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Abstract

Here, we report a highly unusual case of high-grade glioneuronal tumor with a neurotrophic tropomyosin receptor kinase
(NTRK) fusion gene. A 13-year-old girl presented with headache and vomiting and MRI detected two cystic lesions bilaterally
in the frontal areas with surrounding edema. The left larger tumor was removed by left frontal craniotomy. The tumor was
diagnosed as a high-grade glioneuronal tumor, unclassified. Methylation profiling classified it as a diffuse leptomeningeal
glioneuronal tumor (DLGNT) with low confidence. This tumor showed genotypes frequently found in DLGNT such as
1p/19q codeletion without IDH mutation and, however, did not have the typical DLGNT clinical and histological features.
RNA sequencing identified an ARHGEF?2 (encoding Rho/Rac guanine nucleotide exchange factor 2)-NTRK1 fusion gene.
The presence of recurrent NTRK fusion in glioneuronal tumors has an important implication in the clinical decision making

and opens up a possibility of novel targeted therapy.
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Introduction

Mixed glioneuronal tumors are rare group of brain tumors
that consist of glial and neuronal components. These tumors
include gangliogliomas (GG), papillary glioneuronal tumors
(PGNT), rosette-forming glioneuronal tumors (RFGNT),
diffuse leptomeningeal glioneuronal (DLGNT) tumors,
angiocentric gliomas, and others [1-5]. Making histological
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diagnosis of glioneuronal tumors has been sometimes chal-
lenging. However, unique molecular signatures have recently
been identified, enabling creation of classification schemes
that assign tumors to subtypes based on similarity to defined
methylation signatures [6].

Gene fusions resulting from chromosomal rearrange-
ments are an important class of somatic alterations that
contribute to development of cancer [7]. For example,
ALK fusions have been detected in a subset of non-small
cell lung cancer and ALK inhibitors have been shown
to improve outcomes of patients with EML4-ALK-pos-
itive tumors [8]. Recently oncogenic and drug-sensitive
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Neurotrophic tropomyosin receptor kinase type 1
(NTRK]1) rearrangements have been identified in lung
cancers [9].

We here describe an unusual case of high-grade gli-
oneuronal tumor with NTRK fusion. This fusion is likely
to be an oncogenic driver and may serve as a therapeutic
target.

Case report
Clinical history and image presentation

A 13-year-old girl presented with headache and vomiting.
CT scan revealed hydrocephalus and multiple cystic lesions
with calcification in the left and right frontal lobes (Fig. 1a,
b). The patient had a history of epilepsy from age of 1 to 6,
which had been controlled with phenobarbital, and the CT
scan obtained at the age of 3 showed no abnormal lesion.

Fig.1 Computed tomography (CT), magnetic resonance imag-
ing (MRI), and angiography images. a Preoperative axial CT image
showing a cystic tumor with calcification b in the left frontal area and
hydrocephalus; brain shift has occurred. Another cystic tumor is vis-
ible in the right frontal area. ¢ T1- and d T2-weighted images show-
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ing a well-delineated cystic tumor in the left frontal lobe. e Fluid-
attenuated inversion recovery magnetic resonance image showing
perilesional edema. f Diffusion-weighted image showing a hyperin-
tense mass. Preoperative g axial, h coronal, and i sagittal MRI images
showing a cystic tumor with ring enhancement in the frontal lobe
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MRI detected a solid lesion with an enhancing cystic compo-
nent in the left frontal area (Fig. 1c—i). Angiography showed
feeding arteries from the left lateral thalamostriate artery.
Ependymoma, neurocytoma, pilocytic astrocytoma, and
anaplastic astrocytoma were considered as our differential
diagnosis.

Operative procedure and postoperative course

Left frontal craniotomy was performed, and the left-sided
tumor was only partially removed because of copious bleed-
ing; left ventricular drainage was established which lead to
consequent reduction in ventricular size (Fig. 2a—c). Because

the patient had multiple lesions and was a child, she was
treated with temozolomide without radiation therapy on
the basis of a local diagnosis of anaplastic oligodendro-
glioma. The remaining tumor initially decreased in size
(Fig. 2d). However, 9 months after the first operation, MRI
showed areas of recurrence and reoperation was undertaken
(Fig. 2e-h). Intraoperative MRI was used to facilitate maxi-
mum resection (Fig. 2i). The removal rate was estimated
as>95% (Fig. 2j). Postoperatively, the patient underwent
radiation therapy and chemotherapy with temozolomide.
Nine months after the second surgery, she was in good
health with normal development and no neurological defi-
cits. MRI showed no recurrence of tumor.

