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Abstract

Objective

High-grade glioma (HGG) rarely spreads outside the CNS. To test the hypothesis that the
lesions were metastases originating from an HGG, we sequenced the relapsing HGG and
distant extraneural lesions.

Methods
We performed whole-exome sequencing of an HGG lesion, its local relapse, and distant lesions
in bone and lymph nodes.

Results

Phylogenetic reconstruction and histopathologic analysis confirmed the common glioma origin
of the secondary lesions. The mutational profile revealed an IDH1/2 wild-type HGG with an
activating mutation in EGFR and biallelic focal loss of CDKN2A (9p21). In the metastatic
samples and the local relapse, we found an activating PIK3CA mutation, further copy number
gains in chromosome 7 (EGFR),and a putative pathogenic driver mutation in a canonical splice
site of FLNA.

Conclusions

Our findings demonstrate tumor spread outside the CNS and identify potential genetic drivers
of metastatic dissemination outside the CNS, which could be leveraged as therapeutic targets or
potential biomarkers.
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Glossary

FFPE = formalin and paraffin embedded; GBM = glioblastoma multiforme; HGG = high-grade glioma; TMB = tumor mutation

burden.

Patients with high-grade glioma (HGG) (WHO grade III
and IV) have a dismal prognosis with a median survival of
16.0 months for grade IV tumors.' Distant metastasis of
glioma outside the CNS remains a rare event, occurring in
less than 2% of gliomas,2 and the molecular features of
metastatic dissemination in these tumors are not charac-
terized. In this report, we performed whole-exome se-
quencing on the primary tumor of a patient with HGG and
on multiple secondary lesions to study potential metastatic
drivers outside the CNS.

Methods

Standard Protocol Approvals, Registrations,
and Patient Consents

The family of the patient signed the informed consent form
and approved the disclosure of this publication. The collec-
tion of biological samples and health-related data was ap-
proved by the Ethics Committee of the state of Geneva. The
study was conducted in accordance with the 1975 Declaration

of Helsinki.

Data Analysis

A small part of the tissue from all 4 lesions was frozen and
stored at —80°C, whereas the largest part was fixed in 4%
buffered formalin and paraffin embedded (FFPE). The
bone biopsy was decalcified with ethylenediaminetetra-
acetic acid before embedding. From the FFPE mate-
rial, 2-3-pm-thick slides were stained with H&E.
Immunohistochemistry according to standard protocols
was then performed using the following antibodies: GFAP,
IDH1 (R132H), Ki67, MAP2, NOGO-A, pS3, and syn-
aptophysin in the primary and secondary brain lesions and
synaptophysin, Ki67, MAP2, NOGO-A, chromogranin A,
protein S100, Melan-A, HMB4S, epithelial membrane an-
tigen, O13, NB84, INI1, MAP2, EGR, granzyme B, myo-
genin, keratin, CD3, CDS, CD20, CD79a, CD30, CD34,
CDS6, and CD117 in the lymph node metastasis and
the bone biopsy.

For the genomic analysis, DNA was extracted from blood
and FFPE tumor samples with the Qiagen DNeasy Blood
and Tissue Kit and Qiagen QIAmp DNA FFPE Tissue Kit,
respectively. DNA quality was evaluated with Agilent
TapeStation genomic DNA ScreenTape. Exome capture
and sequencing libraries were prepared with the Agilent
SureSelect Human All Exon VS with 1 pg DNA. Libraries
were sequenced in an Illumina HiSeq2000 to obtain 100-
bp paired-end read at an average coverage of 110 (SD 26).
Sequencing reads were mapped to the reference genome
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GRCh38 with the Burrows-Wheeler Aligner and then
processed with the bcbio cancer variant calling pipeline.
Sequencing quality and target enrichment were verified
with Picard tools metrics (broadinstitute.github.io/pic-
ard/). MuTect2, VarScan, VarDict, and Freebayes somatic
(arxiv.org/abs/1207.3907) with a majority voting ap-
proach were used to identify somatic standard normal
variables and indels.? Stop-gain, splice site, or probably
damaging nonsynonymous mutations and variants repor-
ted in the COSMIC v71 database were considered putative
drivers. Somatic copy number aberrations were estimated
from exome sequencing data with CNVKkit.

