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Abstract

Background. Recurrent gliomas are therapeutically challenging diseases with few treatment options available.
One area of potential therapeutic vulnerability is the presence of targetable oncogenic fusion proteins.

Methods. To better understand the clinical benefit of routinely testing for fusion proteins in adult glioma patients,
we performed a retrospective review of 647 adult patients with glioma who underwent surgical resection at our
center between August 2017 and May 2021 and whose tumors were analyzed with an in-house fusion transcript

panel.

Results. Fifty-two patients (8%) were found to harbor a potentially targetable fusion with 11 (21%) of these pa-
tients receiving treatment with a fusion-targeted inhibitor. The targetable genes found to be involved in a fusion
included FGFR3, MET, EGFR, NTRK1, NTRK2, BRAF, ROS1, and PIK3CA.

Conclusions. This analysis demonstrates that routine clinical testing for gene fusions identifies a diverse reper-
toire of potential therapeutic targets in adult patients with glioma and can offer rational therapeutic options for

patients with recurrent disease.

adult gliomas | fusion proteins | targeted therapies

Recurrence of adult glioma following radiation and alkylating
chemotherapy represents a significant therapeutic challenge.
Re-operation, re-irradiation, and/or retreatment with chemo-
therapy agents such as temozolomide and lomustine may
provide benefits for select patients with progressive disease,
but survival outcomes remain poor.’* Robust clinical develop-
ment programs to identify new agents and targets, including
immune, cellular, and targeted therapies, have lagged with no
new regulatory approvals since bevacizumab in 2009. Novel
effective treatments for recurrent glioma are desperately
needed.

In addition to their importance for making integrated brain
tumor diagnoses, oncogenic fusions represent unique ther
apeutic vulnerabilities in a subset of patients with glioma.58
Fusion proteins are drivers of malignant growth that often
function through the inhibition of tumor suppressor genes or
activation of oncogenes promoting aberrant cellular behavior.”

Testing for such fusions is routinely performed in other malig-
nancies, and fusion inhibitors are mainstays of the therapeutic
arsenal in lung cancer, bladder cancer, and sarcomas.®°The
recent pace of development of fusion inhibitors is remarkable
with multiple new drugs approved by the US Food and Drug
Administration (FDA) over the past several years.'%"3 Adult
gliomas can also harbor fusion proteins, and there is growing
clinical experience using FDA-approved or off-label fusion in-
hibitors as effective therapies for these patients.'"°

The University of Pennsylvania Health System has been
routinely evaluating surgically resected brain tumors with
an RNA-based fusion transcript panel (FTP) for the detection
of fusion transcripts and oncogenic isoforms since 2017. The
use of transcript panels has identified interesting and clini-
cally beneficial therapeutic targets at a notable rate. To better
characterize the fusions detected by this panel and its clinical
utility, we undertook a retrospective analysis of our electronic
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medical record system (EMR), identifying all patients for
whom a resected glioma was analyzed with the FTP since
its inception. Here we report the results of the FTP testing in
a large cohort of glioma patients and highlight the role the
assay has played in guiding clinical management. These
results add significantly to the best of our knowledge of the
frequency and diversity of fusions with potential clinical
relevance in patients with glioma and underscore the need
for dedicated clinical trials of therapies targeted against
the most common glioma-associated fusions.

I
Methods

Fusions were identified using a customized Archer
FusionPlex panel for detection of gene fusions using
next-generation sequencing (ArcherDx, Boulder, CO). This
sequencing strategy utilizes gene-specific primers for re-
gions of critical genes associated with oncogenic arrange-
ments paired with random primers, allowing for detection
of novel fusion partners. Specimens were received ei-
ther as formalin-fixed, paraffin-embedded (FFPE) tissue
or fresh tissue samples preserved in PreservCyt (Hologic,
Marlborough, MA). Total nucleic acid was extracted from
submitted specimens, and primarily RNA-derived reads
were analyzed for fusion detection. This assay was per-
formed at the Center for Personalized Diagnostics at the
Hospital of the University of Pennsylvania according to
standard operating procedures, the initial validation of
which has been previously described.? Samples were
tested on version 1.0 of this panel until July 9, 2018.
Subsequent samples were tested on version 2.0 of this
panel which included an expanded list of targeted genes
and a decreased minimum required nucleic acid input
(from 100 ng to 10 ng). Version 1.0 could detect previ-
ously described or novel fusions targeting critical re-
arrangements involving ALK, BRAF, EGFR (including
the non-fusion aberrant isoform EGFRVIIl), EML4, ERG,
ESR1, FGFR1, FGFR2, FGFR3, MET (including MET exon
14 skippings), NRG1, NTRK1, NTRK2, NTRK3, RET, ROST1,
TERT, and TMPRSS2. Version 2.0 expanded upon this list
to detect fusions in additional genes, with the full list of
gene targets inTable 1.

