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Abstract
Here, we present a patient with high-grade neuroepithelial tumors with mutations in the BCL6

corepressor BCOR (HGNET-BCOR), a rare, highlymalignant brain tumorwith poor prognosis. The

patient underwent gross total tumor resection (GTR), high-dose chemotherapy, and, after local

relapse, GTR, proton radiation, and chemotherapy. After a 7.5 year-long complete remission, the

tumor recurred locally, was treated by GTR, and responded to temozolomide treatment. In addi-

tion to an internal tandem duplication in BCOR common to the majority of HGNET-BCOR cases,

molecular analysis revealed a second BCOR mutation in this tumor: a frame shift mutation. The

combination of thesemutations was associatedwith relatively low BCOR expression compared to

other HGNET-BCOR cases.

K EYWORD S

BCOR, brain tumor, HGNET-BCOR, high-grade neuroepithelial tumor

Abbreviations: AA, amino acids; ASCT, autologous stem cell transplantation; BCOR, BCL6 corepressor; CCNU, chloroethyl-cyclohexyl-nitrosourea; CNS-PNET, central nervous system primitive

neuroectodermal tumor; DWI, diffusion-weighted imaging; GTR, gross-total tumor resection; HDCT, high-dose chemotherapy; HGNET-BCOR, high-grade neuroepithelial tumors withmutations

in the BCL6 corepressor BCOR; ITD, internal tandem duplication; SHH, sonic hedgehog;WGS, whole genome sequencing.
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1 INTRODUCTION

Based on recent advances in molecular neuropathology, a majority

of tumors previously designated as central nervous system primi-

tive neuroectodermal tumors (CNS-PNET) have been reclassified as

other known tumor entities, for example, high-grade gliomas. In addi-

tion, several new molecularly distinct entities were discovered among

these CNS-PNETs, which were subsequently also identified in other

tumor cohorts with different histologies, such as ependymomas or

glioblastomas. One of these newly identifiedmolecularly distinct brain

tumor entities is thehigh-gradeneuroepithelial tumorwithmutation in

the BCL6 corepressor BCOR (HGNET-BCOR).1 HGNET-BCOR is rare,

affects young children, can arise in any location in the CNS, and avail-

able data suggest a poor prognosis.1 To date, there is no standard

of care therapy for HGNET-BCOR patients. The majority of reported

cases have been treated with surgery, irradiation, and combination

chemotherapy. Toourknowledge, there is onlyonepreviously reported

case with survival of 5 years beyond initial diagnosis,2 but since this is

a novel entity, the follow up for most reported cases is short.

2 RESULTS

A previously healthy 2-year-old female child presented for evalu-

ation after 4 weeks of persistent nausea and vomiting with acute

clinical deterioration. Physical examination revealed anisocoria, and

magnetic resonance imaging (MRI) of the head revealed a large, well-

demarcated bifrontal mass accompanied by enlarged lateral ventricles

due to compression of the third ventricle (Figure 1A,B). The patient

was admitted to the neurosurgical unit and underwent gross-total

tumor resection (GTR). Postoperatively, the patient suffered tempo-

rary left-sided facial and arm paresis as well as transient epileptic

seizures. Neuropathological examination of the biopsy showed a

relatively sharply demarcated tumor with extensive large and small

necrotic foci with pseudopalisading tumor cells, focal microvascu-

lar proliferation, numerous apoptotic bodies and mitoses, and an

arborizing capillary network with occasional anuclear perivascular

zones (Figure 1I). GFAP was focally expressed (Figure 1J). At the time

of initial diagnosis, no definitive neuropathological diagnosis was

rendered. Differential diagnoses included CNS-PNET with focal glial

differentiation and small cell glioblastoma.

Based on the initial differential diagnosis of a CNS-PNET, the

patient was treated within the HIT 2000 trial of the Society for

Paediatric Oncology and Haematology (GPOH) with three cycles

carboplatin + etoposide + intraventricular methotrexate followed

by tandem high-dose chemotherapy (HDCT; carboplatin + etopo-

side/thiotepa + cyclophosphamide, including intraventricular

methotrexate), followed by autologous stem cell transplantation

(ASCT).3 A first local relapse was diagnosed 17months after diagnosis

and GTR was achieved (Figure 1C,D). Neuropathological examina-

tion of the relapse showed morphological features similar to the

initial tumor sample. The patient underwent craniospinal proton

radiotherapy with 35.2 Gy and a boost to the tumor bed to 55 Gy,

followed by four cycles of maintenance chemotherapy with cisplatin,

chloroethyl-cyclohexyl-nitrosourea (CCNU), and vincristine. The

patient subsequently remained in complete remission for more than

6 years. During this period, especially during the first year after

diagnosis, the patient suffered from several complications. These

included subdural hemorrhage and subsequent hydrocephalus, which

were managed surgically, including implantation of a peritoneal shunt,

as well as shunt infection and meningitis. Approximately 9 years after

initial diagnosis and 6 years after the end of treatment, the tumor

recurred a second time at another site of the tumor bed (Figure 1E),

and GTR was achieved. A third local relapse at still another site of the

tumor bed was seen on MRI 3 months later, and oral temozolomide

was administered for another 2 months (5 days on/23 days off; first

cycle: 150 mg/m2/day, subsequent cycles: 200 mg/m2/day; Figure 1F).

