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CASE REPORT

BRAF V600E mutation mediates 
FDG-methionine uptake mismatch 
in polymorphous low-grade neuroepithelial 
tumor of the young
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Abstract 

We present a case of a 14-year old boy with tumor-associated refractory epilepsy. Positron emission tomography 
imaging demonstrated a region with heterogeneous high 11C-methionine uptake and a region with homogenous 
low 18F-fluorodeoxyglucose uptake within the tumor. Histopathological and genomic analyses confirmed the tumor 
as BRAF V600E-mutated polymorphous low-grade neuroepithelial tumor of the young (PLNTY). Within the high-
methionine-uptake region, we observed increased protein levels of L-type amino acid transporter 1 (LAT1), a major 
transporter of methionine; c-Myc; and constituents of the mitogen-activated protein kinase (MAPK) pathway. We also 
found that LAT1 expression was linked to the BRAF V600E mutation and subsequent activation of MAPK signaling and 
c-Myc. Pharmacological and genetic inhibition of the MAPK pathway suppressed c-Myc and LAT1 expression in BRAF 
V600E-mutated PLNTY and glioblastoma cells. The BRAF inhibitor dabrafenib moderately suppressed cell viability in 
PLNTY. Collectively, our results indicate that BRAF V600E mutation-activated MAPK signaling and downstream c-Myc 
induces specific metabolic alterations in PLNTY, and may represent an attractive target in the treatment of the disease.
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Introduction
Pediatric low-grade neuroepithelial tumors (P-LGNTs) 
encompass a group of central nervous system neoplasms 
that includes long-term epilepsy-associated tumors 
(LEATs), such as ganglioglioma and dysembryoplastic 
neuroepithelial tumor (DNT). P-LGNTs have differ-
ent characteristics than their adult counterparts, and 

are commonly driven by genomic alterations in the Ras/
mitogen-activated protein kinase (MAPK) pathway, 
such as mutations in BRAF and NF-1 [23, 29]. Recent 
large-scale genomic studies and genome-wide meth-
ylation analyses allowed a thorough characterization of 
P-LGNTs [24], and cIMPACT-NOW (the Consortium 
to Inform Molecular and Practical Approaches to CNS 
Tumor Taxonomy) currently classifies P–LGNTs as dis-
tinct disease entities [4, 17]. In 2017, Huse et al. described 
ten cases of polymorphous low-grade neuroepithelial 
tumor of the young (PLNTY), which were histologically 
characterized by oligodendroglioma-like cellular compo-
nents with intense CD34 immunopositivity. According 
to previous publications, PLNTYs are indolent tumors 
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that generally exhibit a benign clinical course and har-
bor either a BRAF V600E mutation or FGFR2/FGFR3 
fusion [9]. Based on its histological and genomic profiles, 
cIMPACT-NOW Update 6 recommends PLNTY as a 
possible future classification for pediatric-type glial/gli-
oneuronal tumors. However, because of their rare etiol-
ogy, only a few PLNTYs have been described to date [3, 5, 
9, 10, 16, 21, 27, 28], and it is unclear how genomic alter-
ations promote the pathogenesis of the disease. Herein, 
we present a case of PLNTY with unique metabolic imag-
ing features. Using positron emission tomography (PET), 
we found regions of heterogeneous high 11C-methionine 
uptake and homogenous low 18F-fluorodeoxyglucose 
(FDG) uptake within the tumor. Activation of the MAPK 
pathway, c-Myc, and expression of L-type amino acid 
transporter 1 (LAT1) were increased in the high-methio-
nine-uptake area compared with the surrounding cortex 
(low-methionine-uptake). Glycolytic metabolites were 
expressed only weakly in tumor cells. Pharmacological 
and genetic inhibition of the MAPK pathway suppressed 
c-Myc and LAT1 and inhibited tumor cell viability, sug-
gesting that MAPK signaling and downstream c-Myc 
activates methionine metabolism and inhibition of this 
pathway induces therapeutic vulnerability in PLNTY.

