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identifies an epigenetically and clinically distinct subtype associated
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Abstract

High-grade astrocytoma with piloid features (HGAP) is a recently recognized glioma type whose classification is dependent
on its global epigenetic signature. HGAP is characterized by alterations in the mitogen-activated protein kinase (MAPK)
pathway, often co-occurring with CDKN2A/B homozygous deletion and/or ATRX mutation. Experience with HGAP is
limited and to better understand this tumor type, we evaluated an expanded cohort of patients (n = 144) with these tumors,
as defined by DNA methylation array testing, with a subset additionally evaluated by next-generation sequencing (NGS).
Among evaluable cases, we confirmed the high prevalence CDKN2A/B homozygous deletion, and/or ATRX mutations/
loss in this tumor type, along with a subset showing NF1 alterations. Five of 93 (5.4%) cases sequenced harbored TP53
mutations and RNA fusion analysis identified a single tumor containing an NTRK?2 gene fusion, neither of which have been
previously reported in HGAP. Clustering analysis revealed the presence of three distinct HGAP subtypes (or groups =g)
based on whole-genome DNA methylation patterns, which we provisionally designated as gNF1 (n=18), gl (n=72), and
g2 (n=>54) (median ages 43.5 years, 47 years, and 32 years, respectively). Subtype gNF1 is notable for enrichment with
patients with Neurofibromatosis Type 1 (33.3%, p =0.0008), confinement to the posterior fossa, hypermethylation in the NF/
enhancer region, a trend towards decreased progression-free survival (p =0.0579), RNA processing pathway dysregulation,
and elevated non-neoplastic glia and neuron cell content (p <0.0001 and p <0.0001, respectively). Overall, our expanded
cohort broadens the genetic, epigenetic, and clinical phenotype of HGAP and provides evidence for distinct epigenetic
subtypes in this tumor type.
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Introduction

High-grade astrocytoma with piloid features (HGAP) is a
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recently discovered and codified brain tumor type whose
classification is dependent on its global DNA methylation
signature [22]. These tumors can occur throughout the neu-
raxis, but are often located within the posterior fossa [21,
22]. The histopathology of HGAPs variably demonstrates
lower-grade or higher-grade features, with characteristics
overlapping those of pilocytic astrocytoma and glioblastoma
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[3, 22]. HGAPs are IDH-wildtype and frequently contain
alterations in the mitogen-activated protein kinase (MAPK)
pathway, in combination with homozygous deletion of
CDKN2A/B and/or ATRX mutations [22]. While these
genetic alterations may be characteristic, they are not spe-
cific to HGAP. What is unique to HGAP is its epigenetic pro-
file; indeed, DNA methylation profiling is required for the
definitive diagnosis of HGAP [4, 12]. Definitive diagnosis
of HGAP is important for prognostic considerations, where
its overall survival is between that of pilocytic astrocytoma
(CNS WHO grade 1) and glioblastoma, IDH-wildtype (CNS
WHO grade 4) [22]. The discovery of HGAP exemplifies
the utility of identifying novel tumor entities through DNA
methylation profiling [18, 22, 27]. DNA methylation profil-
ing and clustering analysis are additionally useful for intra-
class subtyping across numerous CNS tumor types [4, 16,
19, 28, 30]. Although HGAP was recently incorporated into
the 2021 fifth edition of the World Health Organization Clas-
sification for Central Nervous System Tumors [12], there
is incomplete understanding of this tumor type as there is
a general lack of large published HGAP cohort studies [3,
22]. In this study, we sought to validate previously described
aspects of HGAP as well as identify potential epigenetic
subtypes that may have associated clinical implications.

