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Abstract
Hemangioblastomas (HBs) of the central nervous system are highly vascular
neoplasms that occur sporadically or as a manifestation of von Hippel–Lindau
(VHL) disease. Despite their benign nature, HBs are clinically heterogeneous
and can be associated with significant morbidity due to mass effects of peri-
tumoral cysts or tumor progression. Underlying molecular factors involved in
HB tumor biology remain elusive. We investigated genome-wide DNAmethyla-
tion profiles and clinical and histopathological features in a series of 47HBs from
42 patients, including 28 individuals with VHL disease. Thirty tumors occurred
in the cerebellum, 8 in the brainstem and 8 HBs were of spinal location, while
1 HB was located in the cerebrum. Histologically, 12 HBs (26%) belonged to the
cellular subtype and exclusively occurred in the cerebellum, whereas 35HBswere
reticular (74%). Unsupervised clustering and dimensionality reduction of DNA
methylation profiles revealed two distinct subgroups.Methylation cluster 1 com-
prised 30 HBs of mainly cerebellar location (29/30, 97%), whereas methylation
cluster 2 contained 17 HBs predominantly located in non-cerebellar compart-
ments (16/17, 94%). The sum of chromosomal regions being affected by copy-
number alterations was significantly higher in methylation cluster 1 compared to
cluster 2 (mean 262 vs. 109Mb, p= 0.001). Of note, loss of chromosome 6 occurred
in 9/30 tumors (30%) of methylation cluster 1 and was not observed in cluster
2 tumors (p = 0.01). No relevant methylation differences between sporadic and
VHL-related HBs or cystic and non-cystic HBs could be detected. Deconvolution
of the bulk DNA methylation profiles revealed four methylation components that
were associated with the two methylation clusters suggesting cluster-specific cell-
type compositions. In conclusion, methylation profiling of HBs reveals 2 distinct
subgroups that mainly associate with anatomical location, cytogenetic profiles and
differences in cell type composition, potentially reflecting different cells of origin.
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1 | INTRODUCTION

Hemangioblastomas (HBs) of the central nervous system
(CNS) are highly vascular tumors predominantly arising

in the cerebellum and the spinal cord [1]. They may either
occur sporadically or (in 25% of cases) as a manifestation
of von Hippel–Lindau (VHL) disease [2]. Sporadic cases
usually present with solitary lesions, whereas VHL
patients tend to develop multiple HBs, which requires
lifelong medical surveillance [1]. Histologically, HBs are
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characterized by a rich capillary network and large
vacuolated stromal cells representing the neoplastic cell
population [3]. They can be categorized into two sub-
types: (i) reticular HBs with abundant capillaries and
scattered stromal cells and (ii) cellular HBs with large
clusters of uniform tumor cells being associated with a
higher frequency of tumor progression [4]. Despite
their designation as benign grade 1 tumors according
to the World Health Organization (WHO) classifica-
tion of CNS tumors [5], HBs are associated with signif-
icant morbidity due to mass effects of the primary
tumor or the occurrence of (often large) peri-tumoral
cysts [6, 7]. Recurrence or tumor progression is
observed in some cases [8] and rarely, leptomeningeal
dissemination may occur [9].

Mutations in the VHL tumor suppressor gene located
on chr3p25.3 are long known to play a role in both spo-
radic and VHL disease related tumors [10–13], but
genetic factors explaining the clinical heterogeneity of
HBs remain uncertain. Despite copy-number alterations
in a fraction of cases [10, 14], the exome of HBs is
remarkably simple and devoid of additional oncogenic
driver mutations [12, 13]. Transcriptome and lipidomic
analysis of cystic and solid HBs revealed dysregulated
lipid metabolism-related genes in cyst-forming tumors
[15], but the underlying molecular alterations remain elu-
sive. Recently, molecular characterization of the VHL
promoter uncovered epigenetic differences in sporadic
and VHL-associated HBs [10], raising the possibility that
changes in DNA methylation might help to identify rele-
vant biological subgroups. Genome-wide DNA methyla-
tion arrays have emerged as a powerful tool for robust
classification of CNS tumors and for unsupervised identi-
fication of novel and potentially clinically relevant molec-
ular subgroups [16, 17].

