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Abstract In this follow-up report, we present updated information regarding a previously
reported pediatric patient with a World Health Organization grade | ganglioglioma harbor-
ing a BRAF p.T599dup mutation (Cold Spring Harb Mol Case Stud 4: a002618). This patient,
based on our initial finding, is receiving combination targeted therapy with a selective BRAF
inhibitor (dabrafenib) plus MEK inhibitor (trametinib). The combination therapy was started
after the patient experienced progressive tumor growth and worsening neurological symp-
toms, including visual changes, headaches, and peripheral neuropathy, despite 9 months of
treatment with adjuvant chemotherapy (vinblastine). The patient has been receiving dabra-
fenib plus trametinib for 15 months and continues to have stable disease as well as im-
proved neurological symptoms. Although combinatorial therapy targeting BRAF and
MEK using dabrafenib and trametinib, respectively, is indicated for tumors harboring a
BRAF p.V600E/K mutation, our report demonstrates efficacy of this combination in a non-
V600E BRAF-mutated tumor. The identification of BRAF alterations may assist clinicians
in determining alternative targeted treatment strategies, especially considering the paucity
of effective treatments for primary brain tumors and the poor prognosis associated with
many central nervous system (CNS) diagnoses. Additional case studies or larger cohort re-
ports will continue to clarify the efficacy of BRAF and/or MEK inhibitors in patients whose
tumors harbor a BRAF alteration.

INTRODUCTION

BRAF alterations are commonly observed in many tumor types, the most frequent of which is
BRAF p.Val600Glu (p.V600E). This variant is detected most frequently in melanomas and
non-small-cell lung cancers and at a lower incidence in central nervous system (CNS) tumors
(Davies et al. 2002; Schreck et al. 2019). Several other BRAF mutations, including p.
Val600Lys (p.V600K) as well as other activating variants occurring within the kinase domain,
have been identified as oncogenic drivers in different human cancers. Specifically, in pedi-
atric low-grade gliomas, BRAF alterations are the most commonly identified molecular
event, most of which are p.V600E or KIAA1549-BRAF gene fusions (Schindler et al. 2011;
Ryall et al. 2017).
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BRAF belongs to the RAF family of protein kinases and, when activated, phosphorylates
downstream targets MEK1/2, which in turn phosphorylate and activate ERK1/2. This leads to
activation of a variety of nuclear transcription factors and subsequent increased cell prolifer-
ation, survival, and tumor growth. A BRAF p.V600E/K variant results in constitutively activat-
ed kinase activity and increased downstream MEK/ERK activation (Wan et al. 2004). U.S.
Federal Drug Administration (FDA)-approved therapies designed to inhibit BRAF (BRAFi)
and other components in the RAS/MAPK pathway (MEKi) have demonstrated remarkable re-
sponses in phase II/Ill clinical trials in the treatment of many malignancies, including melano-
ma and thyroid cancer (Flaherty et al. 2012; Long et al. 2017; Subbiah et al. 2018). In
particular, combination therapy with dabrafenib (BRAFi) and trametinib (MEKI) is FDA-ap-
proved for use in patients with BRAF p.V600E/K in melanoma, as well as BRAF p.V600E in
non-small-cell lung cancer and thyroid cancer. This combinatorial therapy has even proven
effective with off-label use in patients with BRAF p.V600E-mutated high-grade gliomas
(Johanns et al. 2018; Schreck et al. 2018). The value of combination targeted therapy aimed
at BRAF alterations other than p.V600E/K needs further study and more clinical evidence to
determine efficacy of such drugs.

Previously, we described identification of a BRAF variant resulting in duplication of thre-
onine at codon 599 [NM_004333.4:¢c.1794_1796dup (p.T599dup)] in a pediatric World
Health Organization (WHO) grade | ganglioglioma (Miller et al. 2018) using genome se-
quencing. Prior in vitro studies of p.T599dup demonstrated kinase activity and cellular
MEK/ERK activation potential comparable to that of p.V60OE (Eisenhardt et al. 2011). In
this follow-up report, we describe the patient’s positive response to combination therapy
with a selective BRAFi (dabrafenib) and MEKi (trametinib), which was initiated after she
experienced progressive tumor growth and worsening neurological symptoms despite treat-
ment with adjuvant chemotherapy (vinblastine).

