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BRAF is a component of the MAPK and PI3K/AKT/mTOR pathways that play a crucial role in cellular proliferation,

differentiation, migration, and angiogenesis. Pediatric central nervous system tumors very often show mutations of

the MAPK pathway, as demonstrated by next-generation sequencing (NGS), which now has an increasing role in

cancer diagnostics.

central nervous system (CNS) tumors  BRAF  MEK

1. Pediatric Low-Grade Glioma (pLLG)

Pilocytic astrocytoma (PA) is the most common pediatric low-grade glioma (pLGG), accounting for approximately

15.6% of brain tumors that arise up to 19 years old . Its development is more common in the first two decades of

life, with peak of incidence from age 0 to 9. PAs are most commonly found in infratentorial structures such as the

cerebellum but they also frequently arise in midline brain structures like the optic nerves, the hypothalamus, and

the brain stem. The updated WHO 2021 classification describes this entity as a grade 1 lesion, due to its slow

potential for growth, which correlates to its good prognosis with a 10-year overall survival estimated between 85%

and 96% . Nevertheless, PA may impact heavily on the child’s quality of life with frequent neurological and

endocrine complications due to the lesion itself or to the prolonged treatment needed. The mainstay of therapy for

symptomatic or progressive PA is complete surgical resection whenever surgically feasible. If the tumor is

completely resected, no further therapy is needed; incomplete resection, most frequently due to the anatomical

location, can be followed by a prolonged period of stability of the lesion, nonetheless, some cases may require

additional therapy. In the absence of radical surgery, chemotherapy or radiotherapy may be adopted to treat the

residual lesions, so the main focus is still on optimizing long-term treatment to reduce early and late side effects.

The most commonly used chemotherapy regimen is carboplatin and vincristine for intensified induction

chemotherapy, or vinblastine alone .

PA may not completely respond to first-line therapy, requiring extensive radiological and clinical monitoring to

accurately determine the need for additional therapy. Radiotherapy is to be employed in progressive and refractory

disease only and it should be avoided in younger children because of long-term adverse effects. Moreover, at the

molecular level, PA often shows alterations in MAPK pathways, mostly point mutations in genes and fusions which

include genes such as BRAF, KRAS, FGFR1, NF1, and many more. MAP/ERK pathway mutations are found in
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more than 90% of PA; the most commonly found genetic aberration is the KIAA1549-BRAF  fusion in 60–70% of

cases, while BRAF V600E mutation is found in 10% of PA .

Numerous agents targeting the MAPK pathway, such as MAP/ERK kinase or BRAF  inhibitor, are currently being

tested. One of the most extensively studied drugs is selumetinib (AZD6244); a phase 2 trial (NCT01089101)

enrolled 25 eligible patients for treatment with selumetinib at the recommended dosage of 25 mg/sqm/dose bis in

die (BID) for a maximum of 26 courses. Out of these 25 patients, six (6/25, 24%) showed partial response, fourteen

(14/25, 56%) had stable disease while five patients had a progression of disease. Two-year progression-free

survival (PFS) was 78% ± 8.5%. Nineteen patients out of the 25 who were enrolled underwent visual acuity

evaluation: five of them showed improvement of the visual fields while the other fourteen patients showed stability

of the visual fields. Among the most common toxicities were grade 1 and 2 creatine phosphokinase elevation

(CPK), aspartate aminotransferase (AST), and alanine aminotransferase (ALT) elevation, hypoalbuminemia, skin

rash, vomiting, diarrhea, headache, and anemia. These results show that selumetinib may be well tolerated and

can be effective to prolong disease stability in children with recurrent or progressive optic pathways and

hypothalamic glioma. All of the 25 patients had received chemotherapy previously and 19 of the 25 received

surgery before treatment with selumetinib . A phase 3 clinical trial (NCT04166409) compares carboplatin and

vincristine with selumetinib alone in previously untreated pLGG, that do not have a BRAF V600E mutation and are

not associated with systemic neurofibromatosis type 1 .