Materials and methods
Tissue samples and datasets

The use of human subject material was performed in accord-
ance with the World Medical Association Declaration of
Helsinki and with the approval of the participating Institu-
tional Review Boards. This study included (1) previously
described cases of anaplastic astrocytoma with piloid fea-
tures [3, 22], (2) cases from the Laboratory of Pathology
clinical consult service at the National Institutes of Health
(NIH) in Bethesda, MD, USA and (3) other published cases
with available methylation array data in the form of raw
IDAT files. Referral consult cases were received from the
following institutions: Mayo Clinic (Rochester, Minne-
sota); University of Michigan Medical Center (Ann Arbor,
Michigan); University of California San Francisco Medical
Center (San Francisco, California); Barnes Jewish Hospital
(St. Louis, Missouri); Children’s Hospital of Philadelphia
(Philadelphia, Pennsylvania); Hospital of the University of
Pennsylvania (Philadelphia, Pennsylvania); Duke Univer-
sity Medical Center (Durham, North Carolina); Laborato-
rio Bacchi (Sao Paulo, Brazil); Stanford University Medi-
cal Center (Palo Alto, California); University of Chicago
Medical Center (Chicago, Illinois); Beaumont Hospital
(Royal Oak, Michigan); Boston Children’s Hospital (Boston,
Massachusetts); Brigham and Women’s Hospital (Boston,
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Massachusetts); Cleveland Clinic (Cleveland, Ohio); Emory
University Hospital (Atlanta, Georgia); Inova Fairfax Hospi-
tal (Falls Church, Virginia); Intermountain Central Labora-
tory (Murray, Utah); Johns Hopkins Hospital (Baltimore,
Maryland); Massachusetts General Hospital (Boston, Mas-
sachusetts); Mercy General Hospital (Sacramento, Cali-
fornia); University of Nebraska Medical Center (Omabha,
Nebraska); Northwestern Memorial Hospital (Chicago,
IL); Sheba Medical Center (Tel Hashomer, Israel); Tucson
Medical Center (Tucson, Arizona); University of Califor-
nia Los Angeles Medical Center (Los Angeles, California);
University of Alabama (Birmingham, Alabama); Univer-
sity of Colorado Hospital (Aurora, Colorado); University
of Towa Hospitals (Jowa City, Iowa); ARUP Laboratories
(Salt Lake City, Utah); and the University of Virginia Health
System (Charlottesville, Virginia). Each of the 61 referral
consult cases was reviewed for histopathology as part of
the diagnostic process by at least two board-certified neuro-
pathologists (PJC, MQ, DP, KA). When available, we noted
clinical features including subject demographics, tumor
location, surgical procedure (biopsy versus excision—sub-
total versus gross total was not available), and tumor occur-
rence (primary versus recurrence). Accompanying treatment
modalities (chemotherapy and radiation) were not available.
We defined progression-free survival as the duration from
surgery of initial tumor to the date of clinical-radiographic
progression or date of second resection for clinically/radio-
graphically-determined tumor progression. Similarly, overall
survival was defined as the duration from surgery of the ini-
tial tumor to death. These definitions were applied uniformly
throughout our cohort. Cases were also extracted from pub-
licly available methylation datasets included E-MTAB-5552
[14], GSE109381 [4], GSE143843 [11], GSE157397 [7],
GSE175543 [6], Children’s Brain Tumor Network (https://
cbtn.org), and The Cancer Genome Atlas (https://gdc.cancer.

gov).
DNA methylation array profiling

For institutional samples, tumor cellularity was confirmed
to comprise at least 60% of the tissue. Genomic DNA was
extracted from Formalin-Fixed Paraffin-Embedded (FFPE)
tissue and underwent bisulfite-conversion (EZ DNA Meth-
ylation Kit, Zymo Research D5001) and restoration (Infin-
ium FFPE DNA Restore kit, Illumina, USA). The DNA was
then assayed on the Infinium MethylationEPIC kit (I1lu-
mina, USA) according to the Infinium HD FFPE Methyla-
tion Assay automated protocol (Illumina, USA). Raw idat
files were used for classification using version 11b6 of the
Heidelberg methylation-based classifier [4]. Cases which
received a primary methylation class designation of ana-
plastic pilocytic astrocytoma, (the original class designa-
tion for the HGAP WHO tumor type) and had other features
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consistent with this glial tumor (such as astrocytic histo-
morphology, glial fibrillary acidic protein immunopositivity,
and/or Olig2 immunopositivity), were included for analysis
in this study. Glial features were confirmed centrally and
independently by at least two board-certified neuropatholo-
gists (PIC, MQ, DP, KA).

Bioinformatic analyses

Microarray idat files were processed with functional nor-
malization using the meffil package [15]. This R package
is available from Bioconductor (https://www.bioconductor.
org/) and GitHub (https://github.com/perishky/meffil). Func-
tional normalization was performed with the meffil pack-
age, which is based on linear regression modelling [15]. The
quantile normalization runs an inbuilt algorithm based on
illumina control probes. This model removes control probe
variance from the sample quantiles and simultaneously
adjusting probe intensities for additional fixed and random
effects. Those fixed and random effects variables supplied
to normalization function and coded from the metadata we
collected for all samples. We choose type of array variables
(HumanMethylation450 vs MethylationEPIC BeadChip) and
tissue preservation method (Frozen vs FFPE) as fixed effect
and also included random effect attributed to individual
chip barcode. Random effects are handled in meffil by using
the Ime4 R package [2]. The meffil package provided auto-
mated estimation of functional normalization parameters to
compensate for chip to chip (barcode) variance.

