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Abstract We report a case of a slow-growing, diffuse, infiltrating glioma in the right brain-
stem of a 9-yr-old boy. The tumor was negative by immunohistochemical staining for
histone H3 K27M, BRAF V600E, and IDH1 R132H mutations. Fluorescence in situ hybridi-
zation did not reveal a BRAF duplication. Genomic profiling of the tumor, by DNA methyl-
ation array and cancer whole-exome and transcriptome sequencing, was performed. This
analysis showed copy-number alterations, including gains of several chromosomes. In addi-
tion, a novel fusion involving the first 17 exons of FGFR2 fused to exon 2 of VPS35was iden-
tified. This novel fusion is predicted to result in activation of fibroblast growth factor
receptor (FGFR) signaling and is potentially targetable using FGFR inhibitors. This tumor ex-
pands the spectrum of pediatric diffuse gliomas.

[Supplemental material is available for this article.]

CASE PRESENTATION

The patient is a 9-yr-old boy who was found to have abnormal eye movements at 1 yr of age.
At that time, magnetic resonance imaging (MRI) revealed a right-sided brainstem lesion (not
shown). The patient was monitored by annual MRIs that showed slow progression, and he
remained clinically stable. At age 9, the episodes of abnormal eye movements, including
his eyes “turning in” and horizontal nystagmus, increased in frequency with no other change
in mental status or behavior. No other symptoms such as diplopia, blurry vision, headache,
dizziness, or nausea were reported. MRI showed a heterogeneous, nonenhancing lesion in
the right medulla with an exophytic component in the fourth ventricle (Fig. 1A,B). The cystic
components within the lesion had increased compared to an MRI from the year before (not
shown). Partial resection of the lesion was performed. Postoperatively, the patient is clinically
stable and imaging studies show no progression (not shown).

Hematoxylin and eosin–stained sections of the resection specimen reveal a diffusely
infiltrating glial neoplasm consisting of pleomorphic tumor cells, with irregular, round-
to-ovoid, hyperchromatic nuclei and variable perinuclear clearing, in a background with
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Figure 1. Radiographic and histologic features of the tumor. Preoperative sagittal T2 FLAIR (A) and axial post-
contrast (B) views of preoperative MRI showing a heterogeneous mass centered in the medulla and projecting
into the fourth ventricle. (C ) A representative hematoxylin and eosin–stained section reveals a diffusely infiltrat-
ing glial neoplasm with round-to-oval nuclei and variable perinuclear clearing amid thin-walled capillaries. (D)
Some neoplastic cells are arranged around blood vessels. Several tumor cells have vesicular nuclei and mild-
moderate pleomorphism. (E) The neoplastic cells are strongly and diffusely positive for glial fibrillary acidic pro-
tein (GFAP). (F ) The Ki-67 antibody labels a subset of cells, with 2.4% of cells staining positive in this field. (G)
Abundant eosinophilic granular bodies are scattered throughout the neoplasm. (H) A VPS35 monoclonal an-
tibody strongly highlights the eosinophilic granular bodies, and variable immunoreactivity is seen in the tumor
cells. Magnifications, 20× (C,E–H) and 40× (D).
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thin-walled capillaries (Fig. 1C) and calcifications. Raremitoses are present (not shown); how-
ever, glomeruloid vascular proliferation and necrosis are not identified. Scattered perivascu-
lar pseudorosettes are seen (Fig. 1D). Abundant eosinophilic granular bodies (Fig. 1G) and
occasional Rosenthal fibers (not shown) are present. A glial fibrillary acidic protein
(GFAP) immunostain confirms the identity of the tumor as a glioma (Fig. 1E). Im-
munohistochemical staining with a p53 antibody is positive in a small subset of cells (not
shown). ATRX is preserved in tumor nuclei (not shown). Antibodies against mutant BRAF
(V600E), IDH1 (R132H), and histone H3 (K27M) do not show any staining (not shown). The
Ki67 proliferation index is focally up to 2.4% (Fig. 1F). A diagnosis of diffuse glioma was ren-
dered, and molecular studies were then performed to determine the genomic alterations
present in this low-grade glioma.

TECHNICAL ANALYSIS

Whole-exome and transcriptome sequencing were performed on DNA and RNA from nor-
mal (buccal swab) and tumor (formalin-fixed paraffin-embedded) samples, as previously
described (Oberg et al. 2016). In brief, exonic sequences were captured using Agilent
SureSelect v5+UTR reagents and RNA sequencing was performed using TruSeq
Stranded Total RNA LT reagents. DNA and RNA libraries were sequenced on Illumina
HiSeq2500 at 100 bp x2. All clinical sequencing quality metrics were met. One hundred
and eighty-seven million reads were obtained on the normal and tumor samples for
whole-exome sequencing, resulting in an average coverage of 188× and 186×, respectively.
One hundred and ninety-two million reads for tumor transcriptome were obtained, of which
104 million were uniquely mapping reads. Alignment and variant calling in 674 genes found
in COSMIC (https://www.pathology.columbia.edu/file/2522/download?token=jAQS2HOe)
was performed using NextGENe software, with 10% cutoff for somatic missense mutations
and indels, including actionable somatic mutations, somatic mutations in targeted pathways,
and somatic variants of uncertain significance. Copy-number calling was performed with
Excavator software and fusion calling with FusionMap software. Confirmation of the fusion
was performed using anchored multiplex polymerase chain reaction (PCR), as previously de-
scribed (Pagan et al. 2019). DNA methylation profiling was performed using the Illumina
EPIC Array 850 Bead-Chip (850K) array as previously described (Serrano and Snuderl 2018).

