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Abstract

Paragangliomas/pheochromocytomas are rare neuroendocrine tumors that arise from the adrenal gland or ganglia at vari-
ous sites throughout the body. They display a remarkable diversity of driver alterations and are associated with germline
mutations in up to 40% of the cases. Comprehensive molecular profiling of abdomino-thoracic paragangliomas revealed
four molecularly defined and clinically relevant subtypes. Paragangliomas of the cauda equina region are considered to
belong to one of the defined molecular subtypes, but a systematic molecular analysis has not yet been performed. In this
study, we analyzed genome-wide DNA methylation profiles of 57 cauda equina paragangliomas and show that these tumors
are epigenetically distinct from non-spinal paragangliomas and other tumors. In contrast to paragangliomas of other sites,
chromosomal imbalances are widely lacking in cauda equina paragangliomas. Furthermore, RNA and DNA exome sequenc-
ing revealed that frequent genetic alterations found in non-spinal paragangliomas—including the prognostically relevant
SDH mutations—are absent in cauda equina paragangliomas. Histologically, cauda equina paragangliomas show frequently
gangliocytic differentiation and strong immunoreactivity to pan-cytokeratin and cytokeratin 18, which is not common in
paragangliomas of other sites. None of our cases had a familial paraganglioma syndrome. Tumors rarely recurred (9%) or
presented with multiple lesions within the spinal compartment (7%), but did not metastasize outside the CNS. In summary,
we show that cauda equina paragangliomas represent a distinct, sporadic tumor entity defined by a unique clinical and
morpho-molecular profile.

Keywords Paraganglioma - Cauda equina - Head and neck - SDHB - GATA3 - DNA methylation

Introduction

Paragangliomas and pheochromocytomas are rare, neu-
roendocrine tumors developing from the autonomous
nervous system. Arising in the adrenal medulla, tumors
are called pheochromocytomas (PCC), whereas tumors in
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extra-adrenal location are called paragangliomas (PGL) [5].
Paraganglia are derived of different migrating neural crest
cell subpopulations (Fig. 1a), giving rise to either sympa-
thetic, catecholamine-secreting PGLs (mainly abdomino-
thoracic) or non-secreting, parasympathetic PGL (mainly
head and neck PGL).

Paragangliomas of the CNS almost exclusively occur
in the cauda equina region or the cerebellopontine angle,
often referred to as glomus jugulare tumors or jugulotym-
panic paragangliomas [13]. Compared to the more preva-
lent abdominal (85%), thoracic (12%) and head and neck
(3%) PGLs, paragangliomas in the cauda equina region
(CEP) are exceptionally rare (< 1% of all PGLs, Fig. 1b),
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Fig. 1 Developmental, clinical and radiological characteristics of
paragangliomas. a Paraganglia develop from neural crest cell precur-
sor cells that migrate to various body sites. Different subpopulations
are recognized that differ in their spatial predominance and capabil-
ity of giving rise to functional or non-functional paragangliomas. b
Distribution and frequency of paragangliomas in the human body:
cauda equina paragangliomas are exceptionally rare. ¢ Common sites
of paraganglioma origin in detail with type of precursor neural crest
cell population indicated by color. d Typical MRI presentation of a
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paraganglioma in the cauda equina region as a circumscribed, oval-
shaped, contrast-enhancing mass at L2 on a sagittal T1 image with
contrast agent. e Paraganglioma with unusual dissemination up to the
thoracic spine upon tumor recurrence (sagittal T1 image with contrast
agent). More often, dissemination occurs within cauda equina nerve
roots in the lumbar compartment. f Same patients as in (e) with a
paraganglioma metastasis in the cerebellopontine angle—mimicking
a glomus jugulare tumor (axial T1 image with contrast agent)



Acta Neuropathologica (2020) 140:893-906

895

accounting for only 3-4% of all tumors arising in the
lower lumbar spine [37]. Despite their different anatomic
locations, PGLs share characteristic morphological and
ultrastructural features and are considered to belong to
the same tumor entity [7, 13], although the histogenesis
of CEPs is unclear and paraganglia as tumor origin in the
filum terminale or cauda equina have not been described.

Comprehensive molecular profiling of thoracic and
abdominal PGL/PCC by the The Cancer Genome Atlas
(TCGA) revealed a considerable diversity of driver altera-
tions that resulted in the establishment of molecularly
defined subtypes with prognostic impact [6]. Using DNA
sequencing, gene expression profiling and methylation
analysis, PGLs could be divided into four molecular
groups: pseudohypoxic, cortical admixture, Wnt sign-
aling, and kinase signaling [5, 6]. Approximately 40%
of patients carry germline mutations in one of 19 PGL/
PCC susceptibility genes (DNMT3A, EGLNI, EGLN2,
EPASI, FH, IDHI, KIFIB, MAX, MDH2, NF1, SDHA,
SDHAF2, SDHB, SDHD, SDHC, SLC25A11, RET, VHL,
and TMEM127), which are associated with a variable risk
of metastatic disease [2, 5, 18].

