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Abstract
Melanoma is the most aggressive of the common forms of skin cancer. Metastasis to the central nervous system 
is one of the most common and deadly complications of this disease. Historically, melanoma patients with brain 
metastases had a median survival of less than 6 months. However, outcomes of melanoma patients have mark-
edly improved over the last decade due to new therapeutic approaches, including immune and targeted therapies. 
Targeted therapies leverage the high rate of driver mutations in this disease, which result in the activation of 
multiple key signaling pathways. The RAS-RAF-MEK-ERK pathway is activated in the majority of cutaneous melan-
omas, most commonly by point mutations in the Braf serine-threonine kinase. While most early targeted therapy 
studies excluded melanoma patients with brain metastases, subsequent studies have shown that BRAF inhibitors, 
now generally given concurrently with MEK inhibitors, achieve high rates of tumor response and disease control 
in Braf-mutant melanoma brain metastases (MBMs). Unfortunately, the duration of these responses is generally 
relatively short- and shorter than is observed in extracranial metastases. This review will summarize current data 
regarding the safety and efficacy of targeted therapies for MBMs and discuss rational combinatorial strategies that 
may improve outcomes further.
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Melanoma is the most aggressive of the common forms of 
skin cancer. One of the most common and devastating com-
plications of this disease is the development of metastasis to 
the central nervous system (CNS), including the brain and the 
leptomeninges (LMD).1 Previous studies have reported that inci-
dence of CNS metastasis among stage IV melanoma patients is 
as high as 50%, and CNS involvement was identified in approx-
imately 80% of patients in an autopsy series.2 CNS involvement 
is detected in up to 20% of metastatic melanoma patients at the 
diagnosis of stage IV disease, and the CNS is a frequent initial 
site of disease progression for systemic therapies. Historically, 
patients with melanoma brain metastases (MBMs) had a 
dismal prognosis (median overall survival [OS] approximately 
4 months).2 Fortunately, outcomes and our ability to estimate 
survival have improved.3,4 Nonetheless, the development of 

more effective strategies to predict, prevent and treat CNS me-
tastases are critical to further improving survival in melanoma 
patients.

The majority of melanomas arise from the skin, and both ep-
idemiological and molecular data strongly implicate ultraviolet 
radiation-induced DNA damage in the pathogenesis of this 
disease.5 Indeed, melanomas have more somatic mutations 
on average than any other common solid tumor type. While 
the majority of these mutations appear to be nonfunctional, 
most cutaneous melanomas harbor mutations that activate 
key oncogenic signaling pathways.6 This high prevalence of 
potentially targetable oncogenes and/or oncogenic signaling 
pathways has led to the testing and approval of many targeted 
therapies for this disease. While initial clinical trials excluded 
melanoma patients with active CNS disease, multiple studies 
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subsequently demonstrated both the promise and the lim-
itations of targeted therapies for these tumors. Notably, 
the high mutation burden that characterizes melanoma 
may also contribute to the high efficacy that has been seen 
with checkpoint inhibitor immunotherapies in this disease. 
However, concurrent treatment with steroids, which is fre-
quently needed to control cerebral edema and/or symp-
toms from CNS metastases, has been shown to markedly 
diminish the efficacy of both single-agent and combination 
immunotherapy regimens, including in melanoma pa-
tients with brain metastases.7,8 Thus, the development of 
highly effective targeted therapy strategies remains an im-
portant goal in this disease, particularly for use in patients 
with CNS involvement.