Therefore, we aimed to characterize methylation pro-
files and clinical and histopathological features in a larger
series of sporadic and VHL-related HBs. Here, we show
that methylation profiling of HBs reveals two molecular
subgroups with distinct methylation components and dif-
ferences in cytogenetic profiles.

2 | MATERIALS AND METHODS

2.1 | Materials

Formalin-fixed paraffin-embedded tumor samples of 47
HBs from 42 patients resected at the University Hospital
Münster between 2009 and 2020 were retrieved from the
archive of the Institute of Neuropathology Münster. His-
topathology was reviewed according to 2021 WHO
criteria. Tumors predominantly composed of zellballen-
like cellular clusters of tumor cells with large epithelioid
cells with finely granular cytoplasm were classified as
“cellular” and tumors in which capillary networks pre-
vailed were classified as “reticular” [4]. Clinical data

were retrospectively determined and de-identified.
Detailed follow-up data on recurrence (i.e. new or pro-
gressive lesions at the same anatomical compartment)
was available for all 42 patients. Recurrence data were
evaluated by Kaplan–Meier analysis and Log-Rank
test. The use of biopsy-specimens for research upon
anonymization was in accordance with local regula-
tions of the University Hospital Münster and approved
by the Münster ethics committee (2007-420-f-S and
2017-707-f-S).

2.2 | DNA methylation profiling

DNA was isolated after macrodissection of tumor tissue
from formalin-fixed paraffin-embedded tumor samples. Fol-
lowing purification and bisulfite conversion using standard
protocols provided by the manufacturer, samples were ana-
lyzed using the MethylationEPIC BeadChip array (Illumina
Inc., San Diego, CA) as previously described [18]. Raw
IDAT files were loaded into the R environment (v4.1.0)
using the minfi package (v1.38.0). For genotype analyses,
the getSnpBeta function was used to retrieve intensity values
of 59 SNP probes. Pairwise sample-to-sample Pearson cor-
relations were plotted with the pheatmap package (v1.0.12)
and manual inspection showed high correlation of samples
from the same individual (Figure S1). The following filtering
criteria were applied: removal of probes targeting the X and
Y chromosomes, removal of probes containing a single
nucleotide polymorphism (MAF>1%) within five base pairs
of and including the targeted CpG-site, and probes not
uniquely mapping the human reference genome (hg19). In
total, 749,312 CpG sites were kept for downstream analyses.
DNA methylation-based classification was performed with
the Heidelberg Brain Tumor Classifier (v11b4) [16]. DNA
methylation data have been deposited in GEO (accession
number GSE197378).

2.3 | Copy-number variation analysis

Copy-number variation (CNV) analysis from DNA meth-
ylation array data was facilitated using the conumee Bio-
conductor package after additional baseline correction
(https://github.com/dstichel/conumee). Chromosome-wide
gains and losses were visually assessed from CNV plots.
Focal VHL deletions were defined as distinct copy number
losses involving chr3:10,183,319-10,195,354 (hg19) with a
notably higher amplitude than adjacent regions.

2.4 | Dimensionality reduction

Unsupervised t-distributed stochastic neighbor embed-
ding (t-SNE) analysis was performed together with previ-
ously published [16] DNA methylation profiles of 2801
samples comprising 82 brain tumor entities (GEO
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accession number GSE90496) using the Rtsne package
(v0.15). The first 94 principal components (PCs) were cal-
culated with singular value decomposition (SVD) and then
used to perform the t-SNE analysis with the following
parameter adjustments: pca = FALSE, max_iter = 2000,
theta = 0. Uniform Manifold Approximation and Projec-
tion (UMAP) analysis of the HB cohort was performed
using the umap package with default parameters (v0.2.7).