Fig.2 a Intraoperative photograph showed boundary of tumor and
skin incision in the left frontal area. Intraoperative image showing a
reddish lesion and b that the lesion is well-demarcated. ¢ Postopera-
tive MRI showing residual tumor in the left frontal lobe. d—f Follow-
up MRI showing shrinkage of the residual tumor (d, f: Gd-enhanced

MRI, e: DWI). g DWI and h Gd-enhanced MRI showing a new lesion
in the upper frontal area. i Intraoperative MRI showing total removal
of the recurrence in the left frontal lobe and j subtotal removal of
residual tumor
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Pathological findings nuclei were oval with faint chromatin; however, a few cells
with large nuclei and increased chromatin were present.
The tumor was sharply demarcated from normal tissue and ~ Vascular structures were prominent; however, there was no
consisted of small spindle or round cells arranged in dense  endothelial proliferation or necrosis. Part of the lesion con-
fibrillary or fascicular patterns with long spindle cells. The  tained round cells with perinuclear halos (Fig. 3a—e).
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Fig. 3 Pathological findings. Photomicrographs a, b showing small g ATRX retained, h P53 weakly positive, i mIDH1—. j MIB-1 label-
hypervascular, spindle-shaped astrocytic components and ¢, d round ling index is approximately 20%. k Synaptophysin+, 1 NeuN-—.
cells with perinuclear halos (H&E stain). e Mitotic figures are evi- Bar=100 pm, m Presence of 1p/19q codeletion shown by MLPA
dent. Immunohistochemistry showing some of the cells are f GFAP+,
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On immunohistochemical investigation (Fig. 3f-1), some
of the tumor cells were positive for glial fibrillary acidic pro-
tein, whereas in the less dense areas, they were focally posi-
tive for only oligodendrocyte transcription factor 2. The cells
were NeuN, isocitrate dehydrogenase R132H, and H3 K27M
negative and synaptophysin positive. The Ki-67 index was
approximately 20%. pS3 protein was only focally positive
(< 5% of tumor cells), and alpha-thalassemia/mental retar-
dation syndrome X-linked protein expression was retained.
Initially, this tumor was diagnosed as oligodendroglioma.

During the second operation, two specimens were
resected, comprising a newly developed and a residual
lesion. The new lesion consisted of diffusely arranged tumor
cells with perinuclear halos, small, round, granular, chro-
matin-rich nuclei, and eosinophilic cytoplasm. Those tumor
cells had atypical nuclei that varied in size and shape. There
were more than 50 mitotic figures per 10 high-power fields.
Microvascular proliferation was also identified.

The residual lesion had large, round, eosinophilic tumor
cells with irregular granular nuclei and sparsely distributed
chromatin and also contained atypical astrocytes in reticu-
lated small vessels. Ganglion cells with cytoplasm of unclear
eosinophilic Nissl were also found. In this area, no mitotic
figures were clearly identified.

On immunohistochemical investigation, GFAP was nega-
tive in the recurrence, but positive in atypical astrocytes and
some of the mid-to-large tumor cells in the residual tumor.
Nestin and Olig2 were positive in both lesions. A few tumor
cells in the recurrence were weakly positive for synaptophy-
sin and neurofilament protein, whereas most of the residual
tumor cells were positive for these proteins. NeuN was nega-
tive in both lesions.

Central pathology review for this tumor resulted in a final
diagnosis of high-grade glioneuronal tumor, which consisted
of small spindle or round cells arranged in dense fibrillary
or fascicular patterns with long spindle cells and contained
round cells with perinuclear halos. Immunohistochemistry
staining showed that some of the tumor was positive for
synaptophysin and neurofilament protein, but contained
oligodendrocyte-like cells, which are often present in gli-
oneuronal tumors. Our differential diagnoses of the tumor
with neuronal component were extraventricular neurocyto-
mas and oligodendroglioma with neuronal differentiation.
Our patient’s tumors were not well-differentiated into small
neuronal cells and had cells of various other morphologies,
indicating that it was not an extraventricular neurocytoma.
The presence of immature ganglion-like cells indicated that
they were not oligodendrogliomas with neuronal differen-
tiation. The tumor was finally diagnosed as a high-grade
glioneuronal tumor, unclassified.

Genetic analysis

In both initial and recurrent specimens, pyrosequenc-
ing showed no hotspot mutations in IDHI1/2, BRAF,
H3F3A, HISTIH3B, TERTpromoter [10, 11], or FGFRI.
KIAA1549-BRAF fusion was not detected by RT-PCR [12].
1p/19q codeletion was detected by fluorescence in situ
hybridization (FISH, Abbott Molecular) and multiplex liga-
tion-dependent probe amplification (SALSA MLPA probe-
mix PO88-C2 Oligodendroglioma 1p-19q, MRC-Holland)
(Fig. 3m).

