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Rosette-forming glioneuronal tumors share a distinct DNA
methylation profile and mutations in FGFR1, with recurrent
co-mutation of PIK3CA and NF1
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Abstract

Rosette-forming glioneuronal tumor (RGNT) is a rare brain neoplasm that primarily affects young adults. Although altera-
tions affecting the mitogen-activated protein kinase (MAPK) and phosphoinositide 3-kinase (PI3K) signaling pathway have
been associated with this low-grade entity, comprehensive molecular investigations of RGNT in larger series have not been
performed to date, and an integrated view of their genetic and epigenetic profiles is still lacking. Here we describe a genome-
wide DNA methylation and targeted sequencing-based characterization of a molecularly distinct class of tumors (n=30),
initially identified through genome-wide DNA methylation screening among a cohort of > 30,000 tumors, of which most were
diagnosed histologically as RGNT. FGFRI hotspot mutations were observed in all tumors analyzed, with co-occurrence of
PIK3CA mutations in about two-thirds of the cases (63%). Additional loss-of-function mutations in the tumor suppressor
gene NF1 were detected in a subset of cases (33%). Notably, in contrast to most other low-grade gliomas, these tumors often
displayed co-occurrence of two or even all three of these mutations. Our data highlight that molecularly defined RGNTs are
characterized by highly recurrent combined genetic alterations affecting both MAPK and PI3K signaling pathways. Thus,
these two pathways appear to synergistically interact in the formation of RGNT, and offer potential therapeutic targets for
this disease.
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Rosette-forming glioneuronal tumor (RGNT) is an uncom-
mon central nervous system (CNS) neoplasm that primar-
ily affects young adults [17]. It typically arises in the mid-
line, usually occupying a substantial fraction of the fourth
ventricle. In the 2007 World Health Organization (WHO)
classification of brain tumors, RGNT was by definition
associated with the fourth ventricle and, therefore, named
as “Rosette-forming glioneuronal tumor of the fourth ven-
tricle”. However, more recent reports have shown that it
can also affect other sites [1, 2, 17, 25, 29]. Thus, the
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extension “of the fourth ventricle” was abandoned in the
2016 update of the WHO CNS classification [17].

Histologically, RGNT is characterized by a biphasic
histologic architecture consisting of well-differentiated
neurocytic cells forming rosettes or perivascular pseudoro-
settes and a glial component resembling pilocytic astro-
cytoma [9, 14, 19, 23]. While large-scale genomic and
epigenomic analyses over the past decade have immensely
contributed to our understanding of molecular mechanisms
underlying many primary brain tumors, current knowledge
on the molecular background of RGNT is based mainly on
individual case reports or small series. Previously pub-
lished targeted molecular analyses revealed the absence
of KIAA1549-BRAF fusions or activating BRAF mutations
[6], which are a hallmark of pilocytic astrocytoma [10,
11] and occasionally found in other low-grade glial and
glioneuronal tumors [30]. In contrast, activating mutations
in FGFRI [7, 16] and/or PIK3CA [3, 5, 16, 28] have been
described in a subset of RGNTs.

We here performed a combined (epi)genomic analy-
sis of genome-wide DNA methylation profiling and tar-
geted next-generation DNA sequencing data in 30 tumors
to evaluate the underlying molecular background and to
identify new diagnostic biomarkers as well as potentially
targetable alterations.

Materials and methods
Study population and sample collection

Tumor samples and retrospective clinical data from 30
patients were obtained from multiple international col-
laborating centers and collected at the Department of
Neuropathology of the University Hospital Heidelberg
(Heidelberg, Germany). Case selection was based on
unsupervised hierarchical clustering of genome-wide
DNA methylation data in a cohort of > 30,000 tumors that
revealed a molecularly distinct group of tumors compris-
ing 30 samples, of which the majority was diagnosed his-
tologically as RGNT. Tissue was available for 24 cases.
Additionally, DNA methylation data of numerous well-
characterized reference samples representing CNS tumors
of known histological and/or molecular subtype were used
for comparative analyses (Fig. 1) [4]. Detailed descriptions
of the reference methylation classes are outlined under
https://www.molecularneuropathology.org. Tissue sample
collection and processing, data collection and use were
performed in accordance with local ethics regulations and
approvals. Clinical patient details are listed in Fig. 2 and
Supplementary Table 1.
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Histology and immunohistochemistry