Partial response followed by stable disease was seen for more than

1 year (Figure 1G), after which a progression of the lesion (fourth

progression) was diagnosed (Figure 1H) and treated with GTR. Three

months later, a new, small nodular relapse (fifth progression) was

discovered radiologically and confirmed on a follow-up MRI. Further

local therapy is being scheduled at the time of publication of this

report. Despite undergoing multiple treatments of local relapses and

despite neuropsychological impairment leading to special schooling,

the child is still maintaining a good quality of life.

Three biopsies of the current case (primary tumor, first, and second

progression) were reevaluated by DNAmethylation profiling and clas-

sified as a HGNET-BCOR tumor according to the Heidelberg classifier

(www.molecularneuropathology.org).4 Indeed, t-distributed stochas-

tic neighbor embedding (t-SNE)clustering analyses of theDNAprofiles

of this particular case with reference cases of several other pediatric

brain tumor entities showed that the tumor clustered with other

HGNET-BCOR cases (Figure 2A). In addition, whole genome sequenc-

ing (WGS) of tumor and germline DNA revealed a tumor specific

internal tandemduplication (ITD) in exon15of theBCOR gene on chro-

mosome X (X:39,911,418-39,911,531), confirming the diagnosis of

HGNET-BCOR. In addition to the ITD, WGS revealed a second BCOR

mutation, which is predicted to cause a frame shift mutation after 209

of 1721 amino acids (AA). Additional functional single nucleotide vari-

ants (Figure2B) and functional insertions or deletions (Figure2C)were

detected by WGS. Transcriptomes of the primary tumor and the sec-

ond relapse were analyzed to detect molecular drug targets. Marked

FGF3 overexpression was observed compared to other tumor entities

(Figure 2D).GLI1, which is elevated upon activation of the sonic hedge-

hog (SHH) pathway, was increased to levels similar to medulloblas-

tomaswith activation of SHHpathway (Figure 2E), in linewith previous

reports of SHH pathway activation in HGNET-BCOR.1,5,6 Neverthe-

less, no suitable molecular drug target was identified based on the

expression profile. Microscopically, the second tumor relapse differed

from the first two biopsies. The tumor was less cellular, showed a

biphasic pattern with collagen- and capillary-rich anuclear zones,

and necrosis was absent (Figure 1K). BCOR was strongly expressed

(Figure 1L). Molecularly, the tumor still exhibited the BCOR ITDmuta-

tion, while the BCOR frame shift mutation was no longer detectable

(Figure 2C). Interestingly, BCOR mRNA expression levels were lower

http://www.molecularneuropathology.org
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F IGURE 1 Radiological and pathological tumor assessment. A-H, Radiological tumor assessment byMRI. MRI of the primary tumor with axial
T2-weighted image showing a well-demarcatedmass with central hyperintense areas suggestive of cystic-necrotic changes, absence of
peritumoral edema, and enlarged lateral ventricles due to compression of the third ventricle (A). Peripheral restricted diffusion in the tumor on
diffusion-weighted imaging (DWI) trace image indicating high cellularity (B). Axial T1-weighted image of the first local relapse demonstrating
nonenhancing parasagittal nodule (C) with diffusion restriction (D). DWI trace image of the second local relapse showing a small anterior
parasagittal nodule with restricted diffusion (E). F-H, DWI trace images of the third local relapse (F, August 2018,MRI before temozolomide
treatment), response to temozolomide (G,May 2019), and fourth local progression (H, August 2019). Tumor is marked by arrows in (C-H). I-L,
Microscopic pathology. HE-stained section of the primary tumor (I) showing a relatively sharply demarcated highly cellular tumor composed of
uniform small spindle to ovoid tumor cells with scant fibrillary cytoplasm. Sharp demarcation is marked by a white arrow. Tumor vessels displayed
an arborizing capillary network with occasional anuclear perivascular zones (white arrowhead), frequent pseudopalisading necrosis (white star),
and numerous apoptotic bodies andmitoses were seen. Immunohistochemistry of the primary tumor showed focal GFAP expression (J), with the
majority of the tumor being GFAP negative. Synaptophysin and neurofilament proteins were not expressed by the tumor and nuclear INI1
expression was retained. TheMIB1 proliferation index reached approximately 40%. HE-stained section of the second local relapse (K), showing a
less cellular tumor with a biphasic, rhythmic pattern with collagen- and capillary-rich anuclear zones. Immunohistochemistry revealed strong
nuclear BCOR expression (L). M, Timeline of the tumor progression and treatment choices is shown. LP, local progression