Data Availability

Deidentified patient data are available on request.

Results

A 16-year-old patient presented in July 2013 with a right
fronto-insular lesion (figure 1, A and B), which was sub-
totally resected, and a second diffuse lesion infiltrating the
pons (not shown). Histopathologic analysis revealed an
IDH wild-type HGG without 1p/19q codeletion, compat-
ible with a rare anaplastic pediatric-type oligoden-
droglioma.4 Chemoradiation with temozolomide, followed
by 6 cycles of temozolomide, was administered from Au-
gust 2013 to March 2014. The lesion in the pons responded
favorably; no relapse was observed around the initial re-
section cavity.

In April 2014, the patient presented with rapidly worsening
inflammation of the right knee, fever, and tachycardia. A
total-body FDG PET CT scan revealed generalized lymph-
adenopathy involving multiple mediastinal and retroperito-
neal lymph nodes, a distal femoral heterogeneous lesion
(figure 2A.b), and a pattern of carcinomatous lymphangitis
in the lungs (figure 2A.a, figure e-1, links.lww.com/NXG/
A377). We obtained tumor biopsies from the popliteal
lymph node and the right femur. Histopathology assessment
showed that the 3 lesions (brain, lymph node, and bone)
appeared similar (figure 2, B and C) with intense MAP2 and
CDS56 staining, confirming their glial origin, and weak or
focal staining for Olig2, GFAP (figure 2D), synaptophysin,
and TPS3.

Unfortunately, we observed rapid multifocal disease pro-
gression in the brain (figure 1C). A biopsy of a new left
temporal lobe lesion was performed in June 2014, show-
ing the same histology as the initial brain lesion, but with
additional aggressiveness features compatible with a
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Figure 1 Radiologic Features of the Brain Tumors
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(A) Axial planes of T2 turbo spin echo-weighted brain MRI (left image) and
T1 gadolinium sequence (rightimage) showing a right fronto-insular lesion
with high signal on T2 (arrows) and with inhomogeneous enhancement on
T1, corresponding to a high-grade lesion. (B) Magnetic resonance spec-
troscopy (MRS) shows a raised choline peak and N-acetyl aspartate peak
(resonating at 3.7 and 6.2 ppm, respectively), suggestive of anaplastic gli-
oma. (C) Gadolinium T1-weighted brain MRI (left image) showing tumor
relapse with 2 new enhancing left temporal lesions (the left one was
biopsied stereotactically) and the corresponding hypermetabolicimage on
PET CT (right).

glioblastoma multiforme (GBM) (pseudopalisading necro-
sis and high proliferation index). Further treatment lines,
including ifosfamide and doxorubicin, were attempted
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without eliciting a response, and the patient died in August
2014.

Exome sequencing of the primary lesion, the brain relapse,
and the distant bone and lymph node metastasis showed
biallelic focal loss of CDKN2A (9p21) and in-frame insertion
in the EGFR locus (p.Asn771_His773dup) (figure e-2, links.
Iww.com/NXG/A378). Phylogenetic
revealed a common clonal origin (figure 3, A and B). Eleven
high-confidence variants were shared between all tumors.
Seventeen additional mutations were shared by the bone and
lymph node metastases and the brain relapse but not by the
initial HGG (Additional files 1 and 2, links.lww.com/NXG/
A386 and links.Iww.com/NXG/A387). Deletions in chr.9,
chr.6, and chr.1q gain (3 copies) were present in the initial
tumor and subsequent lesions. A gain in Chr.7 was shared
between the subsequent lesions (figure 3C). The brain relapse
had many more copy number alterations than the primary
lesion (164 copy-altered segments vs 27, respectively, figure
3C), possibly a consequence of double-strand breaks from
radiochemotherapy. Despite the high secondary mutation
rate in the recurrent tumor, the patient did not present any
family history of malignancies, and tumor mutation burden
(TMB) was less than 6/Mb, suggesting an absence of MSH2
and MSH6 germline alterations, which are associated with a