The extent of methylation in PGLs ranges from
genome-wide hypomethylation to hypermethylation
[12]. Tumors were shown to belong to three methylation
subclusters (M1-M3) which are strongly associated with
molecular subtypes: pseudohypoxic PGLs with genetic
alterations in tricarboxylic acid cycle genes show DNA
hypermethylation (TCGA M1 cluster), pseudohypoxic
VHL- and EPAS1-related PGL show intermediate DNA
methylation (TCGA M2 cluster), whereas PGLs with Wnt
and kinase signaling alterations exhibit DNA hypometh-
ylation (TCGA M3 cluster) [6, 12].

Genetic analyses of patients with head and neck PGLs
(HN-PGLs) have revealed similar driver mutations as in
abdomino-thoracic PGL/PCC (mainly SDHB, SDHD,
VHL mutations); however, methylation analysis was only
conducted in very few cases [2, 24, 25, 27]. Genetic and
epigenetic alterations in CEPs have not been compre-
hensively analyzed so far. Here, we analyzed a series of
57 cauda equina paragangliomas by genome-wide DNA
methylation profiling and whole exome DNA and RNA
sequencing. Comparing molecular signatures to those of
non-spinal PGLs, including abdomino-thoracic and head
and neck PGLs, we provide evidence that CEP represents
a molecularly distinct tumor entity characterized by a
unique epigenetic profile, unrelated to that of non-spinal
PGLs, as well as the absence of common PGL-associated
genetic driver alterations including germline mutations.

Materials and methods
Sample selection and histology

Tumor samples of 56 patients with the diagnosis of a CEP
(n=60; 55 primary tumors and 5 recurrent tumors) were
collected from the archives of Neuropathology Depart-
ments of Hannover Medical School (MHH), Heidelberg
University Hospital and Charité-Universitidtsmedizin Ber-
lin. We additionally included a cohort of head and neck
paragangliomas (n =24) which had not been previously
analyzed within the TCGA framework. Histopathology
was reviewed according to the current 2016 WHO clas-
sification of CNS tumors by at least two certified neu-
ropathologists. Patients’ sex, age at diagnosis, tumor
location, and follow-up data were obtained from local
clinical records. Tissue and blood collection and process-
ing as well as data collection complied with local ethi-
cal regulations, with extended informed consent given by
study participants donating blood for sequencing. Ethical
approval (EA2/113/18) was granted by the Charité Ethics
Committee.

Immunohistochemical procedures

Immunohistochemical stainings were performed on a Bench-
mark XT autostainer (Ventana Medical Systems, Tuscon,
AZ, USA) with standard antigen retrieval methods (CCl1
buffer, pH8.0, Ventana Medical Systems, Tuscon, AZ, USA)
using 4-pm-thick, FFPE tissue sections. The following pri-
mary antibodies were used: monoclonal mouse anti-MIB1
(Ki67, 1:100, clone M7240, Dako), monoclonal mouse anti-
cytokeratin (AE1/AE3, 1:200, clone M3515, Dako), mono-
clonal mouse anti-CK18 (1:1000, clone DC-10, BioGenex),
monoclonal mouse anti-SDHB (1:100, clone 21A11AE7,
abcam), monoclonal mouse antibody GATA3 (1:250, clone
L50-823, Cell Marque).

DNA extraction and DNA methylation analysis

Genomic DNA was extracted from formalin-fixed and
paraffin-embedded (FFPE) samples and blood using the
Maxwell 16 Blood and Tissue DNA Purification Kit (Pro-
mega) according to the manufacturer’s protocol. In addi-
tion to publically available methylation profiles of 20 CEPs
(GSE109381), DNA methylation analysis was performed
of 37 cauda equina paragangliomas (35 primary tumors,
two recurrences) and 24 head and neck paragangliomas
using the Illumina Infinium Methylation EPIC array as
previously described [4].
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DNA and RNA sequencing

Whole exome sequencing of paired FFPE tumor DNA and
blood leucocytes DNA was performed of a subset of ten
cauda equina paragangliomas using the Agilent SureSelect
human all exon V7 combined with the SureSelect*T low-
input reagent kits on a NovaSeq 6000 (Paired-End, 100 bp,
S1) at the Genomics and Proteomics Core Facility of the
German Cancer Research Center (DKFZ) in Heidelberg.
RNA was extracted using the Maxwell 16 LEV RNA FFPE
Kit (Promega) on a Maxwell 16 Instrument (Promega) fol-
lowing the manufacturer’s instructions. mRNA sequencing
of FFPE-derived RNA was conducted according to a pre-
viously published FFPE RNA sequencing protocol on an
Illumina NextSeq 500/550 instrument [34].