Materials and methods
Cell viability analysis
AM-38 and normal human astrocytes was purchased 
from JCRB Cell Bank and ScienCell Research Labora-
tories, respectively. Tumorsphere lines were cultured 
in serum-free neural stem cell medium, as previously 
described [31]. Normal human astrocytes were cultured 
with astrocyte medium (ScienCell). To assess cell viabil-
ity, primary cultured cells were dissociated into single 
cells and seeded into 96-well plates at a density of 3000 
cells/well. After 12 h, dabrafenib (Selleck) and trametinib 
(Selleck) were serially diluted and added to the wells. Cell 
viability was measured using the CellTiter-Glo (Promega) 
assay at day 3, and the results were indicated as % viabil-
ity of the DMSO control.

shRNA cell line generation
To knockdown BRAF, 293T cells were transfected with 
lentiviral vector packaging plasmid DNA containing 
6  μg of Human BRAF shRNA (#1, TRCN0000381693; 
#2, TRCN0000196844; Sigma Aldrich), 3.5  μg of  pHIV-
GP, and 3.5 μg of pVSVg-Rev with Lipofectamine™ 3000 
(Thermo Fisher Scientific). YMG62 and AM-38 cells were 
infected with lentivirus in polybrene (8 μg/mL) for 12 h. 
Two days later, the cells were selected with puromycin 
(0.6 μg/mL) for 2 days, and used for experiments. GIPZ 

non-silencing lentiviral shRNA Control (RHS4348, Hori-
zon Discovery) was used as a non-silencing (NS) control.

Immunohistochemistry
Tumor tissue specimens were fixed in 10% neutral buff-
ered formalin and embedded in paraffin. Hematoxylin 
and eosin staining was performed using standard pro-
cedures. For immunohistochemical analysis, 5-µm-thick 
sections were deparaffinized, treated with 0.5%  H2O2 in 
methanol, rehydrated, and heated for 20 min for antigen 
retrieval. After blocking with serum, tissue sections were 
incubated with primary antibodies against CD34 (Novus 
Biologicals), LAT1 (Cell Signaling Technology), phospho-
MEK (Cell Signaling Technology), phospho-ERK (Bethyl 
Laboratories), and c-Myc (Cell Signaling Technology) at 
4 °C overnight. The next day, sections were washed with 
PBS, incubated with biotinylated secondary antibody for 
30  min at room temperature, and then incubated with 
ABC solution (PK-6101, PK-6102; Vector laboratories) 
for 30  min at room temperature. Finally, the sections 
were incubated with DAB (Dako) and counter-stained 
with hematoxylin.

Western blotting
Cells were lysed in RIPA buffer (Sigma-Aldrich) with a 
cOmplete™, Mini, EDTA-free Protease Inhibitor Cocktail 
(Roche). Fifty micrograms of protein was separated by 
10% SDS-PAGE gel and transferred to polyvinylidene dif-
luoride membranes (Millipore) by electroblotting. After 
blocking with 1% or 5% nonfat dry milk in TBST (25 mM 
Tris [pH, 7.4], 137  mM NaCl, 0.5% Tween20), mem-
branes were incubated at 4  °C overnight with primary 
antibodies. After washing and incubation with horserad-
ish peroxidase-conjugated secondary antibodies (Cell 
Signaling Technology), blots were washed, and signals 
were visualized with chemiluminescent HRP substrate 
(Millipore). Primary antibodies against BRAF (Gene 
Tex), c-Myc (Cell Signaling Technology), GAPDH (Gene 
Tex), LAT1 (Cell Signaling Technology), phospho-MEK 
(Cell Signaling Technology), phospho-ERK (Bethyl Labo-
ratories), and Vinculin (Novus Biologicals) were used for 
western blotting.

Case presentation
This study was performed in accordance with decla-
ration of Helsinki and was approved by the Institu-
tional Review Board (Yokohama City University [YCU, 
Yokohama, Japan], IRB numbers: A1711300006 and 
B190600002). Written informed consent was obtained 
from the patient and parents. A 14-year old boy pre-
sented with chronic medial temporal lobe epilepsy for 
a year. Magnetic resonance imaging (MRI) indicated 
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hypointensity on T2-weighted images and hyperinten-
sity on T1-weighted images, with a cystic component in 
the left temporal lobe. Contrast-enhanced MRI showed 
no significant enhancement in the lesion (Fig.  1a) while 
computed tomography revealed heavy calcification. 
FDG-PET showed lower FDG uptake in the tumor, while 
11C-methionine-PET demonstrated increased methio-
nine uptake in the same lesion (SUVmax = 3.9, tumor/
normal tissue ratio = 2.9; Fig.  1b). Video-electroenceph-
alographic (EEG) monitoring indicated ictal onset in the 
left temporal lobe with subsequent spread to the con-
tralateral temporal lobe (Fig. 1c). We speculated that this 
abnormal lesion was a LEAT. Since we considered this 
tumor to be completely resectable, the patient underwent 
craniotomy and resection of the neoplasm, including the 
high-methionine-uptake region (Fig. 1d). To achieve epi-
leptic control, electrocorticography was performed intra-
operatively. After removal of the high-methionine-uptake 
and T2 hyperintense lesions, the surrounding tissue was 
resected until interictal epileptiform discharge could no 
longer be detected by electrocorticography. The patient 
became epilepsy-free after lesion removal, and MRI indi-
cated complete remission 16 months after the surgery.