Molecular Biology of Melanoma

The Cancer Genome Atlas (TCGA) of cutaneous melanoma 
provides a robust picture of the molecular drivers of this 
disease (Table 1).6 Consistent with previous studies, the 
TCGA confirmed that activation of the RAS-RAF-MEK-ERK 
pathway is ubiquitous in this cancer. The RAS-RAF-MEK-
ERK kinase signaling pathway was affected by mutations 
in more than 90% of the tumors in the TCGA, most com-
monly by point mutations in the Braf gene that encodes 
the serine-threonine protein kinase B-RAF. Braf mutations 
are detected in approximately 50% of cutaneous melan-
omas. More than 90% of these mutations result in sub-
stitutions for the valine at codon 600, most commonly to 
glutamic acid (approximately 70%; BRAFV600E) or lysine 
(approximately 20%; 90% BRAFV600K).9 These mutations 
increase the catalytic activity of BRAF by 100-200X and 
result in constitutive activation of the RAS-RAF-MEK-ERK 
pathway. A  small (approximately 5%) subset of melan-
omas harbor mutations that affect other sites in the BRAF 
protein.6 These mutations have variable effects on the 
catalytic activity of BRAF, but virtually all seem to cause 
hyperactivation of downstream components in the RAS-
RAF-MEK-ERK pathway.10 The pathway is also frequently 
activated by mutations in Nras, which were detected in 
28% of the TCGA tumors.6 Mutations in Nras are mutually 
exclusive with hotspot (V600) mutations in Braf but they 
are detected in some tumors with mutations that affect 
sites in BRAF other than V600. Further, approximately 15% 
of cutaneous melanomas have loss of function mutations 
of Nf1, most (but not all) of which are nonoverlapping with 
the presence of hotspot mutations in Braf or Nras.6 As NF1 
is a negative regulator of RAS proteins, these mutations 
again result in activation of RAS-RAF-MEK-ERK signaling. 
Finally, approximately 10% of the TCGA tumors harbored 
no mutations in Braf, Nras, or Nf1, and are termed “Triple 
Wild-Type” due to their lack of recurrent mutations in the 
RAF-RAF-MEK-ERK pathway.11 Interestingly, the Triple Wild-
Type (WT) tumors had a low burden of point mutations 
overall, in contrast to most of the tumors with mutations in 
any of the other three genes. Additional analyses showed 
that the Triple WT cutaneous melanoma frequently harbor 
amplifications of oncogenes, perhaps providing additional 
therapeutic opportunities.6

The cutaneous melanoma TCGA also identified recur-
rent mutations in other clinically actionable pathways, 
including cell cycle regulators (affected in approximately 
70%), the PI3K-AKT pathway (approximately 20%), and 
receptor tyrosine kinases (RTKs; approximately 1%; Table 
1).12 Mutations in cell cycle genes most frequently included 
events (mutations, deletions, hyper-methylation) that result 
in loss of Cdkn2a, which encodes the cell cycle regulators 
P16 and P14, and which had previously been identified as 
a frequent germline event in cases of familial melanoma.13 
Rare point mutations in Cdk4, and amplifications of Cdk4 
or Ccnd1, have also been detected in cutaneous melan-
omas. The PI3K-AKT pathway is activated rarely by hotpot 
mutations in the Pik3ca, which encodes the catalytic sub-
unit of the lipid phosphatase PI3K, or in genes encoding 
the serine-threonine kinases Akt1 or Akt3. The PI3K-AKT 
pathway can also be activated in melanoma by loss of ex-
pression or function of the tumor suppressor PTEN, which 
is a lipid phosphatase that counteracts PI3K and regulates 
this pathway. Loss of PTEN is detected in up to 20% of cu-
taneous melanomas, most commonly in tumors with a 
concurrent BRAFV600 mutation, thus resulting in concur-
rent activation of the RAS-RAF-MEK-ERK and PI3K-AKT 
signaling pathways.14 In addition to mutations in pathway 
components, the PI3K-AKT pathway can also be activated 
by alterations in growth factor receptors, particularly RTKs. 
Amplification of the genes encoding RTKs, including Kit 
and Pdgfra, are rare overall in cutaneous melanomas, but 
they are detected in up to 20% of the Triple WT subtype.6 
Point mutations that activate the KIT RTK have also been 
detected as rare events in cutaneous melanomas, but they 
are detected in ≥ 20% of mucosal melanomas, which are 
rare but aggressive tumors that arise from mucosal sur-
faces throughout the body. Mucosal melanomas also have 
the same activating mutations in Braf and Nras that are de-
tected in cutaneous melanomas, but at a lower prevalence 
(approximately 5% and 10%, respectively).13

Unexpectedly, molecular analyses of nevi (moles), be-
nign lesions which very rarely give rise to invasive melan-
omas, showed that they also had a high rate of Braf and 
Nras mutations.9 This finding suggested that oncogenic 
mutations in the RAS-RAF-MEK-ERK pathway are very 
early events in the development and pathogenesis of cuta-
neous melanomas. This timing for these molecular events 
is consistent with the very high concordance that has been 
observed for activating mutations in the RAS-RAF-MEK-
ERK signaling pathway between MBMs, extracranial me-
tastases, and primary tumors.15,16 Indeed, this result is also 
consistent with the clinical activity that has been observed 
with FDA-approved BRAF inhibitors in metastatic mela-
noma patients with a BRAFV600 mutation and brain metas-
tases, as will be described below. One study showed that 
brain metastases from multiple cancer types can feature 
mutations in key oncogenic signaling pathways, including 
in cell cycle regulators and the PI3K-AKT pathway, that are 
not easily detected in primary tumors.17 Another recent 
study revealed unique genetic variants that are exclusive 
in the MBMs but are absent in the corresponding extracra-
nial metastases.18 However, currently available data has 
failed to find significant enrichment of private mutations in 
a specific gene or genes in MBMs.16,19
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Systemic Targeted Therapy in 
Melanoma