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F IGURE 2 Molecular analysis of HGNET-BCOR. A,Methylation-based t-distributed stochastic neighbor embedding (t-SNE) distribution of
selected central nervous system (CNS) tumormethylation classes of a reference cohort and three tumor biopsies of the case presented here
(primary tumor, first and second progression of this case, total 590 samples). Reference cohort includes astrocytomas and oligodendrogliomas
with IDHmutation (A_IDH, O_IDH), embryonal tumor withmultilayered rosettes (ETMR), CNS neuroblastomawith FOXR2 activation
(CNS_NB_FOXR2), diffusemidline glioma, H3 K27Mmutated (DMG_K27), different molecular groups of glioblastoma (GBM), high-grade
neuroepithelial tumor with BCOR alteration (HGNET_BCOR), pleomorphic xanthoastrocytoma (PXA), different molecular groups of
ependymoma (EPN), chordoidmeningioma (CHORDM), adamantinomatous (CPH_ADM) and papillary craniopharyngioma (CPH_PAP), CNS Ewing
sarcoma family tumor with CIC alteration (EFT_CIC), CNS high-grade neuroepithelial tumor withMN1 alteration (CNSHGNET_MN1), Ewing
sarcoma (EWS), atypical teratoid rhabdoid tumor (ATRT), and different molecular groups of medulloblastoma (MB). The three biopsies of this
patient are shown in pink within the HGNET_BCOR cluster. B-C, Venn diagrams of functional single nucleotide variants (B) and functional
insertions or deletions (C) identified by whole genome sequencing (WGS). Genesmutated in primary tumor (blue), first progression (red), and
second progression (yellow) are shown in boxes. Mutations occurring in two or all three biopsies are also shown. D-F, FGF3,GLI1, and BCORmRNA
expression levels were determined bymicroarray analysis. Expression in this case of HGNET-BCOR (primary tumor and second progression) was
compared to other cases of HGNET-BCOR and to other tumor entities, including entities listed in (A), HGG (high-grade gliomas) with G34 or K27
mutations of histone genes, IDH1 or IDH2mutations (_IDH), mutations inMYCN or in genes encoding receptor tyrosine kinases (_RTK); EPNwith
RELA fusion (_RELA) or YAP1 fusion (_YAP) andMB of the four different molecular groups: group 3, group 4, with sonic hedgehog (SHH) activation,
andWNT activation (_GRP3, _GRP4, _SHH, and _WNT)

than in most other HGNET-BCOR (10/12 samples). Nuclear beta-

catenin staining, which has been described in 11 of 14 HGNET-BCOR

casesandconsidered indicative ofWNT activation,1 was not observed.

3 DISCUSSION

Here, we present a case of HGNET-BCOR with two distinct BCOR

mutations, an ITD and a frame shift mutation. In addition to surgical

resection, our patient was treated with a combination of intravenous

chemotherapy (including HDCT with ASCT) and intraventricular

chemotherapy, and after the first local relapse with proton radio-

therapy. This combination led to a sustained complete remission for

7.5 years and the patient is alive more than 10 years after initial diag-

nosis. Remission and survival are much longer than of most previously

reported cases (Table S1).1-2,5-11 However, since this is a novel entity,

the follow up for most of these cases is short. A further local tumor

relapse was temporarily controlled by temozolomide alone. While

in this case multimodal treatment contributed to long-term tumor

control after relapse, future studies are required to determine which

treatment optimally controls HGNET-BCOR after relapse.

Theprimary tumor and first recurrenceexhibited twodistinctBCOR

mutations, anN-terminalBCOR frameshiftmutationaswell as the clas-

sic ITD mutation most frequently reported in HGNET-BCOR. Exon 15

ITD is known to cause overexpression of functional BCOR protein.6,12

Previously, BCOR inactivating mutations have been identified in
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hematological malignancies, and therefore, BCOR has been recognized

as a tumor suppressor.13 These findings suggest that too high and too

low BCOR expression promotes tumorigenesis. In the case described

here, while the ITD was detectable also in the second tumor pro-

gression, the frame shift mutation was no longer detectable, suggest-

ing that the allele with the frame shift mutation was deleted during

tumor evolution. Since the frame shift mutation is predicted to abro-

gate BCOR after 209 of 1721 AA, BCORwould lack essential domains

including the PUFD domain. Hence, this mutation is predicted to ren-

der BCOR nonfunctional. Future studies involving additional patients

may indicate if a second inactivating mutation accompanying the ITD,

as identified in this case, reduces the abnormally highBCOR expression

caused by the ITD, thereby affecting outcome.
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