All samples with available tissue (n=24/30) were his-
topathologically reassessed according to the WHO 2016
classification of tumors of the central nervous system.
Formalin-fixed, paraffin-embedded (FFPE) tissue sam-
ples were stained with hematoxylin and eosin (H&E)
according to standard protocols. For all cases with suf-
ficient material, immunohistochemistry was performed on
a Ventana BenchMark ULTRA Immunostainer using either
the OptiView DAB IHC Detection Kit or the ultraView
Universal DAB Detection Kit (Ventana Medical Systems,
Tucson, AZ, USA). Antibodies were directed against: glial
fibrillary acid protein (GFAP; Z0334, rabbit polyclonal,
1:1000 dilution, Dako Agilent, Santa Clara, CA, USA),
Olig2 (clone EPR2673, rabbit monoclonal, 1:100 dilution,
Abcam, Cambridge, UK), Synaptophysin (clone MRQ-40,
rabbit monoclonal, 1:160 dilution, Cell Marque Corp.,
Rocklin, CA, USA), NeuN (clone A60, mouse monoclonal,
1:100 dilution, Millipore, Burlington, MA, USA), CD34
(clone QBEnd/10, mouse monoclonal, Ventana Medical
Systems), Ki-67 (clone MIB-1, mouse monoclonal, 1:100
dilution, Dako Agilent).

DNA extraction

Representative tumor tissue with tumor cell content ~ 50 to
90% was histologically identified and selected for nucleic
acid extraction. Genomic DNA was extracted from fresh
frozen or FFPE tissue samples using the automated Max-
well system with the Maxwell 16 Tissue DNA Purification
Kit or the Maxwell 16 FFPE Plus LEV DNA Purifica-
tion Kit (Promega, Madison, WI, USA), according to the
manufacturer’s instructions.

DNA methylation array processing and copy number
profiling

The Infinium HumanMethylation450 (450k) BeadChip or
Infinium MethylationEPIC (850k) BeadChip array (Illu-
mina, San Diego, CA, USA) was used to obtain genome-
wide DNA methylation profiles of tumor samples accord-
ing to the manufacturer’s instructions at the Genomics and
Proteomics Core Facility of the German Cancer Research
Center (DKFZ; Heidelberg, Germany). DNA methylation
data were generated from both fresh frozen and FFPE tis-
sue samples. On-chip quality metrics of all samples were
carefully controlled. Processing of DNA methylation data
was performed with custom approaches as previously
described [8, 27]. Copy number profiles were generated
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Fig. 1 Rosette-forming glioneuronal tumor (RGNT) by DNA meth-
ylation profiling. Unsupervised hierarchical clustering of DNA meth-
ylation profiles of 30 rosette-forming glioneuronal tumors alongside
96 well-characterized CNS neoplasms encompassing other low-grade
glial/glioneuronal tumor entities and control tissue; shown in a two-
dimensional representation of pairwise sample correlations using
the 10,000 most variant probes by t-distributed stochastic neighbor
embedding (t-SNE) dimensionality reduction. Reference methylation
classes: posterior fossa pilocytic astrocytoma (LGG, PA PF), gan-

using the ‘conumee’ package for the “R” environment
(http://bioconductor.org/packages/release/bioc/html/
conumee.html). All samples were checked for duplicates
by pairwise correlation of the genotyping probes on the
450k/850k array.

Targeted next-generation DNA sequencing
and mutational analysis

Targeted exon capture and next-generation sequencing cov-
ering the coding regions of 130 genes of particular relevance
in brain tumors was performed on a NextSeq 500 sequencer
(Illumina) as previously described [24] for all tumor sam-
ples (n=30). Fusion discovery was done based on panel

T T

0 50

TSNE 1

glioglioma (LGG, GG), midline pilocytic astrocytoma (LGG, PA
MID), supratentorial/hemispheric pilocytic astrocytoma and gangli-
oglioma (LGG, PA/GG), diffuse leptomeningeal glioneuronal tumor
methylation class 1 (DLGNT_1), diffuse leptomeningeal glioneuronal
tumor methylation class 2 (DLGNT_2), extraventricular neurocytoma
(EVN), dysembryoplastic neuroepithelial tumor (DNT), central neu-
rocytoma (CN), rosette-forming glioneuronal tumor (RGNT), and
control tissue white matter (CONTROL)

sequencing data using deFuse [18] and arriba (https://githu
b.com/suhrig/arriba/).

Statistical analysis

DNA methylation array data were processed with the R/
Bioconductor package minfi (version 1.20). For unsuper-
vised hierarchical clustering of samples, the 20,000 most
variably methylated probes by median absolute deviation
across the dataset were selected. Samples were hierar-
chically clustered using Euclidean distance and Ward’s
linkage method. DNA methylation probes were reor-
dered using Euclidian distance and complete linkage.
For unsupervised 2D representation of pairwise sample
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Fig. 2 Clinicopathological char-
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correlations, dimensionality reduction by t-distributed sto-
chastic neighbor embedding (t-SNE) was performed using
the 10,000 most variable CpG sites according to stand-
ard deviation, a perplexity value of 5 and 3000 iterations.
Survival data were analyzed by Kaplan—Meier analysis
and compared by log rank test using GraphPad Prism 8§
(GraphPad Software, La Jolla, CA, USA). p values <0.05
were considered significant.