Trametinib is another MEK-1/2 inhibitor, studied in the pediatric trial NCT02124772 both alone and combined with

dabrafenib, a BRAF inhibitor. Route of administration is a crucial factor in pediatric patients. Younger children might

not be able to swallow bigger pills, capsules or tablets and the dosage offered by solid forms of the drugs might be

inadequate for them. In the trial, both trametinib and dabrafenib were available in tablets as well as oral

suspension. This trial also accounted for the palatability of the oral suspension together with how easy they were to

reconstitute and administer to the patients. Adherence to therapy is always a factor to be considered in pediatric

patients and oral suspensions are useful both for patients who cannot properly swallow tablets and for measuring

in an easier way the correct dosage. Preliminary available data show that the oral solutions of trametinib and

dabrafenib were not difficult to swallow for the patients, but no clear conclusion can be drawn on palatability

because of missing data collected from patients over 12 years old. In Part D of this trial a separate section was

designed for participants affected by pLGG to be treated with trametinib in combination with dabrafenib. Maximum

observed plasma concentration (Cmax) of dabrafenib in this group was 1360 ng/mL, it should be noted that this

geometric mean was obtained on an analysis on only nineteen of the twenty patients enrolled in this group. Of the

twenty patients, eight suffered from serious adverse effect (8/20, 40%) ranging from decreased white blood cell

count to seizures (only one event reported) and decrease in cardiac ejection fraction (only one event reported);

there was also one episode of tonsillitis and one episode of respiratory distress .

There are many MEK inhibitors (like cobimetinib and binimetinib) and many BRAF inhibitors (like vemurafenib and

dabrafenib) which are currently being studied and tested as possible targeted therapies. A completed phase I/II

clinical trial (NCT01677741) enrolled 32 patients with recurrent, progressive or refractory solid tumors

with  BRAF  V600E mutation with the aim to study the safety, tolerability, and pharmacokinetics of dabrafenib.
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Dabrafenib was available both as capsules and as oral suspension; the latter was to be used for any patient unable

to safely swallow capsules. The data regarding pLGG enrolled in the trial showed a response rate of 44% and a 1-

year estimated PFS of 85% .

A pediatric phase 2 trial that aimed to test sorafenib in children with recurrent LGG was halted when unexpected

progression happened in 9 of 11 patients, 3 of which had the KIAA1549-BRAF  fusion and NF1. This effect has

been confirmed to be due to paradoxical extracellular signal-regulated kinase (ERK) activation, which was

demonstrated in vitro both in BRAF wild type, BRAF  fusion, and NF1-deficient tumor cells in vitro . It was also

proven that KIAA1549-BRAF  fusion kinase functions as a homodimer that is resistant to the first generation

of  BRAF  inhibitors, like vemurafenib, which targets the monomeric form of  BRAF. For this reason, first

generation  BRAF  inhibitors should not be used in glioma which shows this fusion. Second

generation BRAF  inhibitors, like DAY101 (formerly TAK-580, MLN2480), are able to target both monomeric and

dimeric forms of BRAF  bypassing the paradoxical activation of the pathway. In the trial NCT03429803 pediatric

patients with radiological evidence of recurrence or progression of disease of non-hematologic malignancies that

had evidence of activation of the MAPK pathway were treated with DAY101, aiming for the maximum tolerated

dose (MTD) .

Pleomorphic xanthoastrocytoma (PXA) is a rare primary CNS tumor most commonly diagnosed in the second

decade of life, without any gender predilection, with cases as young as 2 years reported . Like other primary

CNS tumors, molecular characterization is important for the prognosis at the moment of the diagnosis, but the

WHO classification system has not yet officially described PXA BRAF  mutated and BRAF  wild-type as distinct

clinical entities. The 2021 WHO classification of CNS tumors defines PXA a grade 3 lesion only if it shows by ≥5

mitoses per 10 HPF (high power field); if it has less it is considered a grade 2 lesion. The most common primary

location is the temporal lobe . The most frequently mutated gene in PXAs is BRAF, which can be found in 2/3 of

typical PXA, less commonly in its anaplastic variant, which might imply different molecular

pathogenesis. BRAF V600E mutation is the one more commonly observed, but fusions of BRAF and other different

mutations have been described . OS and PFS are worse in the anaplastic PXA, but the presence

of BRAF V600 mutations is associated with longer OS rates both in typical and anaplastic PXA. Due to the rarity of

PXA, optimal management of these lesions must take into consideration case reports and case series. Gross total

resection was associated with longer PFS, but not with better OS, if compared with subtotal resection and biopsy

(5-years PFS 92.3% vs. 41.7%, p  = 0.0002) . Similarly, radiotherapy may play a role in residual or recurrent

disease. The role of systemic therapy is still being defined but it should be noted that as highlighted in a recent

brief review of literature from 2019 regarding PXAs by Shaikh et al., traditional chemotherapy is considered

minimally effective in the treatment of PXAs. Given the high incidence in PXA of targetable mutations there have

been clinical trials ongoing regarding the use of BRAF  inhibitors both in monotherapy and associated with MEK

inhibitors.