VARIANT INTERPRETATION

Whole-exome sequencing of the tumor did not identify any somatic missense mutations or
indels. Consistent with the immunohistochemical analysis, no variants in BRAF, IDH1,
H3F3A, or HIST1H3B were found. Gains of multiple chromosomes (5, 7, 12, 14, 19, and X)
were seen in the tumor. DNA methylation profiling was performed and was not able to
classify this tumor definitively. The closest match was “low grade glioma, ganglioglioma”
(calibrated score 0.33) (Supplemental Fig. 1). Copy-number analysis of the DNAmethylation
data showed the same chromosomal gains as seen by whole-exome analysis (Supplemental
Fig. 2). Transcriptome analysis showed the presence of a novel FGFR2–VPS35 fusion, involv-
ing the first 17 exons of FGFR2 fused to exon 2 of VPS35 (Table 1; Supplemental Fig. 3). To
gain further insight on this fusion, pathway and process enrichment analysis on differentially
expressed genes was performed using Metascape (Zhou et al. 2019). The “transmembrane
receptor protein tyrosine kinase signaling pathway” was found among the top enriched
pathways (P-value 3.9 ×10−9), supporting the hypothesis that this fusion results in activation
of signaling. The presence of this novel fusion and breakpoints was confirmed by anchored
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multiplex PCR. In addition, an anti-VPS35 antibody showed up-regulated expression and
was particularly strong in tumor cells and eosinophilic granular bodies (Fig. 1H). Taken to-
gether, these results underscore the importance of a multifaceted approach for the analysis
of genomic architecture. In this case, the analysis of transcriptome datawas used to identify a
novel fusion in a situation in which interrogation of DNA was unrevealing.

SUMMARY

FGFR2 is amember of the fibroblast growth receptor family. Ligand-dependent dimerization
leads to tyrosine phosphorylation and activation ofMAPK and PI-3K/AKT pathways. The case
reported here represents a novel member of the “diffuse glioma, other MAPK pathway alter-
ation” category that was recently established for pediatric diffuse gliomas (Ellison et al.
2019). FGFR2 fusions have been previously reported in diffuse gliomas (Huse et al. 2017).
The FGFR2–VPS35 rearrangement identified in this case is novel, to the best of our knowl-
edge. The FGFR2 breakpoint at exon 17 is a previously reported breakpoint and results in
a fusion protein that retains the FGFR2 kinase domain and nearly the entire coding sequence
of the partner gene, VPS35. This FGFR fusion is targetable by FGFR tyrosine kinase inhibitors
because of its intact FGFR tyrosine kinase domain. Improvement of some patients with high-
grade gliomas containing FGFR alterations after treatment with ponatinib (Linzey et al. 2017)
or infigratinib (Lassman et al. 2019) suggests that treatment with FGFR tyrosine kinase inhib-
itors may be warranted in this patient if the tumor undergoes transformation.

VPS35 is a component of the retromer cargo-recognition complex, which functions in the
retrograde transport of cargo proteins from endosomes to the trans-Golgi network or to the
plasma membrane. In a very recent study, VPS35 mutations and copy-number alterations
were identified in a subset of hepatocellular carcinomas. It was found that VPS35 activated
the PI-3K/AKT signaling pathway at least in part via recycling of FGFR3 (Zhang et al. 2020).
The possibility of increased FGFR2 at the plasma membrane in the glioma described in this
case report remains to be determined. In potential support of a role for VPS35 in protein turn-
over, VPS35 localized to EGBs in the tumor (Fig. 1H). EGBs are immunoreactive for α-1-anti-
chymotrypsin and α-1-antitrypsin and thought to be related to lysosomes (Hitotsumatsu et al.
1994). Finally, VPS35 has also been implicated in regulation of the subcellular localization
and signaling of NRAS (Zhou and Phillips 2019). This raises the question of whether the
FGFR2–VPS35 fusion can potentially be involved in RAS signaling as well.

ADDITIONAL INFORMATION

Data Deposition and Access
The variant has been deposited in ClinVar (https://www.ncbi.nlm.nih.gov/clinvar/) with the
accession number SCV001366116. Patient permission was not granted to deposit WES
and transcriptome data.

Table 1. Genomic findings

Gene
Genomic

coordinates Fusion description
Variant
type

Predicted
effect

Target
coverage

FGFR2–
VPS35

10: 123243212;
16: 46717518

NM_022970:
r.1_2304_NM_018206:
r.4_2388

Fusion Oncogenic 65×
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