RESULTS

An adolescent female initially presented with blurred vision, papilledema, and hydrocepha-
lus and was diagnosed with a probable low-grade glioma based on magnetic resonance im-
aging (MRI). The patient was treated for hydrocephalus and followed with MRI surveillance
every 3-4 mo, which showed gradual enlargement of the midbrain mass. Although the pa-
tient experienced no new neurological signs or symptoms, a partial resection was performed
4 yr (48 mo) after diagnosis because of the progressive imaging changes. Pathological exam-
ination showed a low-grade brain tumor: ganglioglioma, WHO grade |. Subsequent genome
sequencing of the tumor specimen revealed a BRAF p.T599dup mutation (Miller et al. 2018).

Routine MRI surveillance again showed enlargement of the tumor over the next 6 months
following the partial resection (Table 1A). The radiologist reported increases in the size and
degree of contrast enhancement of the midbrain mass (Fig. 1A,B). Vinblastine was used
(6 mg per m? of body surface area per dose) and administered intravenously every 2 wk.
The patient was compliant with vinblastine treatments and continued MRI imaging every
3-4 mo after starting the chemotherapy regimen. The tumor was not responsive to vinblas-
tine and demonstrated interval growth over time (Table 1B). In addition, the patient experi-
enced worsening vision and debilitating peripheral neuropathy, for which she was
prescribed gabapentin (00 mg twice a day). After 9 mo of vinblastine, the radiologist noted
increased size of solid and cystic components of the mass, and treatment with vinblastine
was discontinued (Fig. 1C,D). The patient had a near-complete resection of the enhancing
tissue in the central lesion (Fig. 1E,F). We obtained tumor-extracted DNA from this near-
complete resection and performed deep, targeted sequencing of the p.T599dup BRAF var-
iant. The allele frequency of the BRAF variant detected in the more recent resection (5.9%)
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Table 1. Interpretation of MRI findings related to type and time of treatment

Tumor mass

dimensions
MRI date Dabrafenib/ : (cm)l
(months Vinblastine® trametinib
postdiagnosis) status status® SI TRV AP Radiologist interpretation/notes Reason for MRI
A
Initial diagnosis Prior Prior 1.7 1.5 1.5 No significant contrast enhancement Sudden onset nystagmus
associated with this lesion, and no and loss of vision in left
abnormal contrast enhancement eye
appreciated in the remainder of the
brain
46 mo Prior Prior 20 25 26 T2 prolongation mass lesion centered  Preoperative evaluation
within the midbrain; increased in prior to initial biopsy
size since the previous study and tumor resection
47 mo Prior Prior 21 29 2.8 Mass lesion minimally increased in Routine surveillance
size compared to previous imaging;
central portion of the lesion shows
increased T2 signal compared to
the peripheral portion and
enhances diffusely with contrast
50 mo Prior Prior 21 26 27 Massunchanged to slightly decreased Evaluation prior to
in size when compared to previous commencing
imaging chemotherapy
52 mo Prior Prior 1.8 25 2.8 Expansile, T2 prolongation mass Routine surveillance
lesion with slight decrease in size;
central area of the mass shows
increased T2 signal and contrast
enhancement
B
57 mo Active Prior 1.7 26 2.7 Complex appearing mass within the Disease assessment/
(3 mo) midbrain, with measurements postchemotherapy
comparable to prior imaging commencement
60 mo Active Prior 2.0 2.8 2.6 Increased size of mass compared to Routine surveillance
(6 mo) most recent imaging.
63 mo Active Prior 26 3.2 2.8 Increased size of both the solid and Routine surveillance
(9 mo) cystic components of the midbrain
mass compared to previous MRI
64 mo Stopped Prior 29 3.5 28 Slightfurther increase in size of the Routine surveillance
cystic portion of the mixed solid
and cystic mass; enhancing solid
component appears unchanged
65 mo Stopped Prior NA NA NA Almost complete resection of the Intraoperative during
enhancing tissue in the central tumor resection
lesion; residual crescent of T2 signal
abnormality is still concerning for
nonenhancing tumor
68 mo Stopped Prior 1.7 2.3 2.4 New avidly enhancing nodules along  Routine surveillance

the anterior aspect of the mass,
suggestive of tumor progression.