A phase 2 clinical trial (NCT05180825), called PLGG-MEKTRIC, is ongoing for comparing trametinib (Mekinist™)

with standard chemotherapy with vinblastine during 18 courses of 4 weeks each in pediatric low-grade glioma and

mixed glioneuronal tumors, including PXA, without  BRAF  V600E mutation or correlation to NF-1. Its primary
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endpoint is 3-year PFS, but data regarding the difference in PFS and OS according to molecular biomarkers are

also analyzed .

Another phase 2 clinical trial (NCT02684058) will investigate the activity of dabrafenib in combination with

trametinib in two different cohorts, LGG and high-grade glioma (HGG) with  BRAF  V600E mutation, actively

comparing the LGG experimental cohort with traditional chemotherapy with carboplatin and vincristine. The primary

endpoint is the overall response rate (ORR) in the first 32 weeks of treatment. ORR will be assessed through MRI

and/or CT scans using Response Assessment in Neuro-Oncology Criteria (RANO) criteria . The results from the

VE-BASKET study which is an open-label, non-randomized, multicohort study for  BRAF  V600E-mutant non

melanoma tumors, showed that in seven PXA treated with vemurafenib only one showed complete response, two

showed partial responses, and three patients had stable disease. Arthralgia, melanocytic nevus, palmar-plantar

erythrodysesthesia, and photosensitivity reaction were the most common adverse effect, whereas maculopapular

rash was the most common grade 3 and 4 event and no grade 5 treatment-related events were observed. These

results confirmed that vemurafenib shows safe antitumor activity in some patients with  BRAF  V600E mutant

glioma, with the highest response rate observed in low-grade tumors, such as PXA .

Oligodendroglioma and diffuse astrocytoma were originally part of a broad group, which generically described them

as diffuse gliomas. The tumors that showed histological characteristics common to both types of lesions were also

included in this group. The 2016 WHO classification of Tumors of the Central Nervous System changed this by

introducing a differentiation on a molecular basis. As an example, the diagnosis of anaplastic oligodendroglioma

requires the presence of two mutations: both isocitrate dehydrogenase 1 or 2 mutations (IDH-mt) and 1p/19q co-

deletion have to be present. Anaplastic astrocytoma on the other hand was divided into IDH wild type and IDH

mutated tumors. IDH-mt tumors usually present themselves with low-grade histology at the diagnosis that tends to

evolve slowly in time, nonetheless they have a more favorable prognosis than IDH-wt tumors. Diffuse astrocytoma

and oligodendrogliomas account for 13% of primary brain and other CNS gliomas . Oligodendrogliomas in

pediatric and young adult patients are rare and their molecular pathogenesis has been shown to be different from

that of oligodendroglioma in adults . A study reported two cases of grade II and grade III oligodendroglioma

respectively in a 14-year-old girl and an 11-year-old boy. In both cases, no evidence of 1p/19q co-deletions or

mutations of IDH1, TP53, CIC, and H3F3A genes were found. Instead, both cases showed MAPK/ERK pathways

activation as proven through immunohistochemical analysis and RT-PCR analysis and Sanger sequencing that

showed the presence of KIAA1549_Ex15-BRAF_Ex9 fusion protein. This was the first study that demonstrates the

occurrence of KIAA1549-BRAF  fusion in pediatric oligodendroglioma, highlighting the importance of molecular

characterization at the diagnosis. Further longitudinal studies are required to better describe the incidence of these

mutations as a possible target for therapy . It should be noted that pediatric diffuse gliomas rarely have the

above-mentioned genetic mutations. The rate of BRAF mutation in the pediatric diffuse glioma is around 3% for

fusion and 8%–43% for V600E, implying that pediatric diffuse glioma has a different molecular underpinning from

the diffuse glioma that manifests in the adult . As it has become the norm for other low and intermediate

lesions, it has become common practice to operate early on low-grade glioma-like lesions when radical surgery is

considered feasible and safe. As for PAs and PXAs, focal radiation therapy is a possible approach for unresectable

or recurrent diseases but should be reserved for more aggressive lesions because of the long-term side effects,
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especially on cognitive development, that are more severe if radiation therapy is used in the first years of life .