This study was approved by an independent institu-
tional review board at the Hospital of the University of
Pennsylvania (HUP IRB 827290). Electronic Health Records
were reviewed to identify all patients for whom a FTP
was ordered on resected brain tissue of any underlying

Table 1. Fifty-Six Genes Assessed in the Penn Fusion Transcript Panel

histology (Ab.D.).The results of these panels as well as ad-
ditional molecular information and key demographic and
clinical variables were collated (Ab.D.). All charts and sur-
gical and molecular pathology reports were manually re-
viewed to confirm the diagnosis of glioma, as well as the
specific type, and to confirm the reported results of the FTP
panel (S.K. and M.PN.). Four authors (S.K., M.PN., Ar.D.,
and S.B.) reviewed the charts of the patients in whom a
potentially targetable fusion was identified to evaluate
the clinical implications of the fusion testing. A complete
list of the tumors with fusions detected is provided in
SupplementaryTable 1.

Statistical analyses were performed using Stata soft-
ware, version 16 (StataCorp). Overall survival (OS) was de-
fined as the time from initial surgical resection until death
from any cause. The Kaplan-Meier method was used to
estimate median OS. Log-rank tests were used to assess
crude differences in survival according to the following cat-
egorizations, respectively: (1) at least one fusion detected
versus no fusion detected, (2) at least one targetable fusion
detected versus no fusion or only non-targetable fusion(s)
detected, (3) at least one targetable fusion detected versus
at least one non-targetable fusion detected, and (4) more
than one fusion detected versus only one fusion detected.

I
Results

Over the study period of August 2017-May 2021, a total of
801 unique patients were identified to have had at least one
FTP performed on tissue resected during brain surgery.
Several of these patients had multiple FTPs performed as
they underwent multiple resections through their treat-
ment course. Of the 801 patients identified, 7 patients did
not have a formal surgical pathology report for our review
and thus histology of the resected lesion could not be con-
firmed. These patients were excluded from analysis. An
additional 128 patients were excluded based on histology
of the resected lesion demonstrating a metastatic lesion to
the central nervous system from a non-glial malignancy or
neuro-epithelial neoplasm other than a glioma. A total of
666 patients (83%) were found to have a resected glial ne-
oplasm. Among these 666 patients, the FTP was unable to
be performed on resected tissue of 19 patients due to insuf-
ficient total nucleic acid quality and/or quantity. Our final
cohort consisted of 647 patients.

The final histopathologic diagnoses using 2021 WHO cri-
teria for the resulting 647 patients in our cohort are presented

FusionTranscript Panel

AKT1 ALK AXL BCOR BRAF
EGFR EML4 EPC1 ERBB2 ERG

FOXO1 FUS GLI1 HMGA2 JAZF1

NCOA2 NRG1 NTRK1 NTRK2 NTRK3
PTH RAF1 RET ROS1 SLC5A5
TFE3 TFG THADA TMPRSS2 USP6

CALCA CAMTA1 CCNB3 CCND1 cic
ESR1 EWSR1 FGFR1 FGFR2 FGFR3
KRT20 KRT7 MEAF6 MET MKL2
PDGFB PIK3CA PLAG2 PMS2 PPARG
SS18 STAT6 TAF15 TCF12 TERT
YWHAE
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in Table 2. The method of retrospectively classifying tu-
mors by 2021 WHO criteria is described (Supplementary
Note). Of the evaluated 647 patients, 156 patients (24%)
were identified to harbor a fusion and/or EGFRVIIl, which
is also detected by the FTP. Fifty-two patients were identi-
fied to harbor a potentially targetable fusion (other than
EGFRUVIII), representing 8% of the cohort. The targetable
genes found to be involved in a fusion included FGFR3, MET,
EGFR, NTRK1, NTRK2, BRAFE ROS1, and PIK3CA, as listed
inTable 3. These targetable fusions were identified in 9% of
patients with IDH-wild type (WT) astrocytomas, 4% of pa-
tients with IDH-mutant astrocytomas, and no patients with
oligodendrogliomas. The histologic diagnoses, age, gender,
and specific fusion proteins identified in the 52 patients har-
boring potentially targetable fusions are presented as an
Oncoprint analysis in Figure 1.

Four patients in the cohort were found to harbor 2 fu-
sion proteins on a single FTP assessment, as presented in
the first 4 rows of Table 4. Three of the tumors with 2 fu-
sions were GBMs; one was a pilocytic astrocytoma. The

Table 2. Targetable Fusions by 2021 WHO Integrated Diagnosis

pilocytic astrocytoma and one GBM each had 2 different
targetable fusions, and the other 2 patients with glioblas-
toma harbored MET fusions with a non-targetable second
fusion. The 46-year-old patient who had been diagnosed
with a pilocytic astrocytoma 42 years previously had a
reresection; the recurrent tumor was found to simultane-
ously harbor both a KIAA1549::BRAF fusion and a MET
exon 14 skipping fusion.The patient passed 3 months later.