In initial specimen, target sequencing using the Brain
Tumor Panel 93 (Ion Torrent) (Supplementary M&M)
showed no significant pathogenic variants. These geno-
types were not compatible with any tumor type defined in
the revised WHO classification [13].

RNA sequencing identified a fusion gene, ARH-
GEF2-NTRK1 fusion (Exon21-Exon10, Exon20-Exon10).
This fusion was validated by RT-PCR and Sanger sequenc-
ing (Fig. 4a). FISH analysis demonstrated a signal pattern
that did not meet the pre-determined criteria for NTRK1
rearrangement. However, the signal pattern was atypical,
because the majority (57%) of tumor cells harbored isolated
5’ (green) signals in addition to mildly increased (up to 6)
copies of fused 3'/5'signals. Pan-TRK and TRKA immuno-
histochemistry showed strong staining in the tumor cells.
(Fig. 4b, ¢).

Methylation profiling was performed using an Infinium
HumanMethylation EPIC BeadChip (Illumina, San Diego,
CA, USA), and the methylation classifier developed by
German Cancer Research Center (DKFZ)/University Hos-
pital Heidelberg/German Consortium for Translational
Cancer Research (DKTK) (the DKFZ classifier, molecu-
larneuropathology.org) was performed by uploading the
idat files of the sample to their website as instructed. It was
matched as methylation class family member of “meth-
ylation class diffuse leptomeningeal glioneuronal tumor
(DLGNT)”, with a calibrated score 0.61. However, the
interpretation was no match (score <0.9). The copy num-
ber variation profile of the methylation array data con-
firmed a combined loss of 1p/19q, among numerous other
copy number alterations affecting whole chromosomes/
chromosomal arms (Fig. 4d). There was no evidence of
BRAF duplication, the finding consistent with the absence
of BRAF fusion, which are frequent changes observed in
DLGNT, determined by RT-PCR as above.

Discussion
We present a case of a histologically unclassifiable glioneu-

ronal tumor with an ARHGEF2-NTRK]1 fusion that devel-
oped in a pediatric patient. This tumor shared genotypes
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frequently found in DLGNT such as codeletion of 1p/19q
with wild-type IDH and, nevertheless, did not have the typi-
cal DLGNT histological features. The identification of this
rare fusion opens a new possibility of targeted therapy for
this rare subset of pediatric brain tumors.
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The Trk receptor family comprises three transmem-
brane proteins referred to as TrkA, TrkB, and TrkC that
are encoded by the NTRKI, NTRK2, and NTRK3 genes,
respectively [14]. These receptor tyrosine kinases are
expressed in human neuronal tissue and play an essential
role in the development and function of the nervous system
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«Fig.4 RNA sequencing and validation with RT-PCR, FISH, and
immunohistochemistry. a Scheme of the ARHGEF2 (1q22) and
NTRKI1 (1q23.3) fusion. Two break points (A) were identified in
each gene and resulted in four types of fusions: ARHGEF2 exon 21—
NTRK1 exon 9; ARHGEF2 exon 21-NTRKI1 exon 10; ARHGEF2
intron 21 (30 bases adjacent to exon 21)-NTRKI1 exon 9; and ARH-
GEF?2 intron 21 (30 bases adjacent to exon 21)-NTRK1 intron 10. b
Results of Sanger sequencing of the RT-PCR product using the for-
ward primer (upper panel) and the reverse primer (lower panel). The
mixed sequences observed before or after the break points were due
to the coexistence of multiple fusion transcripts as schematically pre-
sented in (a). Mixed sequences are dissolved and indicated above the
electropherograms. b FISH: the signal pattern was atypical, because
the majority (57%) of tumor cells harbored isolated 5’ (green) signals
in addition to mildly increased (up to 6) copies of fused 3'/5'signals.
¢ Immunohistochemistry: The tumor cells showed diffuse strong reac-
tivity to Pan-TRK antibody in the cytoplasm. Bar=100 pm. d Copy
number variation profile provided in the report from the DKFZ meth-
ylation classifier. It confirmed 1p/19q codeletion as well as presence
of other copy number variations

through activation by neurotrophins. Gene fusions involv-
ing NTRK genes lead to transcription of chimeric Trk pro-
teins with constitutively activated or overexpressed kinase
function, conferring oncogenic potential [14].