Public datasets

Methylation data of pheochromocytomas (n=143) and
extra-adrenal paragangliomas (n=29) were downloaded
from the TCGA repository (https://portal.gdc.cance
r.gov/projects/TCGA-PCPG). Publically available DNA
methylation datasets were retrieved from the GEO Gene
Expression Omnibus repository: paragangliomas (n=18,
GSE111336) [27], neuroblastoma (n= 105, GSE73515;
n=34, GSE120650), schwannoma (n =125, GSE79009),
melanoma (n=37, GSE108576), desmoplastic mela-
noma (n=15, GSE112308), superficial MPNST (n=15,
GSE112308), and pancreatic neuroendocrine tumors (n=31,
GSE117852). Additionally, the following tumor classes of
the v11b4 reference set of the brain tumor classifier were
included (GSE109381, [4]): cauda equina paraganglioma
(n=20), schwannoma (n=23), melanoma (n=12), melano-
cytoma (n=15), hemangioblastoma (n=25), myxopapillary
ependymoma (n=25), spinal ependymoma (n=26), spinal
subependymoma (n=9), pituitary adenomas (n =94). IDAT
files of ganglioneuromas (n=10) were provided by D. E.
Reuss (previously published, [29]). Datasets were screened
for low quality samples. Cases with a mean detection p
value > 0.01 were excluded from further analyses.

Bioinformatics and data analysis
Methylation analysis

DNA methylation data were analyzed using the R/Biocon-
ductor package minfi (version 1.30.0) [1]. The intersection
of CpG sites which are available on both methylation array
types (450 k or EPIC) were combined applying the com-
bineArrays function. The following filtering criteria were
applied: removal of probes targeting the X and Y chromo-
somes, removal of probes containing a single-nucleotide
polymorphism (dbSNP132 Common) within five base pairs
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of and including the targeted CpG site, and probes not map-
ping uniquely to the human reference genome (hg19) allow-
ing for one mismatch. For #-Distributed Stochastic Neigh-
bor Embedding (tSNE) analysis, the 32,000 most variable
methylation probes across the whole dataset were analyzed
using the Rtsne package (v0.15). The first 45 principal com-
ponents (PCs) were calculated with singular value decompo-
sition (SVD) and then analyzed by tSNE with the following
parameter: pca=F, max_iter=1000, theta=0.5, perplex-
ity =45. For unsupervised hierarchical clustering analysis,
we selected the 10,000 most variably methylated CpG sites
across the dataset and used ComplexHeatmap (v2.3.1) with
Euclidean distance and average linkage method in R. Copy
number variations were calculated from IDAT files using the
R/Bioconductor package conumee (https://bioconductor.org/
packages/ release/bioc/html/conumee.html). DNA methyla-
tion-based classification was performed with the Heidelberg
Brain Tumor Classifier (version v11b4) [4].

DNA whole exome sequencing data were processed
via a customized bcbio-nextgen pipeline (v1.1.7-b) (https
://github.com/bcbio/bebio-nextgen). Reads were aligned
to the hg19 human reference genome (GRCh37) using the
Burrows—Wheeler Aligner (bwa, version 0.7.17). Duplicate
reads were removed using biobambam (v2.0.87). Vardict
(vardict-java, v1.6.0), mutect2 (part of gatk4, v4.1.4.0) and
strelka2 (v2.9.10-0) were implemented as variant callers.
Applying the ensemble option, only variants called by at
least two variant callers were kept for further analysis. VCF
file annotation was done using the variant effect predictor
(vep; v100.1). ClinVar (v20200706) was included for custom
annotations. Variants were classified into the three categories
“likely benign/benign”, “uncertain significance” and “likely
pathogenic / pathogenic” according to the joint AMP-ASCO-
CAP 2017 guidelines for cancer variant interpretation with
CancerVar (https://github.com/WGLab/CancerVar). We fil-
tered for non-synonymous variants with an allele frequency
of > 15% in coding regions with a maximum population
allele frequency of less than 0.01%. Variants with the Clin-
Var annotation “benign” or “likely benign” or CancerVar
verdict “likely benign / benign” were discarded. All cases
were additionally analyzed via the Molecular Health plat-
form (MH Guide, platform build 4.1.0, filter setting: same
as above including coding regions, splice site, and extended
splice site). PGL/PCC susceptibility genes (DNMT3A,
EGLNI, EGLN2, EPASI, FH, IDHI, KIF1B, MAX, MDH2,
NF1, SDHA, SDHAF2, SDHB, SDHD, SDHC, SLC25A11,
RET, VHL, and TMEM127) were manually inspected for
exon deletions and exon—intron boundary alteration in each
sample using the integrative genomics viewer (IGV, v2.8.6).