Additionally, 3 patients in the cohort were sequenced
on sequential surgical resections, which revealed rare
consistency between the 2 assays over time. Among
these patients, only 1 patient’s tumor showed the same
fusion (FGFR3::TACC3) on both studies. The other 2 pa-
tients showed temporal heterogeneity. A 49-year-old pa-
tient with an IDH-WT glioblastoma was found to have an
FGFR3::BRAP fusion on initial resection. In this case, a re-
peat resection performed for progressive disease approx-
imately 20 months following the first resection identified
an FGFR3::TACC3 fusion; the FGFR3::BRAP fusion was
not detected in the recurrence specimen. A 61-yearold

WHO 2021 Integrated Diagnosis Number Fusion Targetable Fusion (Not
of Patients Identified Including EGFRvIII)
GBM, IDHWT 4 468 141 40
Astrocytoma, IDH mutant 4 29 1 1
Astrocytoma, IDH mutant 3 32 3 2
Astrocytoma, IDH mutant 2 17 0 0
Oligodendroglioma, IDH mutant, 3 22 0 0
1p19 codeleted
Oligodendroglioma, IDH mutant, 2 29 0 0
1p19 codeleted
Oligoastrocytoma, IDH-mutant 2 1 0 0
Astrocytoma, NF1 2 2 0 0
DMG 4 7 0 0
HGAP NA 1 1 1
Glioma, NOS 2 4 1 1
Spinal glioma, NOS 3-4 3 1 0
Low-grade glioma, NEC 1-2 2 0 0
PXA 3-4 1 0 0
PXA 2 1 0 0
Pilocytic astrocytoma 1 1 4 4
Gangliocytoma/ Ganglioglioma 1 2 2
DNET 1 0 0
Glioneuronal tumor, BRAF V600E 1-2 1 0 0
mutated
Glioneuronal tumor 1 1 0 0
DLGNT 3 1 1 1
Low-grade neuro-epithelial neoplasm 1-2 1 0 0
PLNTY 1 1 0 0
Ependymal neoplasm NA 3 0 0
Malignant spindle and round cell NA 1 1 0
neoplasm
Total 647 156 52
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male with an IDH-WT glioblastoma was found to harbor
an ST7:MET fusion on initial resection, while a second
resection performed months later showed no detectable
fusions. Table 4 presents survival and therapies received

Table3. Targetable Fusions Identified

Detecting and targeting fusions in adult gliomas

between FTP assessments. Although statistical conclu-
sions cannot be drawn from the small number of patients,
survival times appear to be within the range typically seen
for glioblastoma.

Review of the electronic medical record for the cohort
indicated that 11 of the 52 patients harboring a targetable
fusion received treatment with a fusion inhibitor (21%).
Nine of the eleven patients had a diagnosis of GBM, but
with an unusually young age range. Four of these nine pa-
tients were aged 46-48 years, with 2 other patients aged
54 and 57 years. The median survival for the 9 GBM pa-
tients was 21 months. Targeted agents tended to be re-
ceived late in the course of disease, and included TAS-120,
lenvatinib, larotrectinib, trametinib, crizotinib, selitrectinib,
and osimertinib. Three patients with glioblastoma each re-
ceived 2 sequential fusion-targeted agents as a result of
disease progression following initiation of the first drug.
The patients who received a fusion inhibitor had received
treatment with an average of 1.9 prior systemic therapies
(range = 1-3) and 5 patients (45%) received bevacizumab
either prior to or concurrently with the fusion inhibitor
(Table 5).

The most common fusion gene partner identified in
the cohort was FGFR3 with 15 patients harboring FGFR3
gene fusions.Three distinct FGFR3 fusions were identified:
FGFR3::TACC3, FGFR3::BRAP, and FGFR3::RENBP. Four
patients in the cohort with glioblastoma were treated with
FGFR3-targeting agents including TAS-120 (futibatinib), a
direct FGFRinhibitor, and lenvatinib, a multikinase inhibitor
with activity against FGFR. One patient with glioblastoma
received lenvatinib 24 mg daily for 7 months and discon-
tinued the drug in the setting of clinical decline and intoler-
ance. The patient passed away shortly thereafter. Another
patient with glioblastoma initiated lenvatinib 24 mg daily

Targetable Gene Variant Total Number

Partner of Fusions

FGFR3 FGFR3::TACC3 (n=4) 16
FGFR3::BRAP (n =1)
FGFR3::RENBP (n =1)

MET PTPRZ1::MET (n =5) 14
CAPZA2::MET (n =3)
ST7::MET (n=3)
KLF12::MET (n=1)
MET exon 14 skip (n=1)
TRIM24::MET (n=1)

EGFR EGFR::SEPT14 (n=7) 7

BRAF KIAA1549::BRAF (n = 4) 6
BRAF::LHFPL3 (n=1)
PRKARZ2B::BRAF (n=1)

NTRK2 BCR::NTRK2 (n =2) 5
STRN::NTRK2 (n=1)
PDE5A::NTRK2 (n = 1)
SKAP2::NTRK2 (n=1)

NTRK1 ARHGEF2::NTRK1 (n=1) 2
BCAN::NTRK1 (n=1)

ROS 1 GOPC::ROS1 (n=3) 4
DLL1::ROS1(n=1)

PIK3CA ACAP2::PIK3CA (n=1) 1

Total 55|
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Figure 1.
quently seen fusion, with age, sex, and diagnosis indicated at the top.

