young; HGAP high-grade astrocytoma with piloid features; HPAP high-grade glioma 

with pleomorphic and pseudopapillary features; PA_MID pilocytic astrocytoma midline; 

PA_PF pilocytic astrocytoma posterior fossa; CGI CpG island; tss_distance distance to the 

transcriptional start site
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Fig. 2. 
Recurrent genetic alterations in HPAP compared to PXA (a). Alteration frequencies shown 

to the right of each oncoplot represent the proportion of alterations among those tumors 

that were sequenced/profiled for that gene. Genome-wide copy number plots generated from 

methylation data for HPAP (left) and PXA (right) demonstrating enrichment for monosomy 

13 in HPAP (arrowhead) (b). Genome-wide plot of the results of proportion tests for binned 

copy number regions in HPAP vs. PXA (c); regions with a statistically significant difference 

in the frequency of copy number alterations are highlighted in light red (HPAP vs. PXA, top; 

HPAP vs. PLTNY, bottom). Abbreviation: VUS, variant of unknown significance
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Fig. 3. 
Spectrum of histologic patterns and morphology seen in this ► group. H&E-stained sections 

demonstrating markedly pleomorphic tumor nuclei and giant cell morphology (a, b) and 

an occasional monomorphic appearance with eosinophilic, gemistocytic-like cytoplasm 

(c). Other features included perinuclear clearing in tumor cells, similar to PLNTY (d, 
e) and an ependymoma-like perivascular arrangement of tumor cells (f). Pseudopapillary 

structures resembled astroblastoma in many cases (g–j). Tumors showed a predominantly 

non-infiltrative pattern of growth with identifiable borders (arrowheads) in many cases (k, l). 
Scale bars = 50 μm
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Fig. 4. 
Clinicopathologic features. Oncoprint illustrating the frequency of various histologic and 

immunophenotypic features across evaluable samples (a); the corresponding subtype 

determined by dimensionality reduction (UMAP) and results of the DKFZ machine learning 

classifier (v11) are annotated. The age distribution across the tumor types included in this 

study (b); significance levels (asterisks) are results from comparison with HPAP. Box plot 

of age comparing the two subtypes of HPAP (c). Pie charts showing the distribution of 

biologic sex among HPAP and its subtypes (d). Illustration of the neuroanatomic distribution 

(e). Kaplan–Meier curves demonstrating differences in overall survival among tumor types 

for which data was available (f); the risk table shows the sample sizes in each group 

and the p value for select comparisons from the log-rank test with HPAP. Abbreviations: 

EGB, eosinophilic granular bodies; GFAP, glial fibrillary acidic protein; EMA, epithelial 

membrane antigen; MVP, microvascular proliferation; ns = p > 0.05, *p ≤ 0.05, **p ≤ 0.01, 

***p ≤ 0.001, ****p ≤ 0.0001
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Fig. 5. 
Differential methylation analysis. Volcano plots comparing differentially methylated probes 

between HPAP and PXA (top) and PLNTY (bottom) (a). The distribution of differentially 

methylated probes across CpG (b) and gene regions (c) for HPAP vs PXA (top) and HPAP 

vs PLNTY (bottom)
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