1duosnuey Joyiny 1duosnuen Joyiny 1duosnuey Joyiny

1duosnuey Joyiny

WEALTY 4
of %,

A
u
Yeyvaaa

/ HHS Public Access

Author manuscript
Mod Pathol. Author manuscript; available in PMC 2021 September 01.

Published in final edited form as:
Mod Pathol. 2021 June ; 34(6): 1116-1124. doi:10.1038/s41379-021-00783-0.

Hybrid Schwannoma-Perineurioma Frequently Harbors VGLL3
Rearrangement

Brendan C. Dicksonl”, Cristina R. Antonescu?, Elizabeth G. Demiccol, Dr. lona Leong?,
Nathaniel D. Anderson3, David Swansonl, Lei Zhang?, Christopher D.M. Fletcher?, Jason L.
Hornick®”

1Department of Pathology & Laboratory Medicine, Mount Sinai Hospital, 600 University Ave,
Toronto, Ontario, Canada M5G 1X5; Department of Pathobiology and Laboratory Medicine,
University of Toronto, Toronto, Ontario, Canada

2Department of Pathology, Memorial Sloan Kettering Cancer Center, New York, NY, USA

SCellular Genetics Programme, Wellcome Sanger Institute, Wellcome Genome Campus, Hinxton,
UK

4Department of Pathology, Brigham and Women’s Hospital, 75 Francis Street, Boston,
Massachusetts, USA, 02115; Harvard Medical School, Boston, Massachusetts, USA

Abstract

Benign peripheral nerve tumors include schwannoma, neurofibroma and perineurioma, as well as
a recently recognized group of tumors with dual patterns of differentiation. The molecular
pathogenesis of these so-called ‘hybrid” tumors remains poorly understood. Following
identification of a novel CHD7-VGL L 3fusion gene in a hybrid schwannoma-perineurioma, we
evaluated an expanded cohort of this tumor-type — as well as tumors with VGLL 3 rearrangement
identified from a curated molecular database — to characterize the prevalence of fusion genes
among these tumors. Eighteen tumors met the inclusion criteria for this study. RNA sequencing
identified VGLL 3rearrangement in 14 of these cases; the partner genes included CHD7 (ten
cases), CHDJ (two cases), and MAMLD1 (two cases). Two cases possessed altogether unrelated
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fusions, including: DST-BRAFand SQSTM1-CDX1 fusion genes. Finally, two cases lacked
identifiable fusion products. These findings highlight the molecular diversity of these neoplasms,
with frequent rearrangement of VGLL3. More importantly, despite their dual pattern of
differentiation, our results reveal the pathogenesis of hybrid schwannoma-perineurioma is
unrelated to conventional schwannoma and perineurioma, thereby implying this tumor represents
an altogether pathologically distinct entity.
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INTRODUCTION

Benign peripheral nerve tumors are ostensibly divided into three types: schwannoma,
neurofibroma, and perineurioma (1). A subset of neoplasms remain difficult to classify.
Indeed, this trichotomy has been challenged with the identification of tumors containing
dual patterns of differentiation, so-called ‘hybrid” tumors (i.e., neurofibroma-schwannoma
(2), schwannoma-perineurioma (3, 4), and neurofibroma-perineurioma) (4, 5). The
molecular pathogenesis of peripheral nerve tumors is complex and remains to be fully
elucidated. Mutations in NVFI characterize the majority of neurofibromas (6); schwannomas
frequently contain mutations in AF2(7); and, intraneural perineuriomas have 7TRAF7
mutations,(8) while their soft tissue counterparts have been reported to harbor mutations in
either NF1or NF2(9). The origin of sporadic hybrid peripheral nerve tumors remains
unknown.

Following the incidental identification of a novel CHD/7-VGLL3fusion gene in the routine
diagnostic evaluation of a hybrid schwannoma-perineurioma, we interrogated a cohort of
these tumors to better understand the prevalence, and nature, of fusion genes occurring
among these neoplasms.