For RNA sequencing data analysis, a total of five dif-
ferent tools were used to identify fusions: Arriba (v1.1.0,
https://github.com/suhrig/arriba/), EricScript (v0.5.5b)
[3], FusionCatcher (v1.00, https://code.google.com/p/
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fusioncatcher/), InFusion (v0.8) [20], and STAR-Fusion
(v1.8.0, https://star-fusion.github.io/). Arriba was run with
default parameters except for —peOverlapNbasesMin 10 and
—alignSplicedMateMapLminOverLmate 0.5 which was sug-
gested to increase sensitivity [32]. STAR-Fusion was set to
—peOverlapNbasesMin 10 with the remaining parameters in
default. InFusion was used with the following non-default
parameter: —min-fragments 3. Fusion candidates predicted
by EricScript were discarded if the internal classification
score (‘EricScore’) was < 0.5 to better discriminate between
true- and false-positive calls as recommended by the authors.
The hg38 human reference genome was used for alignment.
Fusion candidates were annotated using the FusionHub
database [22]. Candidate fusions were filtered using the
following set of criteria: Only fusions (i) predicted by >?2
tools, (ii) with a read support> 10, and (iii) not annotated
as read-through transcripts were kept. Gene fusions (iv)
detected in non-neoplastic tissues curated in the FusionHub
database (1000genome, Bodymap2, HPA, Non_Tumor_
Cells, Babiceanu, Banned and GTEX), (v) with uncertain
breakpoint prediction and detected in control tissue were
discarded (Supplementary Figure S1, online resource). The
final fusion list was annotated with oncofuse and filtered
according to a high driver probability score (>0.9) and a
low passenger score (<0.5) [30].

Statistical analysis

For patients with available follow-up information, overall
survival (OS) was calculated from the time of the initial his-
tological diagnosis to last contact or death. Recurrence was
defined as the time-point of radiological tumor reappear-
ance in CEPs and the occurrence of an aggressive disease
event (local recurrence or metastasis) in non-CEPs from the
TCGA dataset. Statistical and survival analyses were per-
formed in R applying the packages “survminer” (v0.4.6) and
“ggpubr “ (v0.2.4). Differences in progression-free survival
(PFS) and OS were tested for statistical significance using
the log-rank test. The significance level was set at p <0.05.

Results

CEPs are benign, sporadic tumors that rarely recur
or metastasize to the CNS

Analysis of clinical data of 56 CEP patients demonstrated
that 37 (66%) CEPs occurred in males and 19 (34%) in
females, with a male predominance M/F=1.95/1, in line
with previous reports [16, 33]. The age of patients ranged
from 18 to 78 years (Supplementary Table S1, online
resource). All primary lesions occurred between L1 and S2
with five tumors arising from the filum terminale and 12

from cauda equina nerve roots. CEPs usually presented as
solitary, contrast-enhancing masses (Fig. lc, d).

In our series, five CEPs recurred (9%) and two tumors
recurred twice over a period of 10 years (CEP11) and
20 years (CEP2), respectively. In four patients (7%), a dis-
seminated manifestation was observed (two cases at initial
diagnosis, two cases upon recurrence). CEP35 recurred 6
years later with multiple lesions in the cauda equina and tho-
racic spine and developed a cerebellar metastasis 18 years
after initial diagnosis (Fig. le—f). No distant metastasis out-
side the CNS was observed in any of the CEP cases. None
of the CEP patients had a family history of PGL or presented
with an additional primary PGL outside the CNS (n =39,
NA=17).

Follow-up data were available for 37 patients. The median
follow-up time was 65 months (range: 2 months—31 years).
Overall, two patients died of unknown reasons 31 years and
20 years after initial presentation, respectively. We compared
PFS and OS between CEPs, extra-adrenal PGLs and pheo-
chromocytomas, but did not observe a significantly different
outcome in patients with CEPs and PGLs (Supplementary
Figure S2, online resource).

Cauda equina paraganglioma is a distinct molecular
tumor entity defined by a unique methylation
profile

We compared genome-wide methylation profiles of 57 CEPs
(55 primary tumors and 2 recurrent tumors) from 56 patients
with previously published abdomino-thoracic PGL/PCC
(n=185) [6]. We additionally profiled 24 HN-PGLs includ-
ing 15 glomus jugulare tumors, 2 glomus jugulotympanic
tumors, 1 glomus tympanicum tumor, 6 glomus aorticum
tumors, and 1 tumor of the glossopharyngeal nerve. We also
included 14 neural crest cell-derived tumor entities as well
as relevant differential diagnoses of the lower lumbar spine.
On #-distributed Stochastic Neighbor Embedding (tSNE)
analysis, CEPs clearly grouped apart from PGLs of other
anatomical locations showing distinct epigenetic profiles
(Fig. 2a). In contrast, methylation profiles of HN-PGLs
intermingled with abdomino-thoracic PGL/PCC but showed
no overlap with CEPs.