For unsupervised hierarchical clustering, the most sig-
nificant probes were clustered and plotted with Complex-
Heatmap package available through Bioconductor [9]. This
package allows hierarchical cluster with different methods
for columns and rows. We used default “euclidean” metrics
for distance matrix and “average” for the dendrogram con-
struction. Normalized beta values were filtered to the most
differentially methylated probes calculated by student t-test
contrasting each group pairs: Groupl vs Group2, Groupl vs
gNF1, Group2 vs gNF1. Bonferroni correction was applied
to p-values and 772 probes with p-value below 0.05 were
selected for heat map and Uniform Manifold Approximation
and Projection (UMAP) plots. UMAP plot was produced
with r package uwot: The Uniform Manifold Approxima-
tion and Projection (UMAP) Method for Dimensionality
Reduction (https://arxiv.org/abs/1802.03426). We used two
methods to estimate tumor ratio and cell composition in
each sample: meffil package described above and the CIB-
ERSORT package (https://cibersortx.stanford.edu/). Both
methods showed good correlation with each other. The mef-
fil package supplied prebuild reference “guintivano dlpfc”
for the brain tissue deconvolution with five cell types. Those
reference profiles were based on published Bioconductor
package FlowSorted. DLPFC.450 k. (https://github.com/

perishky/meffil/wiki/Estimating-cellular-composition).
Signature matrices were used to determine neoplastic cell
and various tumor microenvironment cell fractions through
methylCIBERSORT as previously described [25]. The r
package methylGSA was used for gene ontology pathway
analysis [23].

Targeted next-generation DNA sequencing

For cases with available DNA, next generation sequencing
(NGS) data were obtained as previously described using
either a custom amplicon-based brain tumor specific panel
[20] or a commercial panel TruSight Oncology 500 (TSO
500; Illumina, San Diego, USA) [18]. The TSO 500 panel
genes are available on the manufacturer’s website (https://
www.illumina.com/products/by-type/clinical-research-
products/trusight-oncology-500.html). Illumina platform
libraries were prepared using TSO 500 kit according to the
manufacturer’s protocol. Amplified pre-enriched libraries
were hybridized to probes specific to the TSO 500 targeted
gene panel. Enriched libraries were amplified, quantified,
normalized, and sequenced as paired-end reads on a high-
output NextSeq 500/550 flow cell. The TSO 500 local app
was used for alignment and variant calling. Variants were
manually reviewed by visual inspection of the raw sequenc-
ing read alignments using the Integrative Genomics Viewer
[24]. For a subset of cases, sequencing was obtained from
publicly available sources or performed at the outside refer-
ring institutions and those results were reported as part of
the consultation process (sources of sequencing summarized
in Supplemental Table 1). For previously described HGAP
cases [22], sequencing data were obtained from the authors.

Statistics

Statistical analyses were performed using R software (Ver-
sion 3.3.2, RProject for Statistical Computing, http://www.r-
project.org/). Kaplan—Meier analysis for survival, correla-
tion matrix analysis, and principal component analysis were
performed using GraphPad Prism software (Version 7.02,
https://www.graphpad.com/scientific-software/prism). For
direct comparisons between groups, Mann—Whitney U test
was used unless otherwise indicated. Chi-squared test was
performed to compare frequencies across groups.

Results

Expanded HGAP demographics, histologic features,
and genetic characteristics

Our total cohort was composed of 148 tumor samples from
144 patients (Supplemental Table 2). The mean and median
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age of patients at the time of surgery were 44 years and
43 years (range 4-88 years), respectively. Of the 135 patients
with known age at time of diagnosis, 12 (8.9%) were in the
pediatric age group (< 18 years) (Supplemental Table 2).
Tumors occurred in 59 female and 85 male patients (ratio
1:1.44). Disease stage included 74 primary tumors, 38
recurrent tumors, and 36 tumors with unknown designa-
tion. Tumor location was known for 130 patients, with 81
located in the posterior fossa, 34 located in the supratento-
rial region, and 13 in the spinal cord. Histopathology on
available cases included glioblastoma-like histomorphology
(Fig. 1a—f) and most with an infiltrative growth pattern, in 26
of the 30 (86.7%) evaluable cases. The presence of necrosis
and/or microvascular proliferation was observed in 38 of
61 (62.3%) HGAP tumors. The piloid-associated features
of Rosenthal fibers and/or eosinophilic granular bodies were
present in a minority (23 of 61; 37.7%). Mitotic activity was
variable, ranging from 0 to 6 mitoses/mm?. Similarly, the
maximum Ki-67 proliferative index had a broad spectrum,
ranging 1-30%.