Results

DNA methylation profiling highlights a distinct
epigenetic signature of RGNT

Based on an unsupervised analysis of genome-wide DNA
methylation data in a cohort of > 30,000 tumors, we identi-
fied a molecularly distinct group of tumors forming a clus-
ter separate from other established entities. The majority of
these were diagnosed histologically as RGNT (Supplemen-
tary Table 1 and Fig. 2). A subsequent focused unsupervised
hierarchical clustering and t-distributed stochastic neighbor
embedding (t-SNE) analysis of DNA methylation patterns of
these cases, alongside 96 well-characterized CNS neoplasms
encompassing other low-grade glial/glioneuronal tumor enti-
ties and control tissue (white matter), consistently confirmed
the distinct nature of this class (Fig. 1 and Supplementary
Fig. 1). This unique pattern supports the consideration of
RGNT as a distinct molecularly defined tumor type.
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RGNTs are characterized by alterations affecting
MAPK and PI3K signaling pathways

To investigate the mutational landscape in RGNT, we per-
formed targeted next-generation sequencing on genomic
DNA isolated from 30 tumors (Fig. 2 and Supplemen-
tary Table 1). In all analyzed tumors, a missense muta-
tion within the kinase domain of FGFRI was identi-
fied—resulting in either a p.N546K (n=22) or p.K656E
(n=28) substitution (details are listed in Supplementary
Table 2). Both result in activating alterations within the
kinase domain of FGFR1 and were previously reported
in other glioneuronal tumors [21]. Additionally, 19 of 30
(63%) of the FGFRI-mutant tumors harbored a concomi-
tant mutation in PIK3CA which acts as an integral part
of the PI3K pathway, including 14 with a p.H1047R, two
with a p.E545K, and one each with a p.E542K, p.H1047L
or p.G1049R substitution. The mutant allele frequency
for the FGFR1 and PIK3CA alterations ranged from 23 to
58%123 to 48%, consistent with a heterozygous somatic
mutation on the background of ~50 to 90% tumor purity
(Supplementary Table 2).

Besides activating FGFRI and PIK3CA mutations, mis-
sense or damaging mutations in NF'/ were identified in ten of
the cases. Allele frequencies (13—55%) were consistent with
being heterozygous mutations (Supplementary Table 2). No
indication for a loss of heterozygosity was found by copy
number analysis. Notably, seven of the tumors (23%) had a
combined triple alteration of FGFRI, PIK3CA, and NFI—
indicating a cooperative role in tumorigenesis.
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Two of the FGFRI-mutant tumors also harbored a
PTPNI1 mutation, typically altered in patients with Noo-
nan syndrome. The PTPN11 mutations could not be verified
as being in the germline because analysis was performed
without matched normal tissue sample. In one of the cases,
however, a Noonan syndrome was clinically known.

Analysis of copy number variations (CNVs) calculated
from the DNA methylation array data revealed a flat (= bal-
anced) profile in most of the cases. Only single cases showed
a few copy number alterations, with no obvious recurrent
patterns (Supplementary Table 1).

Clinical characteristics and morphological features
within the molecularly defined RGNT cohort

Most of the cases were located infratentorially, preferentially
in the posterior fossa occupying the fourth ventricle and the
cerebellum. However, in line with other studies, the molecu-
larly defined RGNTs described here also arose in mesence-
phalic or diencephalic regions [1, 2, 17, 25, 29]. Median age
of the patients at the time of diagnosis was 32 years (range
10-69) and the sex distribution was balanced (male:female
ratio 1.0). Basic clinical characteristics of the cases are sum-
marized in Fig. 2 and Supplementary Table 1. Outcome data
were available for only ten patients. Analysis of overall sur-
vival (OS) of RGNT patients in comparison to reference
glioma groups supports classification of the molecularly-
rendered RGNT as WHO grade I (RGNT vs. PA L, p=0.73;
RGNT vs. A IDH-mut II, p=0.003), in line with the so far
histologically-defined entity (Supplementary Fig. 2).
Histologically, all analyzed tumors (n=24/30) were
characterized by a moderate cellularity of neuroepithelial
tumor cells. While a glial component consisting of spin-
dle to stellate-shaped astrocytic cells with oval or elon-
gated nuclei in a dense fibrillary background was seen in all
tumors, populations of uniform neurocytic cells arranged in
rosettes and perivascular pseudorosettes could be observed
in only 20 of the 24 cases (Fig. 3). Neurocytic cells typically