Recurrent tumor samples grouped in proximity with their
primary tumors on tSNE analysis, including a metastasis of
CEP35 in the cerebellopontine angle, which was initially
suspected to be a glomus tumor (Figs. 1f, 2b). Furthermore,
tSNE analysis of methylation profiles of CEPs and PGLs
only revealed that HN-PGL integrated in the extra/adrenal
PGL group and aggregated in proximity to hypermethyl-
ated TCGA PGLs (M1 Cluster), enriched for tumors of the
molecular subgroup pseudohypoxia with frequent SDH
mutations (Fig. 2¢). The epigenetic difference between CEPs
and PGLs could also be shown by unsupervised hierarchical
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«Fig. 2 Cauda equina paragangliomas have distinct epigenetic profiles.
a DNA methylation-based tSNE analyses of paragangliomas and neu-
ral crest cell-derived tumor entities as well as relevant differential
diagnoses of the spinal compartment: cauda equina paragangliomas
form a distinct group separate from all other tumor entities. b While
pheochromocytomas, extra-adrenal and head and neck paraganglio-
mas group together, no overlap with cauda equina paragangliomas
can be observed. Recurring paragangliomas (including the cerebellar
metastasis in CEP35) are not different from primary paragangliomas
and merge with their epigenetic subgroup. ¢ Head and neck PGLs are
located close to the TCGA M1 hypermethylated group enriched for
tumors with SDH mutations (circled). PGL paraganglioma subtypes,
SPINAL relevant differential diagnosis in spinal location, NCC neural
crest cell-derived tumor entities, NET neuroendocrine tumors

clustering in a heatmap displaying the 10.000 most differen-
tially methylated CpG sites (Fig. 3). CEPs formed a distinct
cluster while HN-PGLs clustered close to PGLs.

Cauda equina paragangliomas are characterized
by balanced copy number profiles and rarely show
loss of chromosome 3

We analyzed copy number variation (CNV) profiles calcu-
lated from DNA methylation array data of 57 CEPs (Fig. 4a).
CNV plots did not show chromosomal alterations—includ-
ing amplifications or deletions—except for CEP18 and
CEPS5S5, both demonstrating a loss of chromosome 3. In
contrast, copy number profiles of HN-PGLs, extra-adrenal
PGLs, and PCCs showed frequent chromosomal aberra-
tions (Fig. 4b—d), mostly affecting similar chromosomes.
Chromosome 1p (including SDHB) loss was observed in
40-60% of PGLs and chromosome 11 (including SDHD)
loss occurred in 30-40% of PGLs. Extra-adrenal PGLs and
PCCs were enriched for chromosome 3 (including VHL)
losses (40-50%) as compared to HN-PGLs (10-15%).
Loss of chromosome 17p (including TP53) was more often
observed in PCCs (40%) compared to extra-adrenal PGLs
and HN-PGLs (10%).

Mutations in PGL/PCC susceptibility genes are
absent in CEPs

We performed whole exome sequencing of 10 CEPs and
matched normal controls. On average, 77 million reads
(range 63-93 million reads per sample) were generated,
resulting in a median real coverage of 94X per sam-
ple (range 77-122 per sample). After filtering variants
detected by our in-house pipeline, a total of 33 non-syn-
onymous single-nucleotide variants (SNVs) and insertion/
deletions (indels) in coding regions and splice sites were
identified (3.3 £2.5 (mean =+ SD) alterations per tumor).
None of the variants were classified as likely pathogenic
or pathogenic according to the joint AMP-ASCO-CAP
2017 guidelines for cancer variant interpretation. We

additionally analyzed all cases with the same filter set-
ting via MH Guide: eight variants of uncertain signifi-
cance remained. Variants classified as “uncertain signifi-
cance” were reviewed in varsome (https://varsome.com)
[10], none was reported to occur in the context of cancer
(Supplementary Table S2, online resource). Additionally,
we manually reviewed all PGL/PCC susceptibility genes
for exon deletions and intron—exon boundary alterations,
including synonymous SN'Vs at splice sites, but did not
find a pathogenic alteration in any of the cases.

CEPs are not driven by recurrent oncogenic gene
fusions

Fusion genes involving MAML3 (5%), BRAF (0.6%),
NGFR (0.6%), and NF1 (0.6%) have been described as
genetic disease drivers in a subset of paragangliomas [6].
We, therefore, performed RNA sequencing and analyzed
eight CEPs. Application of the filter setting resulted in
one final candidate fusion (Supplementary Figure S1,
online resource). The fusion did not involve genes being
described as cancer relevant drivers and was not observed
in other CEPs. Additionally, the raw output of all fusion
callers was screened for fusions containing MAML3,
BRAF, NGFR, or NF1. The fusion partners of these genes
identified this way have not been described before and
their predicted break points deviated from the ones identi-
fied in literature [6, 38]. A low read support and the fact
that they were called by a single fusion caller only, sug-
gests that these fusions are artificial. In summary, fusion
genes known to be relevant in PGL/PCC and associated
with poor prognosis (e.g. MAML3 fusions) were not
observed in CEPs.