Gangliocytoma/ganglioglioma, WHO grade 1
Pilocytic astrocytoma, WHO grade 1
[¥ Glioma, NOS, WHO grade 2
High grade astrocytoma with piloid features
[l Astrocytoma, IDH-mutant, WHO grade 3
M Glioblastoma

Oncoprint analysis of patients identified to have a targetable fusion protein. Tumors are grouped from most frequently to least fre-
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Table 4. Patients With Multiple Concurrent Fusions and Patients With Multiple FTPs Performed

Fusions
on Second
Sequencing

Diagnosis Fusions on First

Sequencing

Interval
Treatment

Vital
Status

Survival
(Months)

Pilocytic KIAA1549::BRAF; n/a Radiation, resections, and multiple chemo- deceased 506

astrocytoma MET exon 14 therapy agents
skipping

Glioblastoma, NPAS3:: TERT; n/a Chemoradiation deceased 4
MGMT promoter TRIM24:MET
methylation de-
tected
Glioblastoma, ACAP2::PIK3CA; n/a Chemoradiation, Avastin deceased 13
MGMT promoter FGFR3:TACC3
methylation not
detected
Glioblastoma, ST7::MET; n/a Chemoradiation deceased 18
MGMT promoter FRS2:GLI1
methylation not
detected
Glioblastoma, FGFR3::BRAP FGFR3::TACC3  chemoradiation, lenvatinib (4 months), deceased 20
MGMT promoter cyberknife, pembrolizumab (6 months), and
methylation not cyberknife, bevacizumab (2 months)
detected
Recurrent/re- FGFR3::TACC3 FGFR3::TACC3  chemoradiation, second resection with deceased 41
sidual glioblas- carmustine implant, bevacizumab (16 months),
toma third resection, re-irradiation, pembrolizumab

(4 months), and fourth resection, lenvatinib (7

months)

Glioblastoma ST7:MET None detected

after prior treatment withTAS-120 and continued treatment
for 3 months, at which point MRl demonstrated disease
progression. The patient received additional therapies and
passed away approximately 8 months later. # #3A third pa-
tient with glioblastoma received lenvatinib 24 mg daily for
5 months at which point the drug was stopped for progres-
sion.The patient passed 14 months later. #4A fourth patient
with glioblastoma initiated lenvatinib 24 mg daily after
prior treatment with TAS-120. The patient had clinical de-
cline and was transitioned to hospice the following month,
and passed later that month.

Fourteen patients in the cohort were found to harbor a
MET fusion. Six different fusions were identified including
PTRPRZ1::MET, CAPZA2::MET, ST7::MET, KLF12::MET, MET
exon 14 skip, and TRIM24::MET. One patient in the cohort
with a glioblastoma harboring a CAPZA2::MET fusion was
treated with crizotinib 2560 mg twice daily for a brief time;
MRI showed progression, and the patient transitioned to
hospice and passed a couple of months later.

Seven patients in the cohort were identified to harbor
EGFR::SEPT14 fusions. Two of these patients, both with gli-
oblastoma, received osimertinib to target EGFR. One pa-
tient received osimertinib 80 mg daily for 6 months at which
point MRI demonstrated further progression and the drug
was discontinued. The patient was transitioned to hospice
and passed soon thereafter. A second patient with glioblas-
toma initiated treatment with osimertinib 80 mg daily, with
follow-up MRI 10 weeks after osimertinib demonstrated
progression prompting discontinuation. The patient was
enrolled in a clinical trial and passed 7 months later.

Chemoradiation, second resection

deceased 3

Six patients in the cohort were identified to harbor a BRAF
fusion. Three different fusions were identified including
KIAA1549::BRAF, BRAF::LHFPL3, and PRKAR2B::BRAF. One
patient with a high-grade glioma with piloid features har-
boring a BRAF::LHFPL3 fusion was treated with trametinib.
The patient has been treated with trametinib 1 mg daily for
approximately 3 months, at which point surveillance MRI
demonstrated disease progression. The patient passed a
few months later.