Currently, new radiation techniques may be adopted, like proton therapy that can minimize the damage to adjacent

structures. The trial NCT04065776 is currently ongoing to determine the feasibility of hippocampal avoidance (HA)

for pLGG located in the midline or suprasellar region, and the clinical outcome is being assessed comparing

various neurocognitive scores, which mainly focus on memory as a direct measure of hippocampal damage.

Depending on tumor location, the dosage used will be 52.2 CGE or 54 CGE in 29 or 30 fractions. There is no trial

that has compared chemotherapy alone with chemotherapy and radiotherapy combined; because of this

combination therapy might be considered in relapsed or recurrent disease after first line treatment with the age of

the patients being one of the most important factors in deciding whether or not radiation therapy should be

implemented . The trial NCT04923126 is an open-label, multi-center, phase ½ study of the MEK inhibitor

mirdametinib (PD-0325901), which preclinical studies have reported to have potentially superior blood-brain-barrier

penetration compared to other MEK inhibitors , in patients with pLGG. Both patients with relapsed or progressed

disease and previously untreated subjects are eligible for the study, in the presence of MAPK pathway activation

or NF1, NF2, and other germline mutations. The treatment with mirdametinib in this trial is going to be administered

twice daily on days 1–28 for up to 26 cycles (24 months) in the absence of disease progression or unacceptable

toxicity. Interim results as recently reported by Vinitsky et al. are promising; of eleven patients recruited six had at

least one follow-up disease evaluation: four of them showed minor response (>25–50% decrease); no disease

progression has been observed; there were no grade 3 or 4 adverse events; and no MEK-related cardiomyopathy

or retinopathy .

2. Pediatric High-Grade Glioma (pHGG)

Pediatric High-Grade Glioma (pHGG) comprises almost 15% of all primary brain tumors in children. pHGGs

encompass many clinical entities that are very different from each other, for their histological and molecular

features. Molecular profiling of pediatric HGGs is different from HGGs of the adult . Different histological

subtypes of pHGGs can harbor distinct genetic drivers that can offer potential therapeutic targets and offer a better

prognosis, like BRAF mutations in epithelioid glioblastoma and anaplastic pleomorphic xanthoastrocytoma (aPXA)

.

The 2021 WHO classification of Tumors of the Central Nervous System distinguishes four types of diffuse pediatric

high-grade gliomas: diffuse midline glioma H3 K27-altered; diffuse hemispheric glioma H3 G34-mutant; diffuse

pediatric-type high-grade glioma H3-wildtype; and IDH-wildtype, infant-type hemispheric glioma . However, most

articles cited are dated before the 2021 WHO classification, researchers are going to discuss hemispheric pHGGs,

like anaplastic astrocytoma, glioblastoma (GBM), and high-grade midline tumors, formerly diffuse midline glioma

(DMG), in order to avoid confusion.

Anaplastic astrocytoma (incidence 0.1/100.000 patients from age 0 to 19 years) is a Grade 3 lesion and GMB

(incidence 0.18/100.000 patients from age 0 to 19 years) is a Grade 4 lesion, these are the clinical entities that

constitute hemispheric HGG . Gliomatosis cerebri (GC) is not considered a distinct clinical entity since the 2016

WHO classification; instead, it can be described as a highly infiltrative growth pattern that can be considered a
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phenotypic manifestation of HGG, both in pediatric patients and adults . Although there is no widely accepted

recommended standard of care, and treatment must be tailored for each patient, most surgically approachable

lesions undergo gross tumor resection (GTR) followed by focal irradiation and additional chemotherapy, most

commonly temozolomide, an oral alkylating agent, usually both during and after radiation therapy. A better

understanding of the tumor’s molecular background is a possible step toward increasing survival. A 20-year

systematic review and meta-analysis of 129 patients in 2018 showed a cumulative OS of 4.0 months (95% CI 1.9–

6.1) . The incidence of BRAF mutations in adult GBM is estimated to be 1–3% while in teenage patients and

young adults GBM these mutations are much more frequent with incidence up to 50% in the epithelioid variant .

The revised 2016 WHO classification of tumors of the CNS was the first one to introduce a new clinical entity: the

diffuse midline glioma (DMG) H3 K27M mutated, designating it as a distinct entity from other midline lesions. The

presence of H3 K27M alterations in any infiltrating midline gliomas determines the assignment to WHO grade IV.