The most frequent genetic alterations were in the Cyclin
Dependent Kinase Inhibitor 2A (CDKN2A), Alpha Thalas-
semia/mental Retardation syndrome, X-linked (ATRX) and
Neurofibromin 1 (NFI) genes, consistent with previous
findings of HGAP [22] (Supplemental Table 1). CDKN2A
was the most commonly altered gene (121/144, 84.1%).
ATRX status, as determined either by DNA sequencing
or surrogate immunohistochemistry, was known for 111

cases, of which 65 (58.6%) were mutated or lost. NF1 was
the most frequently altered gene of the MAPK pathway.
NF1 was sequenced in 89 cases, with a mutation iden-
tified in 36 (40.4%). FGFRI was the second most fre-
quently altered MAPK pathway gene, with 17 of the 89
cases sequenced for FGFRI harboring a mutation (19.1%),
and an additional 6 of 43 (14.0%) tested cases harbor-
ing fusions of FGFRI (Supplemental Table 1). BRAF is
another MAPK pathway gene for which mutations/fusions
were nearly as common as FGFRI alterations. There were
18 cases of 97 (18.6%) tested which harbored a BRAF
fusion, and 2 cases of 86 (2.3%) sequenced were BRAF-
V600E mutant. KRAS was a less frequently altered gene
of the MAPK pathway, with a mutation identified in 1
of 91 (1.1%) samples tested. The overall composition of
MAPK alterations in our HGAP cohort (n=144), were
as follows: n =79 with one reported MAPK alteration,
n =28 with two or more MAPK alterations, n =33 without
a detected alteration, and n =24 with no genomic testing
results available (Supplemental Table 1). A TERT pro-
moter mutation was identified in 1 of 93 (1.1%) tumors
and was mutually exclusive of ATRX loss. Sequencing
revealed genetic alterations not yet reported in HGAP,
including TP53 mutations and a KANK2::NTRK?2 fusion.
TP53 mutation status was available for 93 cases, of which
5 (5.4%) contained pathogenic mutations as determined by
DNA sequencing. Immunohistochemistry was not used in
our evaluation of p53 status.

Fig. 1 Representative high-grade histologic features frequently pre-
sent in HGAP. a HGAP tumors often had an infiltrative growth pat-
tern. b, ¢ Tumors repeatedly demonstrated pleomorphism and/or
poorly differentiated cytomorphologies. d Increased mitotic activity
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occurred in a subset of cases. e Palisading necrosis and/or f) micro-
vascular proliferation were present in a majority of HGAP tumors.
(Scale bars: a500 pm, b100 pm, ¢100 pm, d50 pm, €500 pm,
£100 pm)
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HGAP epigenetic subtyping with relevant clinical
features

Analyzing whole-genome DNA methylation for multiple
glial/glioneuronal tumor types, we confirmed our classifier
results in which HGAP forms a distinct tumor type by unsu-
pervised Uniform Manifold Approximation and Projection
(UMAP) (Fig. 2A) and unsupervised hierarchical clustering
(Supplemental Fig. 1). To identify potential distinct HGAP
epigenetic subtypes in an unbiased fashion, we started with
unsupervised hierarchical clustering analysis. This clustering
led to the identification of three distinct HGAP epigenetic
subtypes (Fig. 2b, Supplemental Fig. 2). Cluster subtyp-
ing was further supported by unsupervised dimensionality
reduction using UMAP analysis (Fig. 2c). The smallest of
the three groups (n=18, 12.5%) was observed to contain a
relatively high proportion of patients with a clinical diag-
nosis of Neurofibromatosis Type 1 (NF1) (p=0.0008), and
therefore this subtype was designated as group NF1 (gNF1)
(Figs. 2, 3a). The other two subtypes were designated sim-
ply as Group 1 (gl; n="72, 50.0%) and Group 2 (g2; n=>54,
37.5%). Although the gNF1 was enriched for patients with
germline alterations, there was no difference in the frequency
of NF1 alterations detected in the tumors across subtypes
(Fig. 3b). However, given the fact that hypermethylation of
the NFI promoter region may be an alternate mechanism
for NF1 inactivation [10], we evaluated for potential NF
methylation differences across the three HGAP subtypes.
Indeed, 5 of 30 (16.7%) of the CpG probes related to NF1
were differentially methylated in gNF1 when compared to
the other subtypes (Fig. 3c).