2.5 | Consensus clustering

Consensus clustering was performed on the matrix of
beta values using the R/bioconductor package cola (ver-
sion 1.99.4) [19]. Various combinations of feature selec-
tion and partitioning methods were adopted to fit
consensus clustering models with k subgroups ranging
from 2 to 6. Standard deviation (SD), coefficient of vari-
ance (CV), median absolute deviation (MAD) and ability
to correlate to other rows (ATC) were used as feature
selection methods. The following partitioning methods
were used to separate samples into subgroups ranging
from 2 to 6 classes: hierarchical clustering with cutree
(hclust), k-means clustering (kmeans), spherical k-means
clustering (skmeans), partitioning around medoids (pam)
and model-based clustering (mclust). The models were
assessed to determine the optimal fit using the mean sil-
houette score, the 1 - proportion of ambiguous clustering
(PAC) score, concordance, and the Jaccard index. In
addition, consensus heatmaps and membership heatmaps
(illustrating the membership of every individual partition
generated from random subsets of the original matrix)
were visually inspected.

2.6 | VHL promoter methylation

As evidence of epigenetic silencing, the VHL promoter
was considered methylated if the beta value for probe
cg15267345 within the CpG Island exceeded 0.2 as previ-
ously published [20].

2.7 | Differential methylation

Differentially methylated CpG sites (DMCs) were calcu-
lated as previously described [21]. Given that small stan-
dard deviations at individual CpG sites frequently arise
by chance and might result in highly significant, but often
spurious results, an indiscriminate standard deviation
cutoff of 0.05 was implemented to eliminate CpG sites
with small standard deviations. The remaining 425,531
CpG sites were used for downstream statistical analysis.
A nonparametric Mann–Whitney U test was used to
identify CpGs that were differentially methylated
between comparison groups. The p-values for the differ-
entially methylated CpG sites were corrected for multiple

hypothesis testing by the Benjamini-Hochberg procedure,
and q = 0.01 was used as a threshold for significance.
GO and KEGG enrichment analyses were performed
using the gometh package (v1.1).

2.8 | Deconvolution analysis

Dissection of bulk DNA methylation profiles was per-
formed with MeDeCom, a reference-free deconvolution
algorithm that identifies major components of variation,
termed latent methylation components (LMC) [22].
Methylation array data were processed according to a
recently published protocol [23] using the 5000, 10,000,
and 15,000 most variably methylated CpG sites across
the samples as input to MeDeCom. Investigation of the
cross-validation error and of the objective value for the
parameter number of LMCs (kappa) and the regulariza-
tion parameter (λ) were performed, resulting in a set of
LMCs. Overall, the cross-validation error pointed to
selecting 4 components (parameter k) and the regulariza-
tion parameter λ as 0. Manual inspection of LMC distri-
butions revealed tumor HB_42, the sample with the
lowest methylation classifier score (calibrated score 0.3,
Table S1), as a clear outlier and has thus been excluded
from deconvolution analyses. Hierarchical clustering
analysis of LMC proportions derived from each sample
was performed using Euclidean distance and Ward’s link-
age. In addition, deconvolution analysis has been per-
formed together with DNA methylation profiles of other
VHL-related tumor entities including 12 endolymphatic
sac tumors (ELST) (GSE168808) and 324 clear cell
renal carcinomas (ccRCC) of the TCGA cohort (TCGA-
KIRC). For a detailed deconvolution of the cellular
composition of bulk HB samples, we applied the
reference-based MethylCIBERSORT algorithm [24] to
infer distinct cellular contents (endothelial cells, fibro-
blasts, CD14-positive cells, CD4- and CD8-positive
T cells, regulatory T cells and neutrophils). The analysis
was carried out on the Noob normalized beta matrix
using the MethylCIBERSORT R package (v0.20) with a
previously published reference matrix [25]. The beta
matrix of HB samples and reference files were uploaded
onto the CIBERSORT portal and deconvoluted (https://
cibersort.stanford.edu/). Tumor purity of each sample
was estimated using the RF_Purify algorithm [26].