H3 K27M alterations may rarely occur in low-grade midline gliomas and posterior fossa ependymomas, but the

clinical relevance of this occurrence is not yet fully understood . Pagès et al. in 2018 reported a co-occurrence of

H3 K27M and BRAF V600E mutation in five pediatric midline gangliogliomas; all five cases were Grade 1 without

anaplastic features and one of them underwent spontaneous malignant in situ transformation 7 years after the

diagnosis. The results of the data from this report suggested that the presence of H3 K27M mutation in tumor with

no malignant feature should not automatically define the lesion as Grade 4 and that BRAF status should always be

assessed. There are only a few cases reported in literature of these two mutations occurring simultaneously and

their meaning is not fully understood and should be investigated further. High-grade midline gliomas, similarly to

hemispheric pHGG, have an unfavorable prognosis, with a median survival time of less than 1 year. Commonly

only a stereotactic biopsy is performed since most of these lesions show diffuse growth patterns making them

ineligible for radical surgery .

There are numerous ongoing clinical trials regarding targeted therapies toward BRAF and MAPK pathways among

pediatric HGGs. The trial NCT03919071 is actively recruiting pediatric patients with newly diagnosed HGG

with BRAF V600E mutations and without H3 K27M mutation in order to treat these patients firstly with radiation

therapy and then with a combined therapy comprised of dabrafenib and trametinib in order to estimate the event-

free survival (EFS) to compare this EFS to contemporary historical controls. Therapy with dabrafenib and

trametinib is going to be administered four weeks after completion of RT. The patients will receive dabrafenib

mesylate orally twice daily and trametinib once daily on days 1–28. In this trial, treatment repeats every 28 days for

up to 24 cycles in the absence of disease progression or unacceptable toxicity . The trial NCT03220035 is a

phase II of the pediatric MATCH trial, which aims to study how effective vemurafenib is in treating patients with

tumors with V600E mutations that have advanced locally, have relapsed, recurred, or do not respond to treatment,

with the primary objective of determining the response rate. In this trial patients will receive vemurafenib orally on

days 1–28. Like other trials, cycles of therapy repeat every 28 days in this case for up to 2 years in the absence of

disease progression or unacceptable toxicity . Other trials like NCT02639546, currently completed, have tried to

evaluate the safety, tolerability and pharmacokinetics of newer molecules, such as cobimetinib, with a dose-

escalation stage and an expansion stage after finding the recommended dose. Cobimetinib is available and has

been used in this trial, both in tablet and suspension form. Only five cases of HGG were recruited and none of
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them showed complete or partial response after 2 months of therapy. Further studies are still needed to understand

which molecular pathway may offer the best results in terms of OS and PFS, but currently, the biggest obstacle is

the insufficient number of patients studied due to the low incidence of these tumors .

3. Other Tumors

Ganglioglioma is a rare, slow-growing, and defined tumor, with both cystic and solid neuronal and glial elements,

that usually occurs at the pediatric and young adult age. They are considered indolent tumors and surgical

resections are potentially curative, however complete resection is not always possible.  BRAF  V600E

and BRAF fusions have been reported among patients with ganglioglioma . Dayiha et al. studied a large cohort

of 53 pediatric patients with ganglioglioma and found that  BRAF  V600E mutation correlates with shorter

recurrence-free survival, alerting to the need for the identification of this high-risk group and determining

future BRAF-targeted therapies and disease surveillance strategies .

Diffuse Leptomeningeal Glioneuronal Tumor (DLGNT) is a rare tumor that usually occurs in children and

adolescents, characterized by the leptomeningeal spread of oligodendroglial-like cells. Most DLGNT are indolent,

but sometimes they can progressively enlarge in size and increase in number, going into an advanced stage .

The hallmark molecular feature of this tumor seems to be co-deletion of 1p/19q and the pathologic activation of the

MAPK, which may occur in 80% of DLGNT, mostly KIAA1549:BRAF fusions, that were found in 66% of them. Thus,

MEK inhibitors may be promising therapeutic targets for improving the clinical outcome of patients with DLGNT .

Polymorphous Low-Grade Neuroepithelial Tumor of the Young (PLNTY) was described in 2017 by Huse et al. as a

new entity of low-grade, oligodendroglioma-like neuroepithelial tumor, with astrocytic and ependymal appearance.

The most common location of PLNTY is subcortical in the temporal lobe and because of this, they are frequently

epileptogenic tumors. Over-activation of the MAPK pathway is frequently observed in these tumors, making it a

potential target for therapy. In Huse’s original series, three of seven cases were BRAF  V600E mutant and the

remaining cases exhibited fusion events involving FGFR2/FGFR3 .
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