TMB of 40/Mb.°

reconstructions

The results suggest that the secondary lesions derive from
the same subclone of the original HGG. Among the shared
mutations, we observed 3 putative driver events (figure 3A):
an activating mutation in PIK3CA (p.His1047Arg) known
for its oncogenicity,6 gain of 2 copies of the EGFR mutation
(p-Asn771_His773dup, chr.7, 4n), confirmed by variant al-
lele frequency analysis in each specimen, and a putative
pathogenic driver mutation in a canonical splice site of
FLNA. In addition, a frameshift variant in the FHOD1 gene
was common in all secondary lesions.

Discussion

Of interest, mutations in EGFR and PIK3CA are usually
mutually exclusive and are found together in less than 2% of
HGG. Both are part of the RTK/Ras/phosphatidylinositide
3-kinase (PI3K) signaling cascade, which is altered in 90% of
adult HGG.” The EGFR exon 20 insertion is typically asso-
ciated with resistance to tyrosine kinase inhibitors,*” and it is
rare in GBM,'® where the most common variant is EGFR-
vIIL'' The additional copy gain of mutated EGFR could
be another spreading trigger. The PIK3CA mutation
(p-His1047Arg) is a well-described activating mutation in
cancer and is present in 10% of GBM.” Moreover, the asso-
ciation of CDKN2A deletion and EGFR amplification was
found in all 4 lesions and is known to be a marker of tumor
aggressiveness.'> A third putative driver is the variant in the
FLNA gene. Mutations causing a noncanonical splicing event
can lead to aberrant transcripts that cause many diseases,
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Figure 2 Radiologic and Pathologic Features of the Serially Collected Tumors
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(A, A.a) Whole-body fluorodeoxyglucose PET (FDG PET) imaging with strong FDG uptake in various nodal localizations, notably in the mediastinum. (A.b) Axial
plane, FDG PET-CT imaging of both knees; note the hypermetabolic lymphadenopathies behind the right knee. (B) Histology shows a dense, poorly differ-
entiated primary neuroepithelial tumor (B.a, HE 400x), with numerous secondary structures of Scherer (B.b, satellitosis of tumor cells around neurons, HE
400x). (C) Histology of the popliteal fossa lymph node (C.a) and bone (C.b) (HE 400x). (D) Both biopsies show a poorly differentiated neuroepithelial lesion with

variable GFAP positivity (400x).

including cancer.”® FLNA is an actin-binding protein involved
in cell motility and invasion of glioblastoma cells,"* and its
overexpression is associated with progression to metastasis
and/or poor prognosis in several cancers."” Its effect could be
synergistic with the mutation of the formin FHODI, also

. . . . 1617
involved in migration of glioma cells in vitro.™™

Conclusion

Our findings confirm the metastatic hematogenous dissemi-
nation of a primary CNS tumor,” as previously described by
Hamilton et al,,'® suggesting that the main vascular route of
GBM metastasis is reflux into the systemic venous system.
Our results indicate that both the brain relapse and the distant
metastatic lesions derive from the same subclone of the
original HGG. Besides molecular features known to be asso-
ciated with GBM aggressiveness, other genes (FLNA and
FHODI) could be novel drivers of metastatic spread. A pre-
vious study on medulloblastoma reported molecular evidence
of hematogenous dissemination, showing that specific drivers

Neurology: Genetics | Volume 7, Number 2 | April 2021

contribute to cell invasion outside the CNS.'® Functional
validation of these candidates using gene editing may lead to
the discovery of therapeutic targets.
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Figure 3 Whole-Exome Sequencing and Phylogenetic Tree Reconstruction, Compatible With the Glial Origin of the Distant
Lesions
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(A) Phylogenetic tree with parallel evolution events harboring different mutations occurring between the primary and secondary tumors. (B) Map sum-
marizing all standard normal variable (SNV), insertions and deletions per lesion, and their pathogenic role in known tumor driver genes. (C) A heatmap of copy
number variations (CNVs) showing losses (blue) and gains (red).
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