Tissue samples of the high-methionine-uptake region 
(#1) and surrounding cortex (low methionine uptake, #2) 
were collected. Hematoxylin and eosin staining indicated 
diffusely infiltrating growth patterns and presence of 
oligodendroglia-like cellular components (Fig. 2a). Astro-
cytic and high-grade features were absent, with a Ki-67 
index of less than 2%. Chicken wire-like branching capil-
laries and microcalcification were also found in region #1. 
Despite lower cellularity, oligodendroglia-like cells were 
present in the surrounding tissue. Immunohistochemis-
try revealed extensive CD34 expression and peripherally 
associated ramified neural elements in the tumor cells 
(Fig.  2a). Targeted DNA sequencing identified a BRAF 
V600E mutation in the tumor, without recurrent muta-
tions in IDH1, IDH2, TERT promoter, FGFR1, H3F3A, or 
HIST3H1B (Fig.  2b). Chromosome 1p/19q co-deletion 
was absent (Fig.  2c). The above histological and genetic 
features fulfilled the diagnostic criteria for PLNTY.

To assess the mechanisms underlying the methionine-
FDG uptake mismatch indicated by PET, we compared 
the expression of LAT1, glucose transporter 1 (GLUT-
1), and hexokinase-2 (HK-2) between tissue regions #1 
and #2. Notably, LAT1, which is a major methionine 

transporter, was more highly expressed in #1 than in #2 
(Fig.  3a). In contrast, GLUT-1 and HK-2, which is cor-
related with FDG uptake, and lactate dehydrogenase A 
(LDHA) expression were weak in either region (Addi-
tional file  1: Fig.  S1). LAT1 expression is mediated by 
c-Myc activation and BRAF V600E mutation activates 
the MAPK pathway and downstream c-Myc [8, 32, 33]. 
Therefore, we hypothesized that BRAF V600E mutation 
promotes LAT1 expression through MAPK signaling 
and consequent c-Myc activation  in PLNTY. Levels of 
phospho-MEK, phospho-ERK, and c-Myc were higher 
in tissue region #1 than in #2 (Fig. 3a), suggesting activa-
tion of the MAPK pathway and c-Myc within the high-
methionine-uptake lesion. To verify whether the BRAF 
V600E mutation can induce the expression of LAT1, 
we exposed primary cultured YMG83 PLNTY cells to a 
BRAF inhibitor (dabrafenib). As expected, the expression 
of phospho-MEK, phospho-ERK, c-Myc, and LAT1 was 
suppressed after dabrafenib treatment in YMG83 cells 
(Fig.  3b). Notably, BRAF inhibitor (dabrafenib)-treated 
YMG83 cells had lower cell viability compared to normal 
human astrocytes (Fig. 3c). To confirm the reproducibil-
ity of these molecular features, we used patient-derived 
YMG62 cells (epithelioid glioblastoma with the BRAF 
V600E mutation), which exhibited high 11C-methionine 
uptake by PET imaging (Additional file  1: Fig.  S2), and 
AM-38 glioblastoma cells (BRAF V600E mutant). We 
found that dabrafenib and a MEK inhibitor (trametinib) 
inhibited the expression of proteins in the MAPK path-
way as well as c-Myc and LAT1 (Fig. 3d and 3e). Similarly, 
BRAF knockdown suppressed the expression of pro-
teins in the MAPK pathway as well as c-Myc and LAT1 
(Fig.  3f ). Collectively, these findings indicated that acti-
vation of the MAPK pathway by the BRAF V600E muta-
tion deregulates c-Myc and promotes LAT1 expression. 
This oncogenic signaling pathway increases methionine 
metabolism and tumor maintenance in PLNTY.