Bt Wt

Fig. 3 Morphological and immunohistochemical features of rosette-
forming glioneuronal tumors (RGNTs). Typical histomorphologi-
cal features of RGNT showing well-differentiated neurocytic cells
forming rosettes and perivascular pseudorosettes (a) with immuno-
reactivity for synaptophysin especially in the anuclear, neuropil-like

showed round nuclei with fine stippled chromatin dispersed
in a mucoid or fibrillary matrix. In seven of the cases, an
oligodendroglioma-like cytology was seen focally. Some
of the tumors demonstrated eosinophilic granular bodies
(n=9) or Rosenthal fibers (n=38). Calcifications were seen
in a small number of tumors (n=15). Hyalinized vessels and
focal reactive vascular proliferation were observed in nine
cases. Necrosis was uniformly absent, with exception of
one case. Mitotic activity was very low to absent. Immu-
noreactivity for synaptophysin was present especially in the
anuclear, neuropil-like zone surrounding the microvessels
in the pseudorosettes (Fig. 3), whereas the glial component
exhibited strong positivity for GFAP. The tumor cells were
Olig2 positive, and NeuN and CD34 negative. Proliferation
index (Ki67) ranged from 1 to 3% in 22 of the cases, only
two cases showed a slightly elevated proliferation index of
up to 7 or 10%. Although in some cases an alternative histo-
logical diagnosis (particularly pilocytic astrocytoma, other
low-grade glioma or glioneuronal tumor) was entirely pos-
sible as well, all cases were histologically compatible with
the diagnosis of RGNT.

Discussion

Using genome-wide DNA methylation profiling, we have
confirmed a highly distinct epigenetic signature of RGNT
and shown that tumors within this group share recurrent
alterations within the MAPK and PI3K signaling pathways.

As alterations within the kinase domain of FGFRI were
detected in all tumors analyzed, it seems that RGNTs are
primarily driven by mutations leading to constitutive activa-
tion of FGFR signaling. Genetic alterations within the FGFR
signaling pathway are also common in other low-grade
glial and glioneuronal tumors, with missense mutations in
FGFRI, internal tandem duplication of the kinase domain,
and FGFRI-TACCI fusions being observed [10, 20, 21, 26,
30]. In contrast to the other tumor types, RGNT showed

zone surrounding the microvessels in the pseudorosettes (b). Nuclear
expression of Olig2 in the tumor cells (¢). Predominant astrocytic
component of a molecularly defined RGNT resembling pilocytic
astrocytoma (d)
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further recurrent mutations in the oncogene PIK3CA, which
acts as an integral part of the PI3K pathway, and in the NF/
tumor suppressor gene. Although these genes are each
mutated in several other primary brain tumors, concomitant
mutations (in such a high frequency as observed here) seem
to be extremely uncommon, particularly in low-grade gli-
oneuronal tumors. However, combined activation of MAPK
and PI3K signaling pathways has been previously reported
in single cases of RGNT [7, 16] and, therefore, appears to
be highly characteristic of this molecular class. It is also
possible that other genes involved in these pathways could
be affected that were not covered by our panel sequencing
approach, particularly in those tumors which seem to show
only FGFRI mutation. While FGFR] alterations are also
common in dysembryoplastic neuroepithelial tumor, another
low-grade glioneuronal tumor with histological overlap to
RGNT, no mutations of PIK3CA and only one concomi-
tant NF'/ mutation were found in 32 analyzed cases in our
database.

Although there is no certain association with hereditary
syndromes, RGNT has been described in patients with neu-
rofibromatosis type 1 [13], as well as Noonan syndrome
[12, 16]. None of the NFI mutations in our cohort could be
confirmed as being present in the germline, although only
very few cases had germline material available. Two of the
FGFRI-mutant tumors also displayed a PTPNII muta-
tion, typically altered in patients with Noonan syndrome.
Although matched normal tissue samples were not available
for these cases, Noonan syndrome had already been clini-
cally diagnosed in one patient.

In comparison to the vast majority of low-grade glial and
glioneuronal tumors that have alterations exclusively within
a single molecular pathway [20, 30], RGNT seems to be a
multiple-pathway disease, which is more characteristic of
high-grade tumors. Furthermore, PI3K pathway alterations
have been associated with clinical and histologic aggressive-
ness in LGG [22] as well as poor outcome in patients with
RGNT [7]. However, clinical follow-up data of our series
appear in line with the current WHO grade I designation.

Our findings also have important implications for treat-
ment management of patients with subtotally resected or
recurrent tumors. Highly potent inhibitors of FGFRI, several
of which are currently in various phases of clinical develop-
ment [15], may be valuable treatments for these patients.
Similarly, mutations in PIK3CA and NF1 might also be tar-
geted with specific inhibitors of the PI3K and MAPK path-
ways. However, this will need confirmation in clinical trials.

In conclusion, our findings provide new insight into the
molecular genetic background of RGNT and suggest that
RGNTs are highly linked to combined MAPK and PI3K
signaling pathway activation via concomitant mutations in
FGFRI and PIK3CA; thereby potentially offering options
for targeted combination therapies.
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