Several clinical features beyond NF1 status tended to dif-
fer across HGAP subtypes. The initial tumors of gNFI, g1,
and g2 subtypes had median ages of 43.5 years, 47.0 years,
and 32.0 years, respectively (p >0.05 for all pairwise com-
parisons, Mann—Whitney U tests, Fig. 4a, b). Only one of the
twelve pediatric tumors was gNF1 subtype (Supplemental
Table 2). Tumor localization varied among the three HGAP
subtypes, with gNF1 having 100% of the tumors located
in the posterior fossa (Fig. 4c, d). By contrast, subtypes gl
(35.4% supratentorial, 55.4% posterior fossa, 9.2% spinal
cord) and g2 (29.2% supratentorial, 56.2% posterior fossa,
14.6% spinal cord) were found throughout the neuraxis
(Fig. 4d). While HGAP subtype was associated with tumor
location (chi-square, **p=0.001) the significance was less
than that of subtype association with NF1 syndrome. Fur-
thermore, no association was observed between tumor loca-
tion and NF1 syndrome (p =0.359). Tumor location itself
was not associated with difference in survival (Supplemen-
tal Fig. 3). Progression-free survival trended towards worse
outcome for the gNF1 subtype when compared to the other
two subtypes (Fig. 4e, f). The gNF1, g1, and g2 subtypes
had median progression-free survival times of 252 days,

565 days, and 618 days, respectively. Overall survival
appeared similar among all subtypes, although the num-
ber of patients with overall survival data was low (Fig. 4g,
h). Three of the patients had recurrent tumors, all of which
maintained their subtype assignment when compared to their
original tumor. The first of these three patients had known
Neurofibromatosis Type 1, with their original and two recur-
rent HGAPs all belonging to the gNF1 HGAP subtype. The
other two patients did not have a clinical diagnosis of Neu-
rofibromatosis Type 1. The second patient had paired initial
and recurrent HGAP tumor in the g1 subtype while the third
patient had paired initial and recurrent HGAP tumor in the
g2 subtype.

HGAP subtype specific genetic, epigenetic,
and tumor microenvironment features

In addition to NFI alterations already discussed, we evalu-
ated subtype-specific genetic changes in the other com-
monly altered genes ATRX and CDKN2A/B, as well as
the novel TP53 mutants and NTRK2 gene fusion. ATRX
alterations (as determined by immunohistochemistry and/or
sequencing) were overrepresented (p =0.023) in the gNF1
subtype (87.5%) when compared to the gl and g2 groups
(59.6% and 47.5%, respectively) (Fig. 3b). No difference in
CDKNZ2A/B deletion status was observed across HGAP sub-
types (p =0.949), with all subtypes having a high frequency
of alterations (gNF1=284.2%, g1 =83.3%, g2=85.5%)
(Fig. 3b). Of the five novel TP53 mutant cases we found,
four were present in the gl subtype, one was in g2, and
none were found in the gNF1 subtype. The sole NTRK?2 gene
fusion positive HGAP was present in the g2 subtype.
Given the clinical and genetic relevance of the gNF1
subtype so far, we sought to interrogate global epigenetic
changes to uncover potential underlying biological pathways
specifically related to the gNF1 subtype when compared to
the other subtypes. First, we performed differential meth-
ylation analysis for two separate comparisons, gNF1 versus
gl and gNF1 versus g2 (Fig. 5a, Supplemental Table 3).
Then we filtered for the significantly altered genes shared
between both comparison lists. Next, we performed Meth-
ylIGSA for Gene Ontology (GO) analysis. When we look
at all gene probes in all gene structure sites, six of the top
ten pathways that are relatively dysregulated in the gNF1
subtype involve RNA processes (RNA methylation, RNA
methyltransferase activity, DNA-directed RNA polymerase
complex, RNA polymerase complex, nuclear DNA-directed
RNA polymerase complex, and RNA polymerase II holo-
enzyme) while the last four processes involve protein regu-
lation (histone deacetylase complex, protein acetylation,
protein deubiquitylation, protein modification by small pro-
tein removal) (Fig. 5b). Next, we sought to understand what
portion of the gene structure (promoter versus gene body)