Discussion
Thirty cases of PLNTY have been described to date, with 
the first ten reported by Huse et al. in 2017 [3, 5, 9, 10, 
16, 21, 27, 28]; BRAF V600E mutation was seen in 14 of 
the patients and BRAF fusion in 1 patient. These BRAF 
alterations were mutually exclusive with other genomic 
events, including FGFR3-TACC3 fusion, FGFR3 ampli-
fication, FGFR2-CTNNA3 fusion, FGFR2-INA fusion, 

Fig. 1 Characteristics of a patient with PLNTY. a T2-weighted (left), T1-weighted (middle), and contrast-enhanced (right) MR images. b Computed 
tomography (CT, left), 18F-fluorodeoxyglucose-PET/CT (middle), and 11C-methionine-PET/CT (right) images. c Video electroencephalography 
indicating ictal onset in the left temporal lobe, with spread to the contralateral temporal lobe. d PET/CT and MRI merged intraoperative navigation 
image (left) and surgical image (right) showing the high-methionine-uptake region (#1) and surrounding abnormal lesion (#2) on MRI

(See figure on next page.)
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FGFR2- KIAA1598 fusion, FGFR2 rearrangement, and 
NTRK2 disruption, suggesting that the vast majority of 
PLNTYs are induced by BRAF mutation or FGFR fusion 
and subsequent MAPK activation. Therefore, target-
ing MAPK signaling may become a potential therapeu-
tic strategy in PLNTY. Indeed, BRAF V600E-mutated 
PLNTY cells were relatively vulnerable to dabrafenib and 
trametinib in the present study. Thus, targeted molecular 
therapy for the MAPK pathway may be particularly use-
ful in PLNTY located in surgically unresectable regions. 
In addition, Koh et  al. reported that the BRAF V600E 

mutation contributes to the intrinsic epileptogenicity 
in pediatric brain tumors, and that inhibition of BRAF 
suppressed epileptic seizures [14]. Thus, BRAF/MEK 
inhibitors could exert anti-epileptic as well as anti-tumor 
effects in PLNTY.

PET imaging revealed a region with increased 
methionine uptake and low FDG uptake within tumor 
tissue in our patient. Consistent with this finding, pre-
vious case reports demonstrated increased methio-
nine uptake but only mild FDG uptake in patients with 
BRAF V600E-mutated PLNTY [5, 16]. Thus, excessive 

Fig. 2 Histopathologic and genomic features of a patient with PLNTY. a Hematoxylin and eosin (H&E) staining (top) and CD34 
immunohistochemistry (bottom) in the high-methionine-uptake (#1) and low-methionine-uptake (#2) region within tumor tissue. Bars, 50 μm. 
b Sanger sequencing for detection of BRAF V600E (arrow, left) and IDH1 R132H (arrow, right) mutations. c Fluorescence in situ hybridization for 
detection of 1p31/1q25 (left) and 19q13/19p13 (right) chromosomal deletions



Page 6 of 8Tateishi et al. acta neuropathol commun           (2020) 8:139 

methionine uptake and low FDG uptake may be imag-
ing features specific to PLNTY. A preclinical study has 
demonstrated that high uptake of 18F-FDG was cor-
related with increased Glut-1 and HK-2 expression in 
human cancers [19]. Although the diagnostic accuracy 
is insufficient, FDG-PET imaging is useful to differ-
entiate high-grade from low-grade gliomas [1]. In the 

present case, low FDG uptake and weak expression of 
Glut-1, HK-2, and LDHA were observed in tumor tis-
sue, suggesting low glycolytic activity in PLNTY. On 
the other hand, due to a high signal-to-noise ratio, 
11C-methionine PET imaging is practical for brain 
tumors [12, 34]. Several PET imaging studies have 
demonstrated that methionine uptake was higher in 