Seven patients in the cohort harbored a fusion with
NTRK: 5 patients with NTRK2 and 2 patients with NTRKT.
Six unique fusions were identified including BCR::NTRK2,
STRN::NTRK2, PDE5A::NTRK2, SKAP2::NTRK2,
ARHGEF2::NTRK1, and BCAN::NTRK1. One patient with
glioblastoma harboring a BCR::NTRK2 fusion was treated
with larotrectinib 100 mg twice daily for a year, at which
point disease progression was demonstrated. The patient
has been initiated on selitrectinib 100 mg twice daily for 3
months, with disease progression and clinical decline.The
patient passed 2 months later. A second patient with gli-
oblastoma harboring SKAP2::NTRK2 initiated larotrectinib
100 mg twice daily upon disease progression 2 and a half
years into his course. However, his disease continued to
progress through a month of therapy, and he was subse-
quently initiated on a clinical trial and follow-up is ongoing.
A patient with a Diffuse Leptomeningeal Glioneuronal
Tumor (DLGNT) harboring ARHGEF2::NTRK1 has been
treated with larotrectinib 100 mg twice daily for 2 months,
but had continued disease progression. The patient was
transitioned to hospice and passed 5 months later.
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S o
Table 5. Patients Treated With Fusion Inhibitors 2 E
- O
Diagnosis Fusion Age at Therapy Number Prior Systemic  SystemicTher-  Clinical/lmaging Re-  Survival 8 'o
Diag- of Prior Therapies apies Following sponse (months) =]
nosis Sys- Fusion Inhibitor Q
(years) temic 2.
Ther- o
apies g
Glioblas- FGFR3::TACC3 46  Lenvatinib 3 Temozolomide, Received lenvatinib 41
toma, Bevacizumab, for final 7 months,
IDH-wild Pembrolizumab during slow clin-
type, WHO ical progression in
grade 4 context of stable
imaging.
Glioblas- FGFR3::BRAP; 48  TAS-120/ 1 Temozolomide FGFR3 fusions both 20
toma, FGFR3:: TACC3 Lenvatinib seen in right frontal
IDH-wild tumor, which was
type, WHO stable on treatment
grade 4 (chemoradiation and

TAS-120). New left
parietal lesion de-
veloped, no fusions
detected. Lenvatinib
initiated. Left-sided
disease continued
to worsen, right re-
mained stable.

Glioblas- FGFR3::TACC3 66 Lenvatinib 2 Temozolomide, Bevacizumab Responded well 32
toma, CCNU to Lenvatinib for

IDH-wild 5 months, then

type, WHO tumor progression,

grade 4 and was subse-

quently treated with
bevacizumab and
tumor-treating fields
for final 14 months

Glioblas- FGFR3::TACC3 82 TAS-120/ 1 Temozolomide Bevacizumab Imaging and clinical 8
toma, Lenvatinib improvement with

IDH-wild TAS-120 initially, but

type, WHO withdrawn due to

grade 4 side effects. Rapid

progression, and
started on lenvatinib
shortly before

passing
Glioblas- EGFR::SEPT14 46  Osimertinib 3 Temozolomide, Pembrolizumab Progression of 17
toma, CCNU, multifocal tumor on
IDH-wild Bevacizumab osimertinib (given
type, WHO for last 6 months of
grade 4 course); tissue tested

to reveal fusion was
parietal, area of pro-
gression was frontal

and deep
Glioblas- EGFR::SEPT14 54  Osimertinib 1 Temozolomide Anti-PD1, Began to progress 33
toma, Anti-GITR, on osimertinib
IDH-wild Bevacizumab, after 2.5 months of
type, WHO CCNU, treatment, passed 7
grade 4 Carboplatin months later
Glioblas- BCR::NTRK2 46  Larotrectinib/ 3 Temozolomide, Initial progression 21
toma, Selitrectinib CCNU, on chemoradiation,
IDH-wild Bevacizumab then a year on
type, WHO Larotrectinib with
grade 4 no progression,

then progressed,
and was started on
compassionate use
selitrectinib, but con-
tinued decline
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Table 5. Continued

Number
of Prior
Sys-
temic
Ther-
apies

Diagnosis Fusion Age at
Diag-

nosis

Therapy

(years)

Glioblas-
toma,
IDH-wild
type, WHO
grade 4

SKAP2::NTRK2 67 Larotrectinib 1
late 2021 for

1 month

Glioblas-
toma,
IDH-wild
type, WHO
grade 4

CAPZA2:MET 57  Crizotinib 3

High-
grade
glioma with
piloid fea-
tures, IDH-
wild type

BRAF::LHFPL3 72  Trametinib 1

ARHGEF2::
NTRK1

Diffuse lep- 8(32) Larotrectinib 2

tomeningeal
glioneuronal
tumor, IDH-
wild type

Four patients in the cohort were identified to harbor
fusions with ROS1. Two unique fusions were identified:
GOPC::ROS1 and DLL1::ROS1. No patients with ROS1 fu-
sions received targeted therapy. Additionally, one patient
in the cohort harbored an ACAP2::PIK3CA fusion and did
not receive a targeted fusion inhibitor.