Historically, metastatic melanoma has been highly re-
sistant to cytotoxic chemotherapies. Temozolomide, an 
alkylating chemotherapy agent, was frequently used his-
torically in melanoma patients with brain metastases 
because it efficiently crosses the blood-brain-barrier 
(BBB). However, prospective clinical trials showed that 
temozolomide achieved clinical responses in ≤5% of mela-
noma patients with brain metastases.2 Thus, the discovery 
of recurrent mutations in Braf in approximately 50% of 
cutaneous melanoma patients presented the new oppor-
tunity to test targeted therapy strategies in this disease. 
Initial clinical trials with the nonselective BRAF inhibitor 
sorafenib produced dismal results, with clinical response 
rates of ≤5%.9 However, the treatment and outcomes of 
metastatic melanoma patients improved dramatically with 
the development of second-generation, mutation-specific 
BRAF inhibitors. In contrast to sorafenib, these drugs se-
lectively inhibit the BRAF protein better than all other kin-
ases and have increased affinity for BRAF proteins with a 
V600 mutation compared to the WT protein.9 This preferen-
tial recognition and inhibition resulted in improved activity 
and safety, leading to the modern era of targeted therapy 
for this disease.20

The first two mutant-selective BRAF inhibitors to be 
approved in patients with metastatic melanoma were 
vemurafenib (FDA approval in 2011) and dabrafenib (FDA 
approval in 2013).20 Both of these agents achieved rapid 

clinical responses and symptomatic improvement in pa-
tients with a BRAFV600 mutation in early-phase clinical 
trials. In these early trials, a small number of patients 
without a BRAFV600 mutation were included, none of whom 
responded. Unexpectedly, preclinical testing showed that 
both vemurafenib and dabrafenib caused hyperactivation 
of the RAS-RAF-MEK-ERK signaling pathway and increased 
tumor growth in melanomas without a BRAFV600 mutation, 
a phenomenon termed paradoxical pathway activation 
by BRAFi.9 Thus, subsequent clinical testing, and FDA ap-
provals, of BRAFi were limited to melanoma patients with 
a BRAFV600 mutation. While vemurafenib and dabrafenib 
were developed independently, they demonstrated very 
similar clinical activity in phase III clinical trials. Both 
agents achieved RECIST-criteria clinical responses in ap-
proximately 50% of metastatic melanoma patients with a 
BRAFV600 mutation, and disease control in approximately 
90% of patients. Both vemurafenib and dabrafenib dem-
onstrated significant improvement in patient outcomes 
in phase III clinical trials versus standard of care chemo-
therapy, resulting in their regulatory approval.9,20

While both vemurafenib and dabrafenib significantly 
improved both response rates and progression-free sur-
vival (PFS) compared to standard chemotherapy, the du-
ration of response (DOR) for single-agent BRAF inhibitor 
(BRAFi) therapy was relatively short. Both vemurafenib 
and dabrafenib achieved a median PFS of approximately 
6 months, and approximately 90% of patients developed 
resistance and disease progression within a year of starting 
treatment. Investigations of both clinical specimens and 
preclinical models showed that the most common feature 

  
Table 1.  Targetable Recurrent Gene Alterations in Melanoma

Pathway Gene Type of Alteration Frequency of Mutation Possible 
Therapy 
Strategies

Agents

RAS-RAF-
MEK-ERK 
pathway

BRAF  
90% BrafV600  
10% 
Brafnon-V600  
NRAS  
NF1

Point mutation  
Mutation  
Mutation/loss of 
expression

~50% (CM)  
~10-20% (AM)  
~3-5% (MM)  
~15-20% (CM)  
~8-22% (AM)  
~5-25% (MM)  
 ~10-15%

BRAFi ± 
MEKi  
MEKi  
MEKi

Dabrafenib + trametinib  
Vemurafenib + cobimetinib  
Encorafenib + binimetinib  
Trametinib, cobimetinib, binimetinib  
Trametinib, cobimetinib, binimetinib