(Continued on next page.)
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Table 1. (Continued)

Tumor mass

MRI date Dabrafenib/ dlm:::.:;ons

(months Vinblastine® trametinib -

postdiagnosis) status status® SI TRV AP Radiologist interpretation/notes Reason for MRI

C

71 mo Stopped Active (2 mo) 1.6 22 2.3 Similarin size with decreased Routine surveillance
enhancement

74 mo Stopped Active (5 mo) 1.5 22 2.2 Stable appearance of residual tumor Routine surveillance

78 mo Stopped Active (9 mo) 1.4 20 2.2 No evidence of tumor progression Routine surveillance

81 mo Stopped Active (12mo) 1.4 2.0 2.2 Essentially unchanged in imaging Routine surveillance
appearance and tumor dimensions

84 mo Stopped Active (15mo) 1.4 2.0 2.0 Stable nonenhancing, lobulated Routine surveillance

midbrain mass; unchanged mild to
moderate enlargement of the
lateral and third ventricles

“Prior” refers to the time period before therapy initiation.

(MRI) Magnetic resonance imaging, (Sl) superior to inferior, (TRV) transverse, (AP) anteroposterior.
2Vinblastine dosage, 6 mg/m?/dose intravenously every 2 wk.

bDabrafenib dosage, 150 mg twice a day; trametinib dosage, 1.5 mg twice a day.

was retained at a slightly higher, but similar, frequency as detected in the patient’s initial tu-
mor resection (5.2%).

Follow-up imaging 3 mo postresection showed new contrast enhancementand evidence of
tumor growth (Fig. 1G,H). The patient was switched to combination targeted therapy with
BRAFi dabrafenib (150 mg twice a day) and MEKi trametinib (1.5 mg twice a day), nearly é yr
(69 mo) after her initial diagnosis. Two months following commencement of the combination
targeted therapy, the mass showed a decrease in size and contrast enhancement (Fig. 11,J).
Routine MRIs continue to show diminished enhancing portions and decreased measurements
of the tumor dimensions (Table 1C). One year after starting BRAFi/MEKi, ophthalmologic ex-
ams demonstrated overall improvement in the patient’s visual fields, and she has also experi-
enced resolution of peripheral sensory neuropathy and was able to discontinue use of
gabapentin. The patient has tolerated dabrafenib and trametinib well, except for development
of painful nodules under the skin of her thighs. She occasionally stops treatment because of the
skin toxicity and resumes after resolution of the nodules, usually within a 2-wk time period. The
patient has been on the new combination therapy for 15 mo and continues to have stable dis-
ease with sustained tumor shrinkage and no new enhancing portions within the mass (Fig. 1K,L).

DISCUSSION

Our report demonstrates the sensitivity of a non-V600E BRAF mutation in a low-grade glio-
ma to treatment with combination targeted therapy (BRAFi/MEKi). We identified two other
reports in which patients (one with melanoma and one with lung cancer) each harboring the
BRAF p.T599dup received dabrafenib/trametinib and demonstrated a positive clinical re-
sponse including stable disease in the lung cancer case and partial remission in the melano-
ma case (Marchand et al. 2018; Mu et al. 2020). Furthermore, other studies have reported
successful outcomes of dabrafenib/trametinib in pediatric patients with BRAF p.V600E
low-grade gliomas, demonstrating safe and effective use in treating brain tumors (Marks
et al. 2018; Hargrave et al. 2019).
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Figure 1. Radiographic features of the tumor related to type and time of treatment. Prior to vinblastine and
dabrafenib/trametinib through 46 mo postdiagnosis: Axial T2-FLAIR image (A) shows a well-circumscribed
T2-hyperintense midbrain mass, reported as increased in size; postcontrast axial T1-W image (B) shows intense
peripheral rim enhancement (arrow) and central diffuse enhancement. Active on vinblastine (for 9 mo) and pri-
or to dabrafenib/trametinib through 63 mo postdiagnosis: Axial T2-FLAIR image (C) shows increased size of
solid and cystic components of the mass; postcontrast axial T1-W image (D) shows increased central area of
enhancement (arrow). Intraoperative, postresection, 65 mo postdiagnosis: Axial T2-FLAIR image (E) shows par-
tial resection of solid and cystic components of the mass; postcontrast axial T1-W image (F) shows a residual
sub centimeter enhancing focus (arrow). Three months postresection and prior to initiation of dabrafenib/tra-
metinib through 68 mo postdiagnosis: Axial T2-FLAIR image (G) shows increased size of the anterior solid com-
ponent of the mass; postcontrast axial T1-W image (H) shows two new nodular enhancing foci (arrow). Stopped
vinblastine and active on dabrafenib/trametinib (for 2 mo) through 71 mo postdiagnosis: Axial T2-FLAIR image
(I) shows decreased size of the mass; postcontrast axial T1-W image (J) shows significantly decreased enhance-
ment (arrow). Stopped vinblastine and active on dabrafenib/trametinib (for 15 mo) through 84 mo postdiag-
nosis: Axial T2-FLAIR image (K) shows further decrease in size of the mass; postcontrast axial T1-W image (L)
shows minimal to no enhancement (arrow).