MATERIALS AND METHODS

Case Selection

A CHD7-VGLL3fusion gene was identified in the index patient in the course of routine
diagnostic evaluation. As a result, a retrospective archival review was undertaken at each of
the author’s institutions for: (i) tumors classified as hybrid schwannoma-perineurioma, and
(ii) tumors containing VGLL 3rearrangement (2017-2020). The original slides were
retrieved and re-reviewed to confirm the diagnosis based on the established diagnostic
criteria (3). This study was undertaken with institutional research ethics board approval from
each of the author’s institutions.

Immunohistochemistry

Formalin-fixed paraffin-embedded tissue sections were stained for S100, SOX10, CD34,
neurofilament, epithelial membrane antigen (EMA), claudin-1, GLUT-1 and H3K27me3
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using standard techniques, as part of the routine clinical workup at each of the authors’
institutions. Appropriate controls were used throughout. Tumor immunoreactivity was
graded semi-quantitatively based on the extent of expression as: diffuse, multifocal, focal, or
negative.

RNA sequencing

Formalin-fixed paraffin-embedded tissue sections (either scrolls [3—4 at 10 microns] or
tissue scraped from glass slides [4-5 at 4 microns] were obtained from each case. RNA
extraction was performed with the ExpressArt FFPE Clear RNA Ready kit (Amsbio,
Cambridge, MA). Libraries were prepared using 20-100 ng total RNA with the TruSight
RNA Fusion Panel (lIllumina, San Diego, CA), an enrichment-based assay targeting 507
fusion-associated genes. RNA sequencing (RNA-seq) was performed with 76 base-pair
paired-end reads on an Illumina MiSeq at 8 samples per flow cell (~3 million reads per
sample). The results were analyzed using both the STAR aligner and Manta fusion caller,
and the BOWTIE2 aligner and JAFFA fusion caller (10, 11).

Archer™ FusionPlex™ technology was used to develop the MSK-Solid Fusion assay, which
is a clinical molecular diagnostic essay performed in a CLIA-accredited laboratory utilizing
multiplex polymerase chain reaction (PCR) to detect oncogenic fusion transcripts involving
62 genes as described previously (12).

Fluorescence in situ hybridization

RESULTS

Fluorescence in situ hybridization (FISH) for CHD7, VGLL3, DST, BRAF. SQSTM1, and
CDX1 was performed as previously outlined in detail (13). Briefly, bacterial artificial
chromosome (BAC) probes were custom designed to flank the target genes, guided by the
UCSC genome browser (http://genome.ucsc.edu), and obtained from BACPAC sources of
Children’s Hospital of Oakland Research Institute (Oakland, CA; http://bacpac.chori.org)
(Supplementary Table 1).(14) DNA from each BAC was isolated and fluorochrome labeled
by nick translation. Formalin-fixed paraffin-embedded tissue (4 microns) were
deparaffinized, pretreated, and then hybridized with the denatured probes. After incubating
overnight, the slides were rinsed, stained with 4”,6-diamidino-2-phenylindole (DAPI),
mounted, and examined using a Zeiss fluorescence microscope (Zeiss Axioplan,
Oberkochen, Germany).

Clinical Cohort

A total of 19 patients were initially identified; thirteen based on a diagnosis of hybrid
schwannoma-perineurioma, and the remainder based on the molecular presence of VGLL3
rearrangement. Following review of the original slides one case with VGL/. 3rearrangement
was excluded (a low-grade sarcoma with myoid differentiation, and a morphology and
immunophenotype incompatible with nerve sheath differentiation [RNA sequencing
revealed a 7CF12-VGL L 3fusion gene]). Of the final cohort of 18 patients, the average
patient age was 36.4 years (range 11-61 years), and 72.2% of tumors occurred in females.
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88.9% of lesions were superficial (centered in dermis and/or subcutis) and the average size
was 2.3 cm (range 0.7 — 5.0 cm). The clinical attributes are summarized in Table 1.