Cell cycle 
regulators

CDKN2A 
(p16INK4A 
and P14ARF)  
CCND1  
CDK4

Mutation/deletion  
Amplification  
Amplification/mu-
tation

~20-40%  
~11%  
~15%

CDKi  
CDKi

Palbociclib (PD-0332991)  
Abemaciclib (LY2835210)  
Ribociclib (LEE011)

PI3K-AKT 
pathway

PIK3CA  
PTEN

Mutation  
Loss of function 
point mutations/
deletions

~2.5%  
~20-30%

Pan-PI3Ki  
Isoform-
specific 
PI3Ki

Buparlisib (BKM120)  
Pictilisib (GDC-0941)  
Oncothyreon (PX-866)  
Alpelisib (BYL-719)

Receptor 
tyrosine 
kinases

KIT Point mutation/
amplification

<5% (without sun 
damage CM)  
28% (chronically sun 
damaged CM)  
3-36% (AM)  
7-39% (MM)

KITi Sunitinib, nilotinib, imatinib, sorafenib

AM, acral melanoma; CDKi, cyclin dependent kinases inhibitors; CM, cutaneous melanoma; MEK, mitogen-activated protein kinase inhibitors; MM, 
mucosal melanoma; PI3Ki, phosphoinositide 3-kinase inhibitors; UM, uveal melanoma.
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of tumors with acquired resistance was reactivation of the 
RAS-RAF-MEK-ERK signaling pathway.21 Interestingly, loss 
of the BRAFV600 mutation was not observed as a mech-
anism of resistance, nor were mutations in the coding 
region of the Braf gene. However, molecular analyses and 
functional studies showed that melanomas could become 
resistant to single-agent BRAFi treatment though the de-
velopment of amplification of Braf and through muta-
tions that produced splice variants of the BRAF protein. 
Activation of the RAS-RAF-MEK-ERK signaling pathway 
in resistant tumors can also be caused by activating mu-
tations in Nras, Mek1, or Mek2. Notably, the finding of 
activating Nras mutations with concurrent Braf mutations 
in these post-BRAFi tumors contrasts with the mutual ex-
clusivity seen between these mutations in treatment-naïve 
melanomas,6 and thus reflects the profound effect this tar-
geted therapy has on disease biology. While these mechan-
isms were quite diverse, preclinical studies demonstrated 
that combining BRAFi targeted therapies with agents that 
blocked targets downstream in the RAS-RAF-MEK-ERK 
pathway could overcome the resistant phenotype that they 
caused.21 Unexpectedly, preclinical studies also suggested 
that combining BRAFi with MEK inhibitors (MEKi) could 
reduce the cutaneous toxicity frequently seen with single-
agent BRAFi.9 These studies showed that the cutaneous 
toxicity of BRAFi was caused by paradoxical pathway acti-
vation of the RAS-RAF-MEK-ERK pathway in keratinocytes, 
which did not have BRAFV600 mutations. This activation was 
blocked by concurrent treatment with MEKi and suggested 
that combining BRAFi and MEKi could be beneficial not 
only for efficacy but also for tolerability.

Fortunately, these hypothesized benefits were borne 
out in multiple clinical trials. To date, three different 
BRAFi plus MEKi combination targeted therapy regimens 
have been approved for patients with a BRAFV600 muta-
tion: dabrafenib and trametinib (DT; FDA approval, 2014), 
vemurafenib and cobimetinib (2015), and encorafenib and 
binimetinib (2018).22–24 Each of these combinations was 
approved based on phase III clinical trials that demon-
strated improved clinical outcomes compared to treatment 
with single-agent BRAFi. All three regimens are highly ac-
tive, with overall response rates (ORRs) of 70%-80%, dis-
ease control rates (DCRs) of 90%-95%, and median PFS of 
11-15 months. To date, no clinical trials have compared the 
efficacy of these combination regimens against each other. 
In addition, all phase III trials of single-agent BRAFi, and 
of BRAFi and MEKi combination therapy, excluded mela-
noma patients that had active, untreated brain metastases.