Survival analysis did not show a significant difference in
overall survival (OS) between patients with glioblastoma
harboring a fusion compared to glioblastoma patients
with no fusions, nor between patients with glioblastoma
harboring a targetable fusion compared to glioblastoma
patients with either no fusion or a non-targetable fusion.
Median OS for patients with glioblastoma identified to
have at least one fusion was 17.2 months (95% ClI, 11.7-20.1
months) v. 15.4 months among patients with glioblastoma
who did not harbor a fusion (95% 14.4-17.0 months) (log-
rank P =.9). Additionally, median OS for patients with gli-
oblastoma harboring a targetable fusion was 17.2 months
(95% CI, 10.9-20.4 months) versus 15.4 months (95% ClI

Prior Systemic
Therapies

Temozolomide

Temozolomide,
Bevacizumab,
CCNU

Temozolomide

Temozolomide,
Bevacizumab

Survival
(months)

SystemicTher-
apies Following
Fusion Inhibitor

Clinical/lmaging Re-
sponse

alive 45
months

Initiated larotrectinib
upon eventual radio-
graphic progression
after 31 months of
stability; imaging
continued to prog-
ress, so switched

to different therapy
after 1 month of
lartrectinib

Was only able to pro- 20
cure a 2-week supply

of crizotinib; subse-

quently rapid pro-

gression, clinically

and on imaging.

One month after ini- 13
tiation of trametinib,

imaging was stable,

but slow progres-

sion was seen after

a couple of months,

particularly outside

radiation field.

Pembrolizumab

Originally posterior 312
fossa, 24 years later
recurred as a left
temporal lobe mass
with broad dural
attachment and
cerebellar mass. Ini-
tiated larotrectinib in
setting of continued
clinical decline and
transitioned to hos-
pice care.

14.4-17.0 months) for patients with either no fusion or a
non-targetable fusion (log-rank P=.82).

I
Discussion

This study presents our institutional experience routinely
testing gliomas for oncogenic fusions. We identified 52 pa-
tients with gliomas harboring genetic fusions involving 8
different partner genes that could be targeted with either
off-label use of targeted agents approved for other can-
cers, fusion inhibitors indicated for all cancers harboring a
given genetic lesion, or as part of clinical trials evaluating
novel fusion inhibitors. Taken together, these results dem-
onstrate that fusion transcripts are identified at a notable
rate in patients with glioma, the fusion repertoire is diverse
and unique, and there can be significant clinical relevance
to performing fusion testing in this population.
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To the best of our knowledge, our study represents the
largest reported cohort of adult glioma patients evaluated
with a FTP and is the only study to describe the clinical
implications of such testing. Woo et al. reported on next-
generation sequencing of 356 diffuse gliomas identifying
53 cases of glioblastoma harboring an oncogenic gene fu-
sion.?' Na et al. reported the results of testing 135 diffuse
gliomas with a 55-gene RNA panel for fusions, identifying
fusions in approximately 10% of cases.?? Ferguson et
al. reported on the use of an ArcherDx FusionPlex Assay
to evaluate 390 gliomas and found 36 to harbor a poten-
tially targetable fusion.?® Similarly, Subramanian et al.
tested 404 gliomas using an ArcherDx FusionPlex Assay,
identifying 39 to harbor a potentially targetable fusion.?*
Our work with an additional and larger cohort yields results
consistent with the prior studies, and expands on previous
studies to present aggregate and patient-level information
on how fusion identification impacts clinical management.
In so doing, our results support the performance of fusion
testing in gliomas.

The fusions identified in our cohort consist of both well-
described genetic aberrations with known oncogenic prop-
erties as well as changes that have not been previously
reported in the literature. Of the FGFR3 fusions identified,
both the FGFR3::TACC3 and FGFR3::BRAP fusions have
been previously reported, while the FGFR3::RENBP fusion
has not been reported to date.?*>?> Several agents have
received approval from the FDA for the treatment of can-
cers with FGFR fusions including pemigatinib, infigratinib,
and erdafitinib.?627 Within gliomas, targeting of tumors
with FGFR fusions has been described using futibatinib,
infigratinib, and investigational agent JNJ-42756493.252829

Amongst the MET fusions identified, PTPRZ1:MET,
CAPZA2::MET, and ST7:MET have been previously de-
scribed in gliomas and a TRIM24::MET fusion has been
previously described in a neonatal brain tumor; con-
versely, the KLF12::MET fusion has not been previously
reported.?3303" Additionally, MET exon 14 skippings which
were identified in a patient with pilocytic astrocytoma have
too been reported in gliomas.323 Multiple targeted ther-
apies are currently in use for patients with malignancies
harboring certain MET aberrations, including crizotinib,
capmatinib, and tepotinib." Among glioma patients, Hu
et al. demonstrated efficacy and safety of PLB-1001, a MET
kinase inhibitor, in a small number of patients with his-
tologic grade 4 astrocytomas with MET exon 14 skipping
or PTPRZ1::MET fusions that had progressed from lower
grade astrocytomas.®?