Microscopic Findings
The morphology and immunophenotype were remarkably consistent amongst the cases —
including those that were not initially classified as hybrid schwannoma-perineurioma — and
consistent with prior reports (Figures 1-3) (3, 15). The tumors were composed of an
admixture of spindle cells with a storiform-fascicular-whorled architecture with two
seemingly distinct cell populations. The predominant cell-type had pale eosinophilic
cytoplasm with occasional clear vacuoles and indistinct cell borders; the nuclei were ovoid
and plump with occasional pin-point nucleoli. These cells were immunoreactive for S100
and SOX10. The second cell-type had scant eosinophilic cytoplasm with long bipolar
processes; the nuclei were slender and elongated, and occasionally undulating. This
population of cells appeared to be immunoreactive for CD34, with more variable
immunoreactivity for epithelial membrane antigen, claudin-1 and GLUT-1 (Table 2). Several
cases showed scattered mild nuclear atypia; mitotic activity was inconspicuous (0-2 per 10
HPFs [FD=0.55 mm]). Entrapped adnexal structures were noted in three cases.

Molecular Findings

RNA sequencing identified VGLL3rearrangement (exon 2 of 4; NM_016206.4) in 14 cases
(77.8 %) (Figure 4). In ten cases this was paired with CHD7 (exon 2 of 38; NM_017780.4);
two cases each were partnered with either CHDZ (exon 2 of 39; NM_025134.7), or
MAMLDI (these two tumors contained different breakpoints: exons 3 and 4, of 4;
NM_005491). Two cases contained altogether different fusion genes (11.1%): DST (exon 70
of 94; NM_183380.4) with BRAF (exon 11 of 18; NM_004333.6), and SQSTM1 (exon 5 of
8; NM_003900.5) with CDX1 (exon 2 of 3; NM_001804.3). Two cases lacked an
identifiable fusion product (11.1%). The morphology and immunophenotype of the DS7-
BRAF, SQSTM1-CDX1 and fusion-negative cases were indistinguishable from those with
VGL L 3rearrangement, thereby precluding separate classification.

Fluorescence in situ hybridization was done on a subset of cases to independently confirm
the novel fusion products (Table 2); testing was also performed on the two negative cases for
both CHD7and VGLL3which markedly reduced the possibility of a false negative result by
RNA sequencing for rearrangements involving these two genes. There was no evidence of
VGLL3 amplification.

DISCUSSION

Historically a subject of much controversy (16), benign peripheral nerve tumors are now
primarily divided into three types—schwannoma, neurofibroma, and perineurioma. A subset
of tumors defies conventional classification. Indeed, neoplasms containing permutations of
the aforementioned patterns of differentiation, so-called ‘hybrid’ tumors, have recently been
recognized by the World Health Organization classification (5). Following identification of a
novel CHD7-VGLL3fusion gene in a tumor classified as a hybrid schwannoma-
perineurioma, we examined a cohort of these tumors by targeted RNA sequencing to assess
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the incidence and nature of fusion drivers amongst this distinctive entity. Our results reveal
hybrid schwannoma-perineurioma is generally characterized by recurrent fusion events, with
a heterogenous molecular pathogenesis that frequently involves VGL L3 rearrangement.

Most benign peripheral nerve tumors can be accurately classified morphologically. These
may be further subdivided into one, or more, histologically distinct subtypes — each also
possesses malignant correlates — that can occasionally pose a diagnostic challenge.
Perineurioma and schwannoma are neoplasms with predominantly perineurial and Schwann
cell differentiation, respectively. Neurofibroma is also considered a neoplasm of Schwann
cell origin, although its appearance is attributable to varied contributions from extracellular
matrix(17) and several other cell types (18, 19). Perineural differentiation can be highlighted
by immunohistochemical stains including claudin-1, GLUT-1, CD34, and epithelial
membrane antigen. Schwannian differentiation is identified by staining with S100 and
SOX10, and fibroblasts in Antoni ‘B’ regions can occasionally be identified with CD34.
Neurofibromas exhibit an admixture of S100 and SOX10, and CD34 staining. Hybrid tumors
are composites of two distinct cell populations, which can likewise be recognized by
immunohistochemistry. Conceivably this line of reasoning should likewise extend to the
molecular level, with hybrid tumors containing established driving mutations in one, or both,
cell populations (i.e., AVF1 for neurofibroma (6), NVF2 for schwannoma (7), and NFZI NF2for
perineurioma (9)). As a matter of fact, in a study of patients with multiple hybrid
neurofibromas-schwannomas, there was at least partial monosomy 22 — which included the
region of NF2—- in almost half of patients;(20) this is perhaps unsurprising given the
overrepresentation of these tumors amongst patients with neurofibromatosis type 1 and 2,
and schwannomatosis (21). However, to date, the molecular pathogenesis of sporadic hybrid
peripheral nerve tumors remains to be elucidated.