To date, no other targeted therapies have been ap-
proved specifically for patients with metastatic melanoma. 
Clinical trials have assessed MEKi in patients with Nras 
mutations, including the phase III NEMO trial that com-
pared binimetinib versus dacarbazine chemotherapy in pa-
tients.25 Binimetinib produced a better ORR (15% vs. 7%) 
and a small but statistically significant improvement in PFS 
(median 2.8 vs. 1.5 months, one-sided P < .001), but had no 
impact on OS (hazard ratio 1.00, P = .50). Thus, binimetinib 
was not approved for the treatment of metastatic mel-
anoma patients with Nras mutations but it is included in 
National Comprehensive Cancer Network (NCCN) guide-
lines as an option for patients that have failed immuno-
therapy.26 A number of KIT inhibitors that are approved in 

other diseases with Kit mutations have also been evalu-
ated in melanoma. Non-randomized trials of KIT inhibitors 
(ie, imatinib) in metastatic melanoma patients with a Kit 
mutation have reported response rates of approximately 
10%-30%, with higher rates (up to 50%) reported for pa-
tients specifically with recurrent mutations seen in this 
disease (ie, L576P, K642E).13 Treatment with KIT inhibitors 
is recommended for metastatic melanoma patients with a 
Kit mutation who have progressed on or cannot tolerate 
immunotherapy.26

No clinical trials have been reported to date with single-
agent MEK or KIT inhibitors in melanoma patients with 
brain metastases. However, both prospective and ret-
rospective studies have evaluated both BRAFi with and 
without MEKi targeted therapy in melanoma patients with 
a BRAFV600 mutation with MBMs (Table 2).

Single Agent BRAF Inhibitor Therapy for MBMs

The initial trials described above with both vemurafenib 
and dabrafenib excluded patients with active or untreated 
brain metastases at least in part due to concerns that 
these agents would not cross the intact BBB. In fact, this is 
sometimes thought to provide a safety advantage for new 
agents by reducing the risk of neurotoxicity. However, the 
BBB is frequently disrupted by the brain metastases, al-
lowing intracranial penetration and activity even for agents 
that have suboptimal BBB penetration.11

Dabrafenib was evaluated early in its development in 
10 metastatic melanoma patients with a BRAFV600 muta-
tion and asymptomatic brain metastasis, and nine patients 
showed evidence of intracranial response.27 Subsequently, 
the BREAK-MB phase II trial investigated the safety and ef-
ficacy of dabrafenib as monotherapy in 172 patients with 
metastatic melanoma with a BRAFV600 mutation and un-
treated or progressing brain metastasis(es).28 While the 
trial was not randomized, the patients were categorized as 
Cohort A (n = 89; no previous local treatments to the brain) 
and Cohort B (n = 83; previous brain-directed treatments, 
including surgery and/or radiation) for separate ana-
lyses. Separate analyses were also performed to evaluate 
outcomes in patients with a BRAFV600E mutation (n  =  74 
in Cohort A; n = 65 in Cohort B) or a BRAFV600K mutation 
(n = 15 in Cohort A; n = 18 in Cohort B). BREAK-MB showed 
that dabrafenib was safe in patients with brain metastases, 
with no new or unexpected toxicities observed. Consistent 
with the earlier preliminary results, BREAK-MB showed 
that dabrafenib has significant activity in MBMs. For pa-
tients with a BRAFV600E mutation, the intracranial ORR 
(iORR) was 39% and the intracranial DCR (iDCR) was 81% 
for Cohort A, and 31% and 89.2%, respectively, for Cohort 
B.  Interestingly, lower activity was observed in patients 
with a BRAFV600K mutation (ie, iDCR 33% in Cohort A, 50% in 
Cohort B). The median intracranial DOR (iDOR) and OS for 
patients with a BRAFV600E mutation were 5 and 8.25 months 
in Cohort A, and 7 and 7.75 months in Cohort B.

A phase II study investigated the safety and efficacy of 
single-agent vemurafenib in 146 patients with a BrafV600 
mutation and active brain metastases.29 The outcomes 
were again analyzed separately for patients with untreated 
(Cohort 1, n = 90) and previously treated (Cohort 2, n = 56) 
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brain metastases. The outcomes were relatively similar in 
both cohorts. In Cohort 1, the OIRR was 29%, the median 
PFS was 3.7 months, and the median OS was 8.9 months. 
In Cohort 2, the iORR was 23%, the median PFS was 
4 months, and the median OS was 9.6 months. Similar to 
patients with extracranial disease, no randomized trials 
compared dabrafenib and vemurafenib, but preclinical 
studies suggest that dabrafenib may achieve better intra-
cranial delivery.30,31