@ Springer



Acta Neuropathologica (2023) 145:71-82

76
a ‘ DHG G34
Glial/Glioneuronal Tumors
° Vi
& " A IDH HG
e 7o .
=
=
\ o
[ ]
[ ]
UMAP1
b k Cluster 1 2 3 c o0
. HGAP Subtypes | 0
i Ve
. 00 0,
3.5;- ° pe
. L ) L]
Tumor | 0.5 : . oe0
Content 0.3 g 92 g1 : 0:0. ®
° °
0.0 § : N 00® :: %
N oD [ ] [ ]
ATRXC D00 OO OO TRt i A O o, ver
CDKN2A i %
L) L)
NEA | RE RO AR AORRO AR AT RO R of aNF1 o
NF4 Syndrome ||IH{HHNHNNNCA AR OCRCARRRARCAROCANAOREONRARD RO OCORR RO A RCERRR SRR ese
Array. RO ROCARRRNR RN RRER NAERAORRR OCECRRRARRRRRRARRC RO RO %
Location [ | IR0 RRIEDORRSCRCE ENRRRSOAR OO0 NREARRARODOE OO OO RO RO UMAP1
Subtype |10 NN N
: 3 o == B - NF1 ATRX Location
Altered [ Altered ST
[ Nottested | Nottested [Jjj PF
Wildtype Wildtype sC
5
ST
N;l :anrome Su.bty1pe . Unknown
[0 Yes 32 Array
450k
CDKN2A . gNF1 = EPIC
0051 Altered
Wildtype

methylation for HGAP uncovers the presence of three distinct HGAP
epigenetic subtypes. ¢ UMAP dimensionality reduction of HGAP
only confirms the presence of three HGAP subtypes. IT Infratentorial,
STsupratentorial, PF posterior fossa, SCspinal cord)

Fig.2 HGAP resolves into three epigenetically determined subtypes.
a Uniform Manifold Approximation and Projection (UMAP) dimen-
sionality reduction confirms that HGAP forms a distinct methylation
cluster when compared to other CNS glial/glioneuronal tumors. b
Unsupervised hierarchical clustering heatmap of whole-genome CpG

@ Springer



Acta Neuropathologica (2023) 145:71-82

77

a Known NF1 Syndrome b CDKN2A/B ATRX NF1
80+ 80 60 50
I Reported syndrome I Deleted I Altered I Altered
60 Il No reported syndrome 60 I WT I WT 40 Il WT
I* I* I* *
2 - 2 2 497 % 304
a ‘0=0.0008 a2 p=0.949 ] *0=0.023 © p=0.125
O 40 O 404 [3) o
g = z T 204
5} 0 5 20 o
= 20 = 20 = .
10
0- 0- 0-
gNF1 g1 g2 gNF1 g1 g2 gNF1 g1 g2 gNF1 g1 g2
HGAP Subtype HGAP Subtype HGAP Subtype HGAP Subtype
C 10
[
= ek 1 gNF1
©
> B g1
©
Yo B g2
m
=05 ek Kkdk fekek
L
=]
2 Fek
>
=
et
[
=
0.0
ST PP TEF 5T 50T 0000058955593 ET T T
€E555528388282000090990080088805c0888
S ccccSsScecEckEEEEREEEEcEE eS8 S £ ¢ ¢
2ohnn 0SS 8888838888888282,SSS
connmnnLEEaoEooocacaccaccoocezzLEEE
8"""" mmwmwmmwwmmmm"’mmmw"gwmmm
R R - R EEEEEEEEEESE R R E B
S22 588982g22223222g232g88233Ic8g
23wl R o NorooT o wbN0brSddO6RATT S
 NWOWLAJGNNDLTONNTITOODNOD OWDOODONO© O
=R XD NWLOODOOUNONODXDTTNOWODIT NS ON OO
DS NITOIN -WORKANODODLNOONDLINOLDOD-O N ON® W
O 22T VNO T L LNMWLAMO OODANWL OO0 DT O DM O
DD S - ONANT = TONODON- OD o S o
© 00O ° 5o DM OOWIETNLNOD MO OO © o O O
O ON O+ NOOOOONNO O o o ©
=] DD D DD D o O
o O 0O 00 0 0 O O o ©
NF1CpG Probe (5’ — 3’)