The Trk receptor abnormalities have recently emerged
as targets for cancer therapy. There is a limited number
of reported Trk receptor tyrosine-kinase inhibitors in the
literature and only a few of these have been tested in clin-
ical trials [14-16]. Entrectinib is an orally bioavailable
inhibitor of the TK TrkA, TrkB, and TrkC, as well as of
C-ros oncogene 1 (ROS1) and anaplastic lymphoma kinase
(ALK) [15, 17]. LOXO-101 is a pan-Trk inhibitor with
highly selective activity against the Trk kinase family [18].
Altiratinib (DCC-2701) [19] and sitravatinib (MGCD516)
[20] are multikinase inhibitors with reported in vitro activ-
ity against TrkA and TrkB, and were both recently tested
in phase I clinical trials.

NTRKI1 fusions have been identified in several types of
pediatric brain tumors. Zheng et al. [21] reported one in-
frame fusion involving exon 21 of ARHGEF2 (encoding
Rho/Rac guanine nucleotide exchange factor 2) in glioblas-
tomas and exon 10 of NTRK]. Structural variants gener-
ating fusion genes were found in 47% of diffuse intrinsic
pontine gliomas (DIPGs) and non-brainstem high-grade
gliomas (NBS-HGGs), with recurrent fusions involving the
neurotrophin receptor genes NTRK1, NTRK?2, and NTRK3
in 40% of NBS-HGGs in infants [22]. These series were
infant, whereas our case was an adolescent. In addition, the
fusions involving NTRKI1,NTRK2, or NTRK3 with undeter-
mined fusion partners have been reported in single cases of
DLGNT [5].

DLGNT presents as a plaque-like subarachnoid tumor,
commonly involving the basal cisterns and interhemispheric
fissure of children but lacking intraparenchymal tumor
[23]. DLGNT is one of the rare tumor entities presenting

as primary malignant meningitis with less than 100 cases
reported to date [24]. The imaging of DLGNT shows pre-
dominantly spinal and infratentorial leptomeningeal thick-
ening, that is, T2-hyperintense and usually non-contrast
enhancing [25]. Our case did not present meningitis nor have
diffuse leptomeningeal dissemination.

Our patient’s tumor showed an intriguing genotype: IDH
wild-type and 1p/19q codeletion. Codeletion of the entire
arms of 1p/19q is typically observed in oligodendrogliomas
and, however, always accompanied by IDH1/2 mutations.
No tumor with this genotype is defined in the WHO2016
classification. Interestingly, TERT mutation, which is almost
always found in 1p/19q codeleted oligodendroglioma, was
not identified in this tumor. Tabouret et al. reported that ana-
plastic oligodendrogliomas with codeletion of /p/19q with
wild-type IDH are exceptional [26]. Extraventricular neu-
rocytoma has certainly been reported to harbor wild-type
IDH1/2 and Ip/19q codeletion[13]. However, histologically,
these tumors were not extraventricular neurocytomas. Thus,
this tumor did not match any entity defined in the WHO
2016 classification.

By means of methylation-based molecular classification,
Deng et al. [5] recently proposed that DLGNT comprises
two molecularly defined subgroups (DLGNT methylation
class [MC]-1 and DLGNT MC-2) with distinct clinical and
genetic features. They reported that codeletion of 1p/19q
with wild-type IDH was frequently detected in DLGNT-
MC-1. The genotype of our tumor was consistent with
DLGNT-MC-1, although histologically not compatible
with DLGNT. Interestingly, NTRK fusions (see above)
were observed only in the DLGNT-MC-1 group. The DKFZ
methylation classifier reported that it matched to methyla-
tion class family member of DLGNT, however, with low
calibrated score was low (0.61). Based on the above geno-
type/epigenotype, the tumor may be considered either as an
atypical DLGNT or a novel subset. The diagnosis of tumors,
where genotypes and histology do not agree with the estab-
lished entity, is a challenging problem. Our case may be use-
ful to re-define the entity in the future WHO Classification.

Conclusions

Here, we present a case of high-grade glioneuronal tumor
with NTRK]I fusion. The tumor was considered highly
unusual that 1) it developed in an adolescent patient and
2) it shared genotypes frequently found in DLGNT such as
1p/19q codeletion without IDH mutation and, however, did
not have the typical DLGNT histological features. Methyla-
tion classification confirmed that it belonged to a member
of glioneuronal tumor, but did not match any existing tumor
entity. Our experience of this case strongly suggested that
glioneuronal tumors need to be screened for NTRK1 fusion,
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regardless of histological subtypes or patients’ age. Detect-
ing this fusion gene may lead to a better understanding of
oncogenesis and development of new therapeutic options.
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