EGFR::SEPT14 was the only EGFR fusion identified
in our cohort. SETP14 has been reported to be the most
common fusion partner with EGFR in glioblastoma, com-
monly joining the first 24 exons of EGFR with exon 10 of
SEPT14 and putatively leading to constitutive activation.®*
Functional studies with EGFR::SEPT14 fusion-positive
glioma cells have demonstrated increased growth as well
as sensitivity to EGFR inhibition.3* Multiple EGFR-targeted
therapies have been evaluated amongst glioma patients
though no specific targeting of EGFR::SEPT14 has been
reported.®®

Of the 3 unique fusions involving BRAF identified in our
cohort, BRAF::LHFPL3 has not been reported in the medical
literature, and it is unclear how the fusion might contribute

to pathogenesis as it is not predicted to contain the kinase
domain of BRAF. Based on the reported exonic break-
points, this novel fusion would not be predicted to main-
tain the same reading frame from the first to the second
partner gene. Conversely, PRKAR2B::BRAF has been re-
ported rarely in ganglioglioma and KIAA1549::BRAF is
well described in pilocytic astrocytomas.3® BRAF fusions
often lead to loss of the N-terminal autoinhibitory region
of BRAF leading to activation of signaling.3’ Several tar-
geted agents have received FDA approval for the treatment
of tumors with BRAF point mutations; however, no agents
have thus far received approval for BRAF fusions. Among
glioma patients, BRAF fusion targeting with selumetinib
and trametinib has shown some efficacy in pediatric
low-grade glioma patients harboring KIAA1549::BRAF
fusions.38:39

The NTRK1 fusions identified in our cohort,
BCAN::NTRK1 and ARHGEF2::NTRK1, have both been pre-
viously reported in glioma.?4° Of NTRK2 fusions identi-
fied, only BCR::NTRK2 has previously been reported in
glioma.*" Of note, the novel PDE5A::NTRK2 fusion was
noted to not maintain the same reading frame from the
first to the second partner gene within the captured read
lengths. Two targeted agents, larotrectinib and entrectinib,
have received FDA approval for treatment of certain solid
tumors with an NTRK gene fusion, and both have shown
some signs of efficacy amongst glioma patients.*?-%

The GOPC::ROS1 fusion identified in the cohort has pre-
viously been described in gliomas, whereas the DLL1:ROS1
fusion has not been previously described in the medical lit-
erature.*® Multiple agents have received FDA approval for
the treatment of certain non-small cell lung cancer patients
with rearrangement of ROS1.'2 Among glioma patients,
successful targeting of ROS1 fusions in pediatric and
young adult patients was detailed in the STARTRK-NGTrial
evaluating entrectinib.*®

The ACAP2::PIK3CA fusion identified has not been re-
ported previously in glioma. PIK3CA targeting is com-
monly employed in the treatment of advanced breast
cancer with the combination of alpelisib, an alpha-specific
PI3K inhibitor, and fulvestrant, an anti-hormonal agent,
and additional PI3K-targeted agents are being evaluated in
clinical trials.*’ There are no reports of glioma patients re-
ceiving targeted treatment for PIK3CA fusions.

As the discussion above outlines, a diverse array of on-
cogenic fusion proteins was found within glioma patients
including both previously described fusions as well as
others not previously reported in the literature. Several
of these fusions have demonstrated targetability in prior
studies in glioma patients, and the identification of these
fusions informed treatment decisions for patients in our
cohort. In addition to highlighting fusion diversity, our
work also confirms the findings that gene fusions are more
commonly found in IDH-WT tumors as opposed to IDH-
mutant tumors and that FGFR3is the most common target-
able gene partner in fusions identified in glioma patients.

In our cohort, 9% (40/468) of glioblastomas were found
to harbor a fusion protein as compared to 5% (3/61) of IDH-
mutant histologically high-grade astrocytomas. Similar
rates were found in the analyses by Subramanian and
Ferguson.?324 Subramanian et al. found that among his-
tologic WHO Grade 4 astrocytomas in their cohort, 6.7%
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of IDH-mutated tumors (n = 1/15) had a potentially target-
able fusion as compared to 12.6% of IDH-WT tumors (n =
22/175). Ferguson et al. similarly found fusions were more
frequent in IDH-WT tumors in their cohort (12%, n=31/262)
as compared to IDH-mutant tumors (4%; n = 4/109). This
potential difference in frequency between IDH-mutant and
IDH-WT disease is of high clinical relevance. Targeting mu-
tant IDH is an attractive therapeutic option for patients with
recurrent disease with either direct IDH inhibitors or other
targeted agents including PARP inhibitors.*® Recurrent
IDH-WT lesions are often more difficult to treat given
that no therapies demonstrate an overall survival benefit.
Targeted fusion inhibitors may represent meaningful ther-
apeutic options in this subpopulation of patients whose tu-
mors harbor an oncogenic fusion.