Fig.3 NFI germline status, somatic alterations, and NF1 methylation
define a relevant HGAP subtype. a HGAP subtype gNF1 is enriched
for patients having Neurofibromatosis Type 1 (NF1) (gNF1=33.3%,
g1=6.9%, g2=3.6%) and b) ATRX alterations (gNF1=87.5%,
g1=59.6%, g2=47.5%). b CDKN2A/B (gNF1=83.3%, g1 =83.3%,

was responsible for the differential methylation signature
related to the RNA pathway dysregulation in gNF1 (Fig. 5c¢).
To do this, we made multiple comparisons of CpG probes
that were either relatively hypermethylated or hypometh-
ylated in the gNF1 subtype. Of these comparisons, there
were no dysregulated RNA processing pathways in the top
ten pathways found in the promoter 1 (TSS1500+ TSS200)
or promoter 2 (TSS1500+TSS200+5" UTR + EXON 1)
regions (Fig. 5d, Supplemental Fig. 4). In contrast, three of
the top ten pathways in gNF1 hypermethylated gene bodies
(coding region), as well as three of the top ten pathways in
gNF1 hypomethylated gene bodies, involved RNA process-
ing pathways. Overall, this indicates an association between
both hypermethylation and hypomethylation of gene bodies
and dysregulation of RNA processing pathways in the gNF1
subtype.

Given the important contribution of the tumor microenvi-
ronment (TME) to tumor biology, we sought to understand

22=85.5%) and NFI (gNF1=62.5%, gl=41.3%, g2=32.4%)
alterations are common across HGAP subtypes. ¢ There are 5 of 30
(16.7%) CpG probes in the NFI regulatory region that are differen-
tially methylated in the gNF1 subtype, 3 of which are in the gene
enhancer region

the cellular composition of HGAP and its subtypes. To do
this, we began by performing methylCIBERSORT [25] for
deconvolution of cell type components, both neoplastic and
non-neoplastic, from the whole-genome methylation data.
For HGAP overall as a tumor type, we found positive cor-
relations between monocytes and B cells (r=0.56), NK
cells and B cells (r=0.48), and neurons and glia (r=0.47)
(Fig. 6a). These TME cell associations were further con-
firmed with principal component analysis (Fig. 6b). Next,
we analyzed tumor content in a subtype specific manner,
beginning with the neoplastic cell component. Subtypes
gNF1 and gl had a lower neoplastic cell content (higher
TME cell component) when compared to g2 (p=0.0055
and p <0.0001, respectively) (Fig. 6¢). When looking at the
non-neoplastic cells, gl and gNF1 appear to have unique
signatures. Subtype gl is enriched for monocytes when com-
pared to gNF1 (p <0.0001) and g2 (p <0.0001) (Fig. 6d, e).
In partial alignment with the monocytes and B cells being
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Fig.4 Clinical features of HGAP methylation subtypes. Median
age with interquartile range for a all HGAPs and b HGAP sub-
types (p>0.05 for all pairwise comparisons, Mann—Whitney U
tests). Localization for ¢ all HGAP tumors and d HGAP by subtype

moderately correlated in HGAP, subtype gl is also enriched
in B cells when compared to gNF1 (p =0.0385), but not
when compared to g2 (p=0.1696). The enriched immune
cell component of subtype gl does not appear associated
with primary versus recurrent tumor status, as these occur-
rences (primary versus recurrence) do not differ across sub-
types (Supplemental Table 4). Also consistent with the cor-
relation matrix, subtype gNF1 is enriched for both neurons
and glia when compared to subtypes gl (p <0.0001 each
comparison) and g2 (p <0.0001 each comparison) (Fig. 6d,
e). Summarizing the TME component of HGAP subtypes,
gNF1 is enriched for neurons and glia, gl is enriched for
monocytes and B cells, and g2 has the lowest amount of
non-neoplastic TME content.

Discussion

The findings from our analysis of a large HGAP cohort has
several clinical implications, especially related to tumor
classification in general. We have confirmed and helped to
solidify the concept that HGAPs are largely infiltrative glial
neoplasms, often with glioblastoma-like histology (more so
than pilocytic astrocytoma-like histology) and that future
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(ST supratentorial, PFposterior fossa, SCspinal cord). Progression-
free survival (PFS) with number at risk for e all HGAP subtypes and
f gNF1 subtype versus the others. Overall survival (OS) with number
at risk for g all HGAP subtypes and h gNF1 subtype versus the others

WHO classification schemes may consider these features in
its nosology [12]. Consideration as to whether the ‘piloid’
designation in HGAP is warranted, as this not reflective of
the histology found in most tumors designated as HGAP by
DNA methylation profiling. A name more neutral to histo-
logical features may be warranted, especially in this tumor
type that is currently defined by its DNA methylation profile,
not its histological features. DNA methylation profiling has
been incorporated into essential or desirable diagnostic cri-
teria for a substantial proportion of CNS tumors in the WHO
“blue book™ and it is therefore feasible to consider more
widespread profiling of cases when HGAP is considered as a
diagnostic possibility. DNA methylation profiling to rule out
HGAP may be warranted, especially in cases of a cerebellar
glial neoplasm that does not fit neatly into another WHO
diagnostic category, where the index of suspicion rises in
the setting of ATRX loss and/or CDKN2A homozygous
deletion. Methylation testing may also be considered when
other tumor features are suggestive of HGAP as well, such
as a histologically high-grade glioma arising in the setting
of Neurofibromatosis Type 1.