Identification of different treatment paradigms for pediatric brain tumors is critical, as
these tumor types remain the leading cause of disease-related death in children (Curtin
etal. 2016). MEKi are attractive because BRAF alterations resulting in downstream activation
of the RAS/MAPK pathway are present in a significant subset of pediatric brain tumors (pilo-
cytic astrocytomas, 10%-15%; pleomorphic xanthoastrocytomas, 50%—-60%; ganglioglio-
mas, 20%-60%) and offer a useful target for therapy (Schindler et al. 2011; Pekmezci et al.
2018). There is a growing use and appreciation for efforts to molecularly characterize malig-
nant and progressive tumors, with the intent to identify targetable alterations for each pa-
tient. A recent investigation of publicly available databases revealed 20 different known
activating BRAF mutations reported in pediatric gliomas (Schreck et al. 2019). In our patient,
identification of the mutation coupled with published functional knowledge derived from in
vitro data were critical for determining the potential benefit of targeted therapy. Additional
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case studies or larger cohort reports will continue to clarify the efficacy of BRAFi and/or MEKi
in patients whose tumors harbor a BRAF alteration.

METHODS

MRI

All brain MRI scans were performed without and with intravenous administration of a gadolin-
ium-based contrast agent, Gadobutrol (Gadavist). Imaging was obtained on the following three
Tesla scanners using a 32-channel head coil: Siemens Magnetom Skyra and Siemens PRISMA
(Siemens Healthcare), and General Electric Discovery MR750 (General Electric Healthcare). The
following 1.5-Tesla scanners were used as well, using a 12-channel head coil: General Electric
Signa Explorer and General Electric Signa HDxt (General Electric Healthcare). Images were in-
terpreted by a board-certified pediatric neuroradiologist (D.P.R.). MRI factors were incorporat-
ed asfactors for assessing the patient’s response to treatment in accordance with the Response
Assessment in Neuro-Oncology (RANO) criteria (Wen et al. 2017).

Targeted Sequencing

Genomic DNA (10 ng) was used as a template for polymerase chain reaction (PCR) designed
to amplify a 300-bp product that includes the BRAF p.599 position. BRAF exon 15 primers:
forward  (5-ACTCTTCATAATGCTTGCTCTGA-3') and reverse (5-AGTAACTCAGC
AGCATCTCAGG-3'). PCR was performed using 2x Q5 MM (New England BiolLabs) and
200 nM primers with the following conditions: 30” at 98°C, 30 cycles of 10” at 98°C, 30”
at 60°C, 30” at 72°C, and a final extension of 5" at 72°C. Amplified products were purified
using 1.8x SPRIselect, followed by end repair and dA-tailing using NEBNext Ultra Il DNA
Library Prep kit reagents. The reaction was followed by adapter ligation with unique molec-
ular identifier (UMI)-IDT-indexed adaptors (Integrated DNA Technologies). Adaptor-ligated
samples were purified using 1.2x SPRIselect and used for library amplification with Q5 MM
and lllumina P5/P7 primer mix. A post-PCR 1.2x SPRIselect cleanup was performed, and li-
braries were pooled and sequenced on Illumina iSeq100 to achiever average read depth of
200,000x% at the BRAF variant site.
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