Our work also confirms the finding that FGFR3 fu-
sions are found in adult gliomas at a particularly notable
rate. We identified 16 FGFR3 fusions representing 29% of
the targetable fusions found. FGFR3 fusions were simi-
larly the most commonly found targetable fusions in the
works by Subramanian and Ferguson.?®2* The concord-
ance of these findings across studies highlights the impor-
tance of clinical development efforts for brain-penetrant
FGFR inhibitors given the frequency of this aberration.
Encouragingly, clinical trials are underway evaluating
infigratinib, pemigatinib, and erdafitinib in adult and pedi-
atric gliomas (NCT05222165, NCT05267106, NCT04424966,
and NCT03210714).

Finally, our results also identify the important role fusion-
targeted therapies can play in the sequence of therapies
glioma patients receive. Bevacizumab, an anti-VEGF anti-
body, is routinely used in the care of patients with recurrent
glioma as it can prolong progression-free survival, decrease
local inflammation, and help reduce steroid requirement.*®
However, the use of bevacizumab may prohibit future clin-
ical trial eligibility for these patients, limiting therapeutic
options. A recent analysis of clinical trials for glioblastoma
identified that roughly one-third of clinical trials do not allow
for prior use of bevacizumab within their eligibility criteria.>°
Our data demonstrate that 45% of the patients in the cohort
who received a fusion inhibitor did so either following or
concurrently with bevacizumab. This highlights the role fu-
sion inhibitors can play for patients following bevacizumab
initiation when trial eligibility may be additionally limited.

Our study seeks to accurately report the fusion reper-
toire of this cohort, but it must be noted that interpreta-
tion and reporting of such fusion results can be nuanced.
Most gene fusions identified in this cohort resulted in
what is commonly thought of as a fusion gene; however,
several gene rearrangements within the cohort, including
cases with PTPRZ1:MET, ST7:MET, CAPZA2::MET, and
ACAP2::PIK3CA, were noted to join often only the first exon
of one gene to the entire coding length of another gene.
While these rearrangements are considered as fusion
genes, the oncogenic event in these cases may involve
overexpression of the full-length partner gene. Additionally,
one fusion identified in this cohort (KLF12::MET) is noted
to include only the non-coding first exon of KLF12 which
strongly suggests this mechanism (ie, overexpression of
MET through promoter swapping). Additional points of
complexity that often arise in evaluation of gene fusions
and, though not noted for each fusion individually within

the discussion, were occasionally observed within this co-
hort include: Identification of multiple fusion transcripts,
which may be due to splicing heterogeneity or overall com-
plexity due to overexpression; identification of atypical
transcripts that include intronic sequences which likely still
represent RNA-derived reads but could be DNA-derived;
identification of fusion transcripts which do not appear to
maintain the same reading frame from the first to second
gene partner within the captured read length; and identi-
fication of fusions with unusual breakpoints. In this study,
all fusions which were deemed to be clinically reportable at
the time of testing were considered as eligible for inclusion.

Furthermore, 4 identified fusions in the cohort (3
FGFR3::TACC3 fusions and one EGFR::SEPT14 fusion) did
not fully meet strict reporting criteria but were clinically
reported as indeterminate at the discretion of the labora-
tory. These fusions were included for analysis as they were
determined to be clinically meaningful. Finally, as gene-
specific primers were used to specifically target commonly
rearranged exons of the target genes, rare rearrangements
or those with unusual breakpoints may be missed.

Though our study is notable in several ways as de-
scribed above, it is limited in its current potential clinical
impact as fusion inhibitors have not yet demonstrated sig-
nificant survival benefits to patients with primary central
nervous system malignancies. Despite this, we hope that
routine identification of these fusions helps spur additional
clinical development programs to create new generation
of CNS penetrant fusion inhibitors.

I
Conclusion

Our institutional experience suggests that routine fusion
testing of adult gliomas identifies genetic aberrations with
potential therapeutic relevance at a clinically meaningful
rate. Such testing may open therapeutic opportunities spe-
cifically for patients with glioblastoma, as these patients
have severely limited treatment options in the recurrent
setting. Prospective clinical trials are ultimately needed
to establish the efficacy of targeted therapies for patients
with glioma and specific oncogenic fusion proteins. In
the meantime, increased testing for fusion proteins in the
neuro-oncology clinic will add to the field’s experience
with targeting these fusions in glioma and enhance the
feasibility of conducting prospective clinical trials in these
rare patient subgroups.
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