3 | RESULTS

3.1 | Patient characteristics

The series comprised 47 HBs from 16 male and 26 female
patients (Table 1). Twenty-eight HBs (60%) occurred in
patients with VHL, four of which had multiple resections
of individual HBs (Table S1). The median age at diagno-
sis of VHL patients was significantly younger compared
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to patients with sporadic HBs (40 vs. 57 years, p < 0.001,
Student’s t-test). The majority of HBs were located in the
cerebellum (30/47, 64%), whereas 8 tumors (17%) arose
in the brain stem and 8 HBs (17%) occurred in the spinal
cord. One sporadic HB was located in the cerebrum.
There was no significant difference in tumor location
comparing VHL patients to sporadic HB patients (n.s.,
chi-square test). Histologically, 12 HBs (26%) belonged
to the cellular subtype and 35 were reticular (74%). Of
note, the cellular HBs exclusively occurred in the cerebel-
lum whereas all non-cerebellar HBs were reticular
(p = 0.003, chi-square test). Histological subtype was not
associated with VHL germline status (sporadic HBs: 6 cel-
lular and 13 reticular; VHL-associated HBs: 6 cellular
and 22 reticular; n.s., chi-square test).

3.2 | Copy-number variations

The most frequent recurrent copy-number alteration were
losses of whole chromosome 3 or chromosome 3p (55%)
and a focused analysis of the VHL locus on chr3p25.3
revealed focal deletions in 18 additional cases (38%)
(Table S1, Figure S3). Other common CNVs include
losses of chromosome 19p (55%), 6 (19%) and 19q (13%).
Similar to a previous study [14], chromosome 6 loss was
associated with the cellular subtype (8/12 vs. 2/28, p <

0.001, chi-square test), but was also more frequent in
solid versus cystic HBs (5/10 and 4/34, p = 0.008, chi-
square test) as well as sporadic versus VHL-associated
HBs (7/19 vs. 2/28, p = 0.01, chi-square test). There were
no other CNVs significantly associated with VHL status,
histological subtype or peritumoral cysts.

3.3 | Global DNA methylation patterns

Using DNA methylation-based classification (Heidelberg
Brain Tumor Classifier version 11b4) followed by
t-distributed stochastic neighbor embedding (t-SNE) analysis
together with a reference cohort of 2801 methylation profiles
(comprising 2682 CNS tumors and 119 non-neoplastic sam-
ples) [16], all samples could be assigned to the methylation
classHBFigure S2,Table S1).

To detect stable methylation subgroups, a subsequent
unsupervised consensus clustering of the 47 HBs was per-
formed using the cola framework [19] with different fea-
ture selection methods for the top 1000, 2000, 3000, 4000
and 5000 most variable probes, respectively. Various par-
titioning methods were applied, including hierarchical
clustering, k-means clustering, spherical k-means cluster-
ing, partitioning around medoids and model-based clus-
tering. Stability metrics and inspection of the consensus
heatmaps clearly revealed most stable partitioning for

TABLE 1 Patient characteristics

All cases
(47 HBs of 42 patients)

Methylation cluster
1(30 HBs of 28 patients)

Methylation cluster
2 (17 HBs of 17 patients) Significance

Sex (male/female) 16/26 10/20 8/9 n.s.*

Age (years) (median, range) 49 (15–84) 50 (24–84) 43 (15–78) n.s.**

VHL disease related (%) 28 (60%) 17 (57%) 11 (65%) n.s.**

Histology

Cellular 12 12 0 p = 0.003*

Reticular 35 18 17

Location

Cerebellum 30 29 1 p < 0.001*

Brainstem 8 1 7

Spinal 8 0 8

Cerebral 1 0 1

Peritumoral cyst (%) 34 (72%) 22 (73%) 12 (71%) n.s.*

VHL promoter methylation 2 1 1 n.s.*

CNVs

Mean CNV load (Mb) 206 262 109 p = 0.001**

Chr3p loss 26 18 8 n.s.*

Focal Chr3p25.3 deletion 18 10 8

Balanced Chr3p 3 2 1

Chr6 loss 9 9 0 p = 0.01*

Abbreviations: HB, Hemangioblastoma; CNV, copy-number variation; VHL, von Hippel-Lindau.
*Chi-square test.
**Student’s t-test.
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2 clusters (Figure 1A, Figure S4). Unsupervised dimen-
sionality reduction using UMAP confirmed the presence
of two subgroups (Figure 1B). Consistently, the two clus-
ters also segregate on t-SNE analysis (Figure S2). The
majority of the 5000 most variable CpGs (2678, 54%)
were located in open sea regions that usually overlap with
intergenic regions, whereas a rather small fraction (1000
CpGs, 20%) maps to CpG islands which are typically
located in gene promoters.