Following the discovery of a novel CHD7-VGL L3 fusion gene in a hybrid schwannoma-
perineurioma we proceeded to examine a cohort of these tumors by RNA sequencing. This
revealed VGLL3rearrangement is common amongst these tumors (77.8%); and this gene
has multiple potential partners, including: CHD7 (71.4%), CHD9 (14.3%), and MAMLD1
(14.3%). Other VGLL 3 partners presumably exist; in fact, an archive search for tumors with
VGLL3rearrangement identified an unrelated low-grade sarcoma with an in-frame 7CF12-
VGL L 3fusion gene. Thus, in addition to having multiple potential partners, VGLL3
rearrangement does not appear to be restricted to benign peripheral nerve tumors.
Furthermore, novel DST-BRAFand SQSTM1-CDX1 fusion products were identified in two
tumors morphologically and immunophenotypically similar to the hybrid schwannoma-
perineurioma cohort, suggesting different molecular events may define these tumors.
Additional indirect support for this possibility comes from the fact that two cases in our
cohort were negative by both RNA sequencing and fluorescence in situ hybridization,
implying mutation(s) that are not covered by our limited panels. This series did not
specifically investigate the possibility of AFZ or NF2 mutations; however, a recent study,
using a combination of array comparative genomic hybridization and FISH, did not identify
significant overlap between hybrid schwannoma-perineurioma and prior such studies in
schwannoma or perineurioma (22).
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Vestigial-like family member 3 (VGLL?3) is a member of the vestigial-like (VGLL) protein
family, serving as a TEA domain—containing transcription factor (TEAD) cofactor (23).
While its physiologic role is uncertain, it appears to promote cell proliferation through
activation of the Hippo pathway (23); interestingly, it has been suggested to have a role in
nerve formation and neural crest migration (24). Amplification has been reported in
myxoinflammatory fibroblastic sarcoma (14, 25, 26), along with several other sarcomas
(27); however, to our knowledge, fusion genes involving VGLL3 have not previously been
reported. The precise role of members of the chromodomain helicase DNA-binding (CHD)
protein family, including CHD7/9, are also unclear (28). These proteins appear to be
involved in transcription regulation, via chromatin remodeling, and rRNA biogenesis (28).
CHD?7 promotes neural crest formation(29) and neural progenitor differentiation (30),
amongst other diverse associations. Germline mutations in CHD7 are associated with
CHARGE syndrome — Coloboma, Heart disease, Atresia choanae, Retarded growth and
retarded development and/or CNS anomalies, Genital hypoplasia, and Ear anomalies and/or
deafness — which is considered by some a neurocristopathy (29, 31, 32). CHD9 is expressed
by mesenchymal cells and thought to have a role in promoting osteogenic differentiation.
(33) A fusion involving this gene was recently reported—a BCOR-CHDJ fusion gene was
identified in a renal sarcoma (34). MAMLD1 is a coactivator in NOTCH signaling (35).
Germline mutations are associated with hypospadias (36), and YAPI-MAMLD1 fusions
have been reported in childhood supratentorial ependymomas (37). Given uncertainty
regarding the physiologic roles of these genes, it is difficult to predict the effects of the
various fusion genes without functional studies; this is further exacerbated by the potential
for seemingly unrelated DS7-BRAFand SQSTMI-CDX1 fusion event in these neoplasms.
Fusions involving BRAF have been identified in a range of neoplasms (e.g., epithelial,
melanocytic, mesenchymal and neural), and these tumors may show a clinical response to
RAF or MEK inhibitors; the possible implications of a BRAF fusion in a benign neoplasm
are currently uncertain.