CEPs show a wide spectrum of morphological
appearances with a high intratumoral
heterogeneity

PGLs usually show a classic organoid “zellballen” growth
pattern that was at least focally present in all CEPs (Fig. 5a).
In addition, most CEPs (n=54) demonstrated a wide spec-
trum of growth patterns and presented with high intratu-
moral heterogeneity with several different alternating
growth patterns observed within one tumor (e.g. CEP30,
Fig. Sa—d). We observed perivascular pseudorosettes (n=37,
Fig. 5b), papillary formations (n=15, Fig. 5c¢), gangli-
oneuromatous differentiation (n =4, Fig. 5d), gangliocytic
maturation (n=11, Fig. 5e) and angiomatous or sinusoi-
dal growth pattern occasionally with strong hyalinization
(n=16, Fig. 5f~h) in CEPs (Supplementary Table 1, online
resource).
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Fig.3 Heatmap of paragangliomas of various locations. Unsuper-
vised hierarchical clustering based on the 10.000 most differentially
methylated CpG sites clearly separates CEP from other paragan-
gliomas. Furthermore, TCGA subclusters within paragangliomas of

CEPs are characterized by a heterogenous mitotic
and proliferative activity

Mitotic count per 10 high power fields (HPF) ranged from
0 up to 5 in CEPs. In some cases, several mitoses per HPF
were observed (Fig. 5i). Overall, the mitotic activity was
highly variable throughout the tumor tissue, which was
also reflected by a very heterogeneous proliferation activ-
ity (Ki67 immunohistochemistry). Most CEPs had a low
proliferation activity with Ki67 being 0-3% in most tumor
areas (Fig. 5Sm); however, 25 tumors repeatedly showed
areas with focally increased proliferation (Ki67 5-10%,
Fig. 5n). Most tumors that recurred or demonstrated spi-
nal metastasis (4 of 5), did not demonstrate an increased
proliferation or mitotic count. Moreover, we did also not
observe an association of a distinct growth pattern with
increased proliferation or mitoses.
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Beta Value

Location general
adrenal

cauda equina
extra adrenal
head & neck

Location specific
abdomen/pelvis

thoracic

glomus caroticum

glomus jugulare

glomus jugulotympanicum
glomus tympanicum
nervus glossopharyngeus

Gender
Male
Female

Recurrence

= Methylation Cluster
TCGA Cluster 1
TCGA Cluster 2
TCGA Cluster 3
CEP

NA

TCGA mRNA Cluster
kinase signaling
Wnt-altered
cortical admixture
pseudohypoxia

NA

SDH Mutations
SDHB
SDHD

No
NA

thoraco-abdominal and adrenal origin is recapitulated (M1-M3 clus-
ter). NH-PGLs form a separate subcluster close to M1 hypermethyl-
ated cases within PGLs

Cytokeratin and SDHB is expressed in all CEPs,
whereas GATA3 expression is absent

Compared to HN-PGLs which were all negative for cytoker-
atin expression (n=24), we detected pan-cytokeratin (AE1/
AE3) immunoreactivity in all CEPs (n=59, NA=1).
Cytoplasmic-granular and/or dot-like staining pattern was
homogenously observed in all tumor cells in 37 CEPs (63%,
Fig. 5j), being expressed by the epitheloid as well as the
gangliocytic cells. A patchy staining pattern with clusters
of positive cells was observed in 13 CEPs (22%). In 9 cases
(15%), we detected only single positive cells diffusely dis-
persed within the tumor (Fig. 5k). To further investigate
if a specific subtype of keratin is preferentially expressed,
we stained different cytokeratins (e.g. CK5/6, CK7, CK18,
CK19, and CK20). The only cytokeratin being expressed in
the same staining pattern as AE1/AE3 was CK18 (positive
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Fig.4 Chromosomal copy number (CNV) summary plots for the
PGL subtypes: CEPs (a), HN-PGLs (b), extra-adrenal PGLs (c¢), PCC
(d). Chromosomal alterations are largely missing in CEPs compared

to other PGLs. Extra-adrenal PGLs and PCC show similar frequen-
cies of losses of chromosomes 1p, 3 and 11 whereas HN-PGLs rarely
show chromosome 3 loss
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Fig.5 Histopathology of cauda equina paragangliomas. Hema-
toxylin and eosin (H&E) stain demonstrates a monomorphic tumor
with neuroendocrine differentiation and “zellballen” growth pattern
(a). The same tumor (CEP30) demonstrated alternating areas with
perivascular pseudorosettes (b), papillary formations (¢) and a gangli-
oneuromatous component (d). CEPs can also present with predomi-
nantly gangliocytic differentiation (e) or angiomatous differentiation
(), sinusoidal appearance (g) and strongly hyalinized fibrovascular
stroma (h). Focally increased mitotic activity with several mitoses

@ Springer

was observed in some cases (i). Strong, granular, and dot-like pan-
cytokeratin expression in epithelioid and gangliocytic cells (j),
sometimes present only in single cells that may easily be missed (k).
Patchy cytokeratin CK18 expression in a CEP (l). Proliferation activ-
ity indicated by ki67 immunohistochemistry (IHC) is usually low
(m), but may be increased in a heterogenous pattern throughout the
tumor (n). Cytoplasmic SDHB staining was retained in tumor cells
in all cauda equina paragangliomas (0), loss of SDHB expression is
shown for a HN-PGL in the inset
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in 7/7 CEPs, negative in 7/7 HN-PGLs, Fig. 51). A patchy
cytokeratin expression was not observed in cases that
demonstrated spinal dissemination, but in two cases that
recurred (CEP11, CEP35). We additionally analyzed CEPs
for SDHB mutations by immunohistochemistry. None of the
CEPs demonstrated a loss of cytoplasmic SDHB expression
(n=35, NA=25; Fig. 50). GATA3 nuclear expression was
seen in the majority of HN-PGLs (17/21, NA =4), but absent
in all CEPs analyzed (n=31, NA =29).