Tumors of methylation cluster 1 comprise 30 HBs
(13 sporadic and 17 VHL-associated) of mainly cerebellar
location (29/30, Table 1, Figure 1A), whereas methyla-
tion cluster 2 contains 17 HBs (6 sporadic and 11 VHL-
associated) predominantly arising from noncerebellar
locations (8 spinal, 7 brainstem, 1 cerebral and 1 cerebel-
lar) (p < 0.001, chi-square test). Of note, 2 of 4 VHL
patients with multiple tumors throughout the cohort had
HBs of different anatomical locations (HB_13 and
HB_30 with each 1 cerebellar and 1 spinal HB) and were
assigned to cluster 1 (cerebellar tumors) and cluster 2 (spi-
nal tumors), respectively (Table S1). All 12 cellular HBs
were in methylation cluster 1 (p = 0.003, chi-square test).
VHL germline status and the occurrence of peritumoral
cysts were not related to methylation clusters (Table 1).
Although the type of copy-number alteration on chromo-
some 3 (whole chromosomal arm loss or focal 3p25.3
deletion) did not differ between methylation clusters, the
overall CNV load (chromosomal regions affected by
CNVs in megabases) was significantly higher in cluster
1 versus cluster 2 (262 Mb vs. 109Mb, p = 0.001, Stu-
dent’s t-test, Figure 2) with losses of chromosome
6 (affecting 8 cellular and 1 reticular HB) exclusively

occurring in this cluster (Table 1, p = 0.01, chi-square
test). Hypermethylation of the VHL promoter was
observed in 2 sporadic HBs, one in each methylation
cluster (Figure 1A).

3.4 | Differential DNA methylation analysis

We next performed a supervised differential methylation
analysis. No significantly differentially methylated CpGs
(DMCs) were found when comparing VHL and sporadic
as well as cystic and solid HBs, respectively (Figure S5).
In contrast, methylation clusters 1 and 2 showed 68,230
DMCs, whereas cellular versus reticular HBs were only
slightly different (566 DMCs). Gene Ontology (GO) and
KEGG pathway enrichment analysis of DMCs between
clusters 1 and 2 revealed several developmental and met-
abolic terms (Figure S6), but, of note, there were no
terms suggestive of neuronal cell contamination in mainly
cerebellar cluster 1 tumors.

3.5 | Deconvolution of bulk DNA methylation
profiles

Since HBs are composed of neoplastic stromal cells and
various non-neoplastic cell types [3], an algorithm for
deconvolution of bulk DNA methylomes into latent
methylation components was applied [23]. Cross-
validation errors and objective values (see methods)
pointed towards four distinct methylation components
showing stable results across different numbers of input

F I GURE 1 Methylation profiling of CNS hemangioblastomas. (A) Unsupervised hierarchical clustering of the 5000 most variable CpG sites
(by standard deviation) reveals two clusters. Samples were clustered using the Euclidean distance as the distance measure and Ward’s linkage as the
clustering method. (B) Unsupervised UMAP analysis confirms the presence of two epigenetic subgroups
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CpGs for deconvolution analysis (Figure S7). The pro-
portions of these components (LMC1-4) were calculated
for each sample and unsupervised hierarchical clustering
of the proportions resembled the two global DNA meth-
ylation clusters (Figure 3), suggesting that cerebellar and
non-cerebellar HBs of methylation clusters 1 and 2 are
composed of different methylation components. The
30 tumors of methylation cluster 1 showed significantly
higher proportions of components 1 and 4, whereas com-
ponent 3 was significantly associated with tumors of
methylation cluster 2 (Figure 3A, Figure S8). LMC3 and