Fig. 3 Activating the MAPK pathway induces LAT1 expression in a patient with PLNTY. a Immunohistochemistry of indicated proteins in the 
high-methionine-uptake (#1) and low-methionine-uptake (#2) regions within tumor tissue. Bars, 50 μm. b Western blot analysis of phospho-MEK, 
phospho-ERK, c-Myc, and LAT1 proteins in YMG83 (PLNTY, left) cells treated with DMSO and 10 μM BRAF inhibitor (BRAFi, dabrafenib) for 12 h. 
GAPDH, loading control. c Relative cell viability of dabrafenib-treated (left) and trametinib-treated (right) YMG83 cells and immortalized normal 
human astrocytes (NHA). *P < 0.05, DMSO versus dabrafenib (left) and trametinib (right). d Western blot analysis for indicated proteins in YMG62 
(epithelioid glioblastoma, left) and AM-38 (glioblastoma, right) cells treated with DMSO, 10 μM BRAF inhibitor (BRAFi, dabrafenib), and 10 μM MEK 
inhibitor (MEKi, trametinib) for 24 h. GAPDH, loading control. e Western blot analysis of BRAF, phospho-MEK, phospho-ERK, c-Myc, and LAT1 proteins 
in YMG62 (left) and AM-38 (right) cells treated with DMSO and dabrafenib at indicated concentrations. Vinculin, loading control. f Western blot 
analysis for indicated proteins in non-silencing- (NS) and BRAF- (#1 and #2) transduced YMG62 and AM38 cells. GAPDH, loading control
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high-grade adult gliomas than in lower-grade gliomas 
[7, 30]. In epileptogenic brain tumors, however, all gan-
gliogliomas and 37–57% of DNT had increased methio-
nine uptake, although these tumors are classified as 
WHO grade I [20, 22], implying that methionine uptake 
may be irrespective of tumor grade in LEATs.

Previous studies have reported that methionine 
uptake was correlated with LAT1 in gliomas [13, 18]. 
LAT1 plays a major role in the transport of neutral 
essential amino acids, including methionine, and is 
driven by several cancer-related genes such as MYC 
[25]. It has been demonstrated that c-Myc, which 
is partly mediated by the MAPK pathway, regulates 
LAT1 expression and MEK inhibitor suppresses LAT1 
(SLC7A5) transcription [6, 8], thereby indicating a role 
of the MAPK pathway and c-Myc in the regulation of 
LAT1. Since RAS/MAPK pathway-associated genomic 
alterations are common in LEATs [24] and that the 
BRAF V600E mutation has been identified in 20–60% 
and 30% of gangliogliomas and DNTs, respectively [2, 
26], there is a possibility that the BRAF V600E mutation 
and MAPK pathway-related genomic alterations may 
activate methionine metabolism in LEATs. To investi-
gate this hypothesis, we evaluated the protein expres-
sion of LAT1 and the molecules that are involved in the 
MAPK pathway. As expected, levels of phospho-MEK, 
phospho-ERK, c-Myc, and LAT1 were higher in the 
high-methionine-uptake area than in the low-methio-
nine-uptake area. We also found that genetic and/or 
pharmacological BRAF inhibition suppressed MAPK 
pathway activation and attenuated LAT1 expression in 
BRAF V600E-mutated-PLNTY cells and -glioblastoma 
cell lines. These findings support the hypothesis that 
the BRAF V600E mutation may upregulate LAT1 and 
methionine metabolism through c-Myc activation for 
cell survival. In addition to LAT1, methionine uptake 
was correlated with microvascular density (MVD) in 
gliomas [15]. PLNTYs are considered benign brain neo-
plasms (proposed as WHO grade I); however, in the 
present case, a chicken wire-like MVD, which is one 
of the histopathological characteristics of oligoden-
droglioma, was also observed in the high-methionine-
uptake tissue region. Intriguingly, methionine uptake 
has been reported to be relatively higher in oligoden-
drogliomas than in astrocytomas [11]. Thus, PLNTY, 
which has an oligodendroglioma-like microvascular 
structure, might show unique metabolic imaging fea-
tures. Further studies are warranted to validate this 
hypothesis. Nonetheless, our data indicated that the 
BRAF V600E mutation induced MAPK pathway activa-
tion and downstream c-Myc promoted LAT1 expres-
sion and methionine metabolism with little effect 
on glycolytic pathway activation. These findings may 

explain the unique metabolic imaging features of FDG-
methionine mismatch in PLNTY.

Supplementary information
Supplementary information accompanies this paper at https ://doi.
org/10.1186/s4047 8-020-01023 -3.

 Additional file 1: Figure S1. Low glycolysis activation in a patient with 
PLNTY. Immunohistochemistry for glucose transporter 1, hexokinase 2, 
and lactate dehydrogenase A in the high-methionine-uptake (#1, upper) 
and low-methionine-uptake (#2, lower) region within tumor tissue. A. 
Bars, 50 μm. Figure S2. Images of the patient’s glioblastoma with the 
BRAF V600E mutation. Contrast-enhanced magnetic resonance (left) and 
11C-methionine positron emission tomography (right) images of the 
YMG62 patient.
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