While the tumors in our series show dual Schwann cell and perineurial cell differentiation,
there is no evidence to suggest a peripheral nerve origin, per se; moreover, the presence of
an underlying gene fusion would seem to indicate a distinct pathogenesis. It remains to be
established whether one, or both, of the cell types in these tumors contains the fusion
product. It is interesting that, in addition to hybrid schwannoma-perineurioma, the initial
differential diagnosis of these tumors included variants of neurofibroma, desmoplastic
melanoma, and N7TRK-rearranged mesenchymal neoplasms (Table 1). While the
identification of a fusion may offer diagnostic support in the classification of hybrid
schwannoma-perineurioma, it does not exclude the existence of other potential genomic
drivers within these neoplasms; moreover, this does not resolve broader conceptual issues
related to the ontogenesis of these, and related, neoplasms. Indeed, following a respite from
contention, it seems inevitable that next generation sequencing will lead to reinvention in the
classification of peripheral nerve tumors. For example, we, and others (38), have identified a
case of perineurioma with a GABI-ABL 1 fusion, as well as other molecular events in
related tumor-types. Only through the characterization of larger cohorts, with advanced
sequencing, expression analysis, and functional studies will be possible to delineate the
relationship and molecular breadth these, and related, neoplasms.
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In summary, we demonstrate that hybrid schwannoma-perineurioma is frequently
characterized by recurrent fusion events, including VGLL3rearrangement. This finding can
be exploited for diagnostic applications when classification is not readily apparent based on
morphology and/or immunohistochemistry. More importantly, however, the presence of a
discrete molecular event implies these neoplasms — despite evidence of hybrid
differentiation — represent a distinct entity with a molecular pathogenesis altogether
unrelated to schwannoma and/or perineurioma.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1: Representative hematoxylin and eosin-stained sections of hybrid schwannoma-
perineuriomawith CHD7-VGLL3 fusion gene.

(A) Scanning magnification showing a circumscribed and unencapsulated neoplasm centered
within the subcutaneous adipose tissue. Note entrapped adnexal structures. (B and C)
Intermediate magnifications demonstrating a spindle cells with a storiform-fascicular
pattern. The cytoplasm is pale with indistinct borders. (D) High magnification revealing two
distinct nuclear populations. Many cells have plump ovoid nuclei, while a minority are
fusiform and elongated. Only mild, likely degenerative, nuclear atypia is present.
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Figure 2: Representative hematoxylin and eosin-stained sections of hybrid schwannoma-
perineurioma with alternate fusion gene products.

Tumors with alternate VGLL3fusion partners were morphologically and
immunophenotypically indistinguishable from those with the more common partner: (A)
CHD9-VGL L 3fusion gene, (B) MAMLDI-VGLL3fusion gene. Similarly, two tumors with
altogether different fusion gene products were ostensibly indistinguishable from those with
VGL L 3rearrangement, including cases with a (C) DS7-BRAF fusion gene and (D)
SQSTMI-CDX1 fusion gene. All images x400.
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Figure 3: Representative immunohistochemistry-stained sections of hybrid schwannoma-
perineuriomawith CHD7-VGLL3 fusion gene (I ndex patient).

(A) S100, (B) SOX10, (C) epithelial membrane antigen and (D) claudinl. Representative
immunohistochemistry-stained sections of hybrid schwannoma-perineurioma with
CHD9-VGLL3 fusion gene (patient 11). (E) Double stain showing alternating parallel
patterns layers of S100 (red) and epithelial membrane antigen (brown). All images x200.
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Figure 4: lllustration of the variousfusion genesin hybrid schwannoma-perineurioma.
(A) Circos plot demonstrating the chromosomes involved in the various fusion events (image

generated using FusionHub).(39) Exon details for (B) each of the VGLL3associated fusion
partners and (C) unrelated fusion products (mRNA transcripts were extracted and plotted
from the R package ggbio).(40) Note: sky blue arrows and lines indicate the exons involved
in the fusion and directions of transcription. (D) Representative images independently
confirming rearrangement of (i) BRAF [three-color FISH break/fusion assay: arrows
indicate representative tumor cells with deletion of the telomeric ‘green’ BRAF signal, with
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corresponding fusion of the centromeric * yellow’ BRAF signal to the intragenic ‘red” DST
signal], and (ii) VGLL3and (iii) CHD7 [break-apart assay: arrows indicate representative
tumor cells with break-apart signals].
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