LMC4 were significantly associated with histological sub-
type (each p < 0.01) and LMC1 was associated with the
CNV status on Chr3p (chromosomal deletion vs. focal
deletion, p < 0.01), whereas none of the LMCs was signif-
icantly associated with VHL status (Figure S8). We fur-
ther investigated the four methylation components using
the reference-based algorithm MethylCIBERSORT [24]
and an estimation of tumor purity [26]. Of note, two dif-
ferent methylation components (components 1 and 4)
were positively correlated with tumor purity suggesting
that they might represent the main neoplastic cell

F I GURE 2 Copy-number variations (CNV). (A) Summary CNV plots of methylation cluster 1 (top) and methylation cluster 2 (bottom) show
that losses of chr6 among other CNVs exclusively occur in HBs of methylation cluster 1, whereas chr3 and chr 19p losses are equally distributed
between both clusters. (B) The CNV load per case, defined as the sum of chromosomal regions affected by CNVs (in Mb), is significantly higher in
tumors of methylation cluster 1

F I GURE 3 Deconvolution analysis. (A) Heatmap showing the proportions of the four latent methylation components (LMC1-4) across tumor
samples. Samples were clustered using the Euclidean distance as the distance measure and Ward’s linkage as the clustering method. Samples of
methylation cluster 1 mainly show high proportions of component 1 or component 4, respectively, whereas component 3 prevails in tumors of
methylation cluster 2. (B) Associations between the MethylCIBERSORT proportions and LMC proportions. The Pearson correlations are shown as
ellipses that are directed to the upper right for positive and to the lower right for negative correlations, respectively
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components (Figure 3B). Component 3 was characterized
by a strong endothelial signature but inverse correlation
with tumor purity, and further showed associations with
CD8-positive T cells and neutrophils. The strongest asso-
ciation of component 2 was found with CD4-positive T-
cells and high proportions of this component were found
in individual samples of both methylation clusters 1 and
2. Relevant associations with B cells were not detected.

Furthermore, deconvolution analysis was performed
together with other VHL-related tumor entities including
21 endolymphatic sac tumors (ELST, retrieved from
GSE168808) and 324 clear cell renal cell carcinomas
(ccRCC) of the TCGA cohort (TCGA-KIRC). VHL sta-
tus was available for all ELST and HB tumor samples.
Cross-validation errors and objective values pointed
towards 6 LMCs. The proportion heatmap of the
resulting 6 LMCs showed a clear separation of HB and
ELST from TCGA-KIRC (Figure S9A). Accordingly,
LMC1-5 were significantly associated with the tumor
type (each p < 0.05; Figure S9B). Interestingly, in this
large cohort, LMC6 was significantly associated with
VHL status in HB and ELST (sporadic vs. VHL, p <
0.05, Figure S9B).

3.6 | Patient outcome

Follow-up information could be retrieved for all
42 patients with a median follow-up time of 16 months
Table S1). Progressive or new lesions at the same location
necessitating neurosurgical intervention were observed in
seven patients after a median time of 20 months (range 2–
45 months), and mainly affected patients with VHL dis-
ease (6/7 patients). We did not observe any growth at the
site of previously resected lesions suggesting tumor recur-
rence after incomplete resection. On Kaplan–Meier anal-
ysis, VHL status, histological subtype and methylation
cluster showed no significant influence on progression-
free survival Figure S10). Similarly, there was no signifi-
cant influence of LMC proportions to progression-free
survival (Figure S11).

4 | DISCUSSION

Using DNA methylation profiling of a large series of spo-
radic and VHL-associated HBs, two stable molecular
clusters were identified. Similar to other CNS tumor enti-
ties [17, 27, 28], global methylation patterns were
strongly associated with anatomical location and segre-
gate most cerebellar (methylation cluster 1) and non-
cerebellar (methylation cluster 2) HBs. As compared to
infratentorial IDH-mutated diffuse astrocytomas show-
ing similar methylation profiles in tumors of cerebellar
and brainstem origin [28], brainstem HBs clearly segre-
gate from vicinal cerebellar HBs and rather group with
spinal HBs (Figure 1). We have therefore also considered