BRAF + MEK Inhibitor Combination Therapy 
in MBMs

The first trial to investigate the safety and efficacy of the 
combined BRAF and MEK inhibition in patients with 
BRAFV600-mutant melanoma patients with MBMs was 
COMBI-MB. All patients in the trial (n = 125) were treated 
with the FDA-approved dosing regimen of DT.32 The trial 
again included multiple cohorts that all received the same 
treatment. The largest group, Cohort A  (n = 76), included 
patients with a BRAFV600E mutation and no previous brain-
directed treatments. Brain metastases had to be asymp-
tomatic, but patients could be on a stable or decreasing 
dose of steroids to achieve this. The other cohorts in the 
trial were all small and thus exploratory. Cohort B (n = 16) 
included patients with a BRAFV600E mutation, asympto-
matic brain metastasis, and prior brain-directed therapy. 
Cohort C included patients with a BRAFV600K/D/R mutation 
and asymptomatic brain metastasis, with or without pre-
vious brain-directed therapy. Cohort D (n  =  17) included 
patients with symptomatic brain metastases (any BRAFV600 
mutation, with or without prior treatment to the brain). The 
trial excluded patients with leptomeningeal disease (LMD) 
or MBMs > 4 cm in diameter. In Cohort A, the iORR was 
58% and the iDCR was 78%, similar to the response rates 
observed in extracranial melanoma metastases (extracra-
nial ORR 55%, extracranial DCR 79%). Despite their clinical 
differences, the outcomes in the other three cohorts were 
similar, and no new or unexpected toxicities with DT treat-
ment were reported. While the safety and initial response 
rates were promising the DORs were relatively short. The 
median intracranial PFS in Cohort A was 5.6 months, which 
was shorter than the duration of control of extracranial 
metastases in this cohort (10.2 months), and less that had 
been observed in pooled analyses of DT in trials in patients 
without CNS involvement (approximately 11 months).33

There is currently limited data regarding the efficacy 
of the other two approved BRAFi + MEKi combinations 
in MBM patients. A  retrospective study of MBM patients 
(n = 24) treated with encorafenib and binimetinib reported 
an iORR of 33%.34 While this appears to be lower than the 
response rate for DT, most (n = 21) of the patients had previ-
ously been treated with BRAFi with or without MEKi. While 
the fact that patients did respond is consistent with prior 
studies showing that resistance to inhibitors of the RAS-
RAF-MEK-ERK pathway is not necessarily permanent, and 
supports the rationale for re-challenge in patients, it makes 
comparison to the results of COMBI-MB challenging.35 
Encorafenib and binimetinib are currently being evalu-
ated in a phase II study in MBM patients with a BRAFV600 
mutation (NCT03911869; Table 3). To date, no prospective 
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data has been reported for vemurafenib and cobimetinib 
in MBM patients.

Combinatorial Approaches for MBMS

Targeted therapy and Radiotherapy

There is a strong rationale to combine targeted therapies 
and radiation in MBMs. First, as local control with stereo-
tactic radiosurgery (SRS) is better for smaller than larger 
tumors, the ability of combined BRAF and MEK inhibition 
to reduce tumor size in most patients may augment the ef-
ficacy of SRS. In addition, Braf and Nras mutations were 
associated with worse outcomes with SRS in retrospective 
studies, thus inhibiting the RAS-RAF-MEK-ERK pathway 
may be beneficial.36 In turn, radiation can disrupt the BBB 
and thereby allow better penetration of targeted therapies 
into MBMs. In addition to these theoretical advantages, pre-
clinical studies support the potential for synergy when radi-
ation is combined with BRAF inhibition, and retrospective 
reports suggest improved outcomes in patients treated with 
both modalities compared to historical controls.37–39 A phase 
II study (NCT01721603) was designed to evaluate the combi-
nation of dabrafenib with SRS for safety and 6-month dis-
tant brain metastasis–free survival rate in MBM patients, 
but it was closed due to low accrual. RadioCoBRIM, an on-
going phase II open label study (NCT03430947), is testing 
the safety and activity of vemurafenib plus cobimetinib after 
radiosurgery in MBM patients (Table 3).

Although several retrospective studies have examined 
outcomes with SRS used in combination with targeted 
therapies,40–42 clinical recommendations remain limited in 
the absence of robust prospective data. More prospective 
trials are needed to address strategies to optimize timing 
and sequencing of combination therapy to maximize syn-
ergy with minimal or acceptable toxicity. Potential toxicities 
for combinations of radiation and targeted therapy include 
rash, hemorrhage, headache, cerebral