Beyond classification, there may also be clinical implica-
tions of HGAP subtyping according to distinct epigenetic
subtypes. While gNF1 was the least frequent subtype, our
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Fig.5 Gene Ontology (GO) pathway analysis of HGAP subtypes. a
Schematic for differentially methylated CpG probes between HGAP
subtypes and downstream GO analysis. b Top 10 GO pathways that
are dysregulated in gNF1 compared to other HGAP subtypes when
utilizing all gene structure methylation sites for CpG sites that are

data indicates a trend towards a worse outcome than other
HGAP subtypes. Furthermore, due to the overrepresented
nature of NF1 occurring in the gNF1 subtype, HGAP sub-
typing analysis may point to the potential need for germline
NF I testing for cases that fall into this class. Our findings are
consistent with a recent report describing a larger propor-
tion of HGAPs being found in a series of NF1-associated
high-grade gliomas [13]. Methylation findings suggest that
the gNF1 subtype may be associated with RNA processing
dysregulation, which raises the possibility of this biologi-
cal process acting as a potential therapeutic vulnerability in
gNF1 HGAP, similar to other cancer types [8, 17, 26, 31]. In
the future, it is possible that epigenetic subtyping may even
be considered for the basis of biomarker-informed clinical
trials including HGAP for proper risk stratification [1, 5, 29].

While this study represents a large cohort of patients with
HGAP, it has some limitations, including those inherent to
a retrospective study. Expanding the patient outcome data
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either hypermethylated or hypomethylated. ¢ General gene structure
of evaluated regions. d RNA processing dysregulation in the gNF1
subtype is a function of hypermethylation or hypomethylation in the
gene body region, not promoter region of the associated genes

would contribute to our understanding of the clinical hetero-
geneity and understanding of patterns of patient survival for
this tumor type. additional helpful data would include sur-
gical extent of resection and adjuvant treatment modalities
for these patients. Additionally, next-generation sequencing
data were obtained from a variety of different institutions
with different gene region coverages, resulting in missing
information for some genes. Therefore, it is difficult to know
the exact mutational status for all genes of interest for every
case in our cohort. We also lacked additional material for
orthogonal validation of our biological investigations, such
as immunohistochemistry for TME analysis and frozen tis-
sue for high-quality RNA studies of RNA processing dys-
regulation. Further work is needed to more fully understand
the clinical and biologic properties on this recently described
tumor type.

In summary, we have characterized an expanded cohort
of patients with HGAP by extending the spectrum of gene
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Fig.6 Deconvolution of the tumor microenvironment in HGAP. a
Correlation matrix and b principal component analysis of neoplas-
tic and non-neoplastic cell components within HGAP as a single
tumor type. ¢ Neoplastic cell contents as a function of HGAP sub-
type, which is highest in the g2 subtype (error bars as median values

alterations to include rare 7P53 mutations and an NTRK2
fusion, highlighting that most tumors contain glioblas-
toma-like histological features, and uncovering the pres-
ence of three distinct epigenetic subtypes of HGAP. These
HGAP epigenetic subtypes are associated with variations
in clinical parameters, genetic alterations, and associ-
ated biological processes. Specifically, we identified an
HGAP epigenetic subtype (provisionally designated here
as gNF1) that is associated with enrichment for NF1 syn-
drome, increased ATRX alteration, increased methylation
in the NFI enhancer region, evidence of RNA processing
dysregulation, increased non-neoplastic glia and neuron
cell content, and is confined to the posterior fossa with
trends towards worse patient outcome. The goal of our
work was to expand the understanding of e clinical and
biological features of this recently described and under-
studied tumor type. Further work will likely elucidate
additional biologic and clinical features of this newly
defined CNS tumor type.

@ Springer

with 95% CI). d Non-neoplastic cell contents as a function of HGAP
subtype, indicating that glia and neurons are enriched in the gNF1
subtype while monocytes and possibly B cells are enriched in the gl
subtype. e Heatmap summarizing the relative non-neoplastic cell con-
tents in each HGAP subtype

Supplementary Information The online version contains supplemen-
tary material available at https://doi.org/10.1007/s00401-022-02513-5.
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