non-neoplastic cerebellar tissue contamination as a con-
founding factor [29] in cluster 1 tumors, but careful
tumor tissue dissection as well as GO and KEGG term
enrichment analysis argue against this possibility. Fur-
thermore, the methylation clusters differ in their cytoge-
netic profiles with higher chromosomal instability in
cluster 1 tumors, suggesting true biological differences
beyond the epigenetic level. Of note, loss of chromosome
6, previously being linked to HB pathogenesis [10, 12],
exclusively occurred in cluster 1 tumors, also pointing
towards different oncogenic pathways related to methyla-
tion clusters. Cellular HBs were exclusively assigned to
methylation cluster 1, but this observation was correlated
with anatomical location and is in line with previous
studies showing a predominance of cellular HBs in the
cerebellum [4].

Since tumor DNA methylation profiles are thought
to represent a combination of both somatically acquired
DNA methylation changes and a signature reflecting the
cell of origin [30] that is being maintained throughout
tumor progression [31], it is reasonable to assume that
cerebellar and non-cerebellar HBs of clusters 1 and
2 might arise from different progenitor cells. Of note, the
majority of variable methylation sites between the two
clusters overlap with open sea CpG sites which mainly
map to intergenic regions that are typically associated
with methylation differences among tissues of origin [32].
As part of the CNS brain tumor classifier, HBs have pre-
viously been described as a rather uniform subgroup
using the Illumina 450 K methylation array platform
[16], suggesting that the successor EPIC methylation
array mainly harboring additional CpG sites in intergenic
regions [33] might help to uncover distinct biological sub-
groups that are overseen with the 450 K microarray.
A previous study has demonstrated transcriptomic dys-
regulation of genes involved in lipid metabolism such as
ADCY4, MGLL, ACOT2, DGKG, SHC1 and LPAR2 in
cystic compared to solid HBs [15], but supervised methyl-
ation analysis in our cohort did not identify different
methylation in these genes or any other CpGs suggesting
that these transcriptional differences are not due to DNA
methylation dysregulation. Similarly, there were no
global methylation differences in sporadic HBs compared
to VHL-related tumors, but, importantly, it needs to be
considered that the EPIC methylation array can only
detect up to 870,000 CpGs across the entire epigenome
containing 28 million CpGs (representing �3.1% of all
CpGs) with improved, but still suboptimal coverage of
regulatory elements [33]. Therefore, comprehensive but
more costly methods such as whole-genome bisulfite
sequencing (WGBS) might help to identify fine-grained
differences between clinically different subtypes of HBs.

Beyond differential methylation analysis at individual
CpG sites, bulk DNA methylation array data can be used
to uncover hidden confounding variation, most impor-
tantly different cell type compositions [22, 23]. Given that
HBs are histologically composed of neoplastic stromal
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cells and non-neoplastic cell types including endothelial
cells, pericytes and various immune cells [3], it is reason-
able to assume that cluster-specific differences might
relate to different cell types. In line with this hypothesis,
deconvolution of HB bulk methylation profiles suggested
different compositions of cell types, which in turn relate
to the two methylation clusters (Figure 3). Furthermore,
combining our data with DNA methylation profiles of
other VHL-related tumor entities including endolym-
phatic sac tumors (ELST) and ccRCC revealed a methyl-
ation component being associated with VHL status
(Figure S9). However, deconvolution methods for DNA
methylation array data are still hampered by technical
noise and the inability to resolve minor cell types [22].
Therefore, subsequent single cell methods such as single
cell RNA sequencing might help to dissect the exact cel-
lular composition of HBs across different biological
subtypes.

Taken together, DNAmethylation profiling of HBs rev-
ealed two distinct epigenetic subgroups that mainly associ-
ate with anatomical location (cerebellar vs. non-cerebellar),
cytogenetic profiles and differences in latent methylation
components. Although global DNA methylation profiles
were not associated with clinical outcome parameters, our
results indicate that cerebellar and brainstem/spinal HBs
have a distinct pathogenesis and might derive from different
cells of origin. Examination of a larger cohort including
more supratentorial tumors and application of single-cell
analysis are warranted.
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