Discussion

In this study, we analyzed a large cohort of CEPs using
genome-wide DNA methylation analysis as well as whole
exome DNA and RNA sequencing. Comparing our results
to paragangliomas of abdominal, thoracic and head and neck
origin, our data suggest that CEP is an independent tumor
entity with distinct molecular, histopathological, and clini-
cal features.

Methylome analysis has been of great interest in PGLs
even before the rise of methylation-based classification in
CNS tumors [4, 6, 12]. Besides revealing a cell-of-origin
signature reflected in the methylation pattern of a tumor,
epigenetic profiling also proved powerful in predicting the
occurrence of genetic drivers in some tumor entities (e.g.
CpG island methylator phenotype (CIMP) in IDH mutant
gliomas) [19]. In PGLs, methylation analysis identified three
stable clusters associated with clinical features and muta-
tional status. For example, the hypermethylation phenotype
(Cluster M1) is observed in tumors with TCA cycle-related
genes (hereditary in 100%) and associated with a high risk
of metastatic disease whereas tumors with Wnt signaling
alterations (CSDE1, MAML3) belong to the hypomethylated
M3 cluster (hereditary in 0%) [5, 6].

As areference cohort, few CEPs have been epigenetically
profiled within the Heidelberg brain tumor classifier project
[4]. According to the current opinion, they are most likely
related to the hypomethylated M3 cluster (methylation class
"paraganglioma, spinal non-CIMP", https://www.molecularn
europathology.org/mnp/classifier/2/group/289). However,
analyzing a large cohort of CEPs by methylation profiling
and comparing them to PGLs of other sites, we noted that
CEPs were epigenetically very distinct from other PGLs and
formed an independent methylation cluster. Distinctiveness
of methylation pattern in CEPs vs. PGLs were also dem-
onstrated by high calibrated classifier scores (>0.93) for
CEPs (n=38) whereas none of the HN-PGL (n=25), PCC
(n=4) and extra-adrenal PGL (n=4) were classifiable by the
DKFZ CNS tumor classifier v11b4 (all calibrated classifier
scores <0.7).

HN-PGLs share the same mutational and epigenetic alter-
ations as PGL/PCC and clearly belong to the large group of

PGLs of abdomino-thoracic origin. The high influence of
similar driver genes on methylation patterns independent
of location was also shown for atypical teratoid rhabdoid
tumors (ATRTs) and non-central nervous system malignant
rhabdoid tumors (extra-CNS MRTs) that are defined by
SMARCBI alterations and were mostly classified as AT/
RT, MYC subgroup (85%) [26]. In contrast, CEPs do not
cluster with PGLs of other sites, suggesting another molecu-
lar background in CEPs.

Indeed, we did not find any of the recurrently altered
driver genes in PGLs by DNA and RNA exome sequencing
and demonstrate absence of SDHB mutations in CEPs by
immunohistochemistry. We especially did not find germline
mutations present in up to 40% of PGLs, further providing
evidence for a sporadic development of CEPs. These molec-
ular findings are in line with our clinical follow-up data:
none of our CEP cases had a family history of PGL syn-
drome, a second primary PGL or occurrence of an increased
number of other tumors (one patient had breast cancer and
one patient had colon carcinoma) and all tumors occurred
in adults.

A primarily sporadic origin of CEP has been suggested
by several authors before [13]. In contrast, Masuoka et al.
described in 2001 the first CEP with a missense SDHD
mutation in codon 12 (GGT-AGT, Gly—Ser) [15]. The tumor
recurred 22 years later as a cerebellar metastasis and both
tumors were found to carry the same SDHD mutation sug-
gesting an inherited origin. According to recent databases,
the reported SDHD mutation (SDHD ¢.34G > A;p.Gly12Ser,
NM_003002.4; rs34677591) is currently believed to be a
benign SNP (GnomAD exomes allele frequency =0.00749).
The authors additionally screened 22 CEPs for SDHD muta-
tions but did not identify any further mutation. In 2008,
Persu et al. [24] sequenced coding regions of SDHB, SDHD,
RET, and VHL in two sporadic CEPs and pathogenic muta-
tions were found to be absent. Except for one CEP that was
subjected to comparative genomic hybridization (CGH) and
showed no copy number changes [9], we did not find further
published cases with genetic information. Although, avail-
able evidence is limited, a CEP with hereditary origin has
not been described to date which is supported by our data.

Based on unsupervised clustering of methylation profiles,
we did not find evidence for subclusters within CEPs as was
seen for PGLs. We, therefore, assume that the molecular
background among CEPs is very similar and does not reflect
the mutational diversity observed in PGLs [6]. Based on
DNA and RNA sequencing, we did not find a recurrent
driver mutation or fusion in CEPs. Similarly, in central neu-
rocytomas, sharing an unknown cell-of-origin, neuronal
phenotype and rarely gangliocytic differentiation with CEPs
genetic drivers are currently unknown [13]. Further analysis,
including regulatory non-coding RNAs and post-transcrip-
tional modifications, will likely be necessary to identify the
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driver alteration of CEPs as well as the analysis of primary
epimutations and strand-specific methylation patterns, as
imprinting seems to play a pivotal role in disease penetrance
in paraganglioma cells in a syndromic context [18].

CEPs are usually benign with local recurrence rates of 4%
[13, 17, 37] and few cases showing cerebrospinal fluid dis-
semination and seeding to the CNS [28, 35, 36]. However,
in our large series, we noted a recurrence rate of approxi-
mately 9% (5 of 56 patients) with spinal dissemination in
four of our cases possibly indicating an underestimated risk
of recurrence. CEP35 presented with a metastasis in the cer-
ebellopontine angle 18 years after initial diagnosis. Methyla-
tion and copy number profiles did not change over almost
two decades and allowed to clearly differentiate between a
cerebellar metastasis of CEP vs. a new primary tumor. His-
tological features associated with a more aggressive clinical
course have not been identified in CEPs [13] which is in line
with our results showing that increased mitotic or prolifera-
tive activity was not associated with a higher risk of recur-
rence or dissemination. In PGLs, molecular stratification
proved superior in predicting clinical outcome [5, 6, 18],
which is not possible in CEPs based on DNA methylation
analysis so far and needs to be further investigated.

In our series, CEPs presented with a remarkable diversity
of morphological growth patterns with high intratumoral
heterogeneity. Some tumors even showed capability of gan-
gliocytic and ganglioneuromatous differentiation, suggest-
ing a high potential for transformation or maturation rarely
observed in PGLs of other sites. The difference between
CEPs and PGLs was further underlined by GATA3 expres-
sion pattern. Nuclear GATA3 expression has been shown in
75% of extra-adrenal PGLs and 71% of PCCs [23, 31]. In
contrast, GATA3 was not expressed in any of the 31 CEPs
analyzed of our own cohort. In line with our own findings,
Mamilla et al. [14] recently reported absence of GATA3
expression in three CEPs as well as strong cytokeratin
expression. Compared to previous studies showing cytokera-
tin expression in some CEPs [11, 17, 21], all CEPs in our
series strongly expressed cytokeratin. However, in some
cases, expression was restricted to some tumor areas or lim-
ited to a few cells within the tumor prone to be missed. The
multiple morphological facets of CEPs together with its unu-
sual cytokeratin expression pattern and rarity bear a risk for
misdiagnosis or assumption of collision tumors. Methylation
profiling proved capable of differentiating CEPs from other
cytokeratin expressing neuroendocrine tumor entities (e.g.
pancreatic neuroendocrine tumors, pituitary adenomas) and
morphological mimics of the lower spinal cord (e.g. epend-
ymomas, spinal metastasis).

The histogenesis of CEPs is not well established. It is
currently unclear if precursor paraganglia cells are a nor-
mal component of the cauda equina or whether a disrupted
migration of neuroblasts during development resulted in
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displaced precursor cells in an unintended microenviron-
ment [13, 16, 28]. A common ancestral cell of all PGLs is
very likely, given their similar morphology and ultrastruc-
ture irrespective of sites of origin [18]. Methylation pro-
filing—known to particularly reflect a cell-of-origin signa-
ture—suggests the same origin of paragangliomas occurring
in the head and neck and the abdominal region. These PGLs
develop from different subpopulations of migrating neural
crest cells (e.g. cranial, vagal and trunk) and belong to the
same methylation group, despite multiple genes and path-
ways involved in their formation.

In contrast, CEPs are epigenetically very distinct which
might not be completely explained by the development of a
sacral neural crest cell subpopulation and another molecular
background. Moreover, CEPs in contrast to PGLs strongly
express cytokeratin. Expression profiling of newly induced
neural crest cells suggests a model in which migratory
potential is acquired in pre-migratory neural crest cells by
a sequential change in the type of cytoskeletal elements
expressed [8]. Intermediate filament genes (e.g. CK18)
are characteristic for early pre-migratory neural crest cells,
whereas they are lost in migrating neural crest cells express-
ing actin cytoskeleton elements instead. Morphological sim-
ilarity and epigenetic differences in CEPs and PGLs might
possibly be attributed to formation from neural crest cells
precursor cells in different developmental states (early pre-
migratory vs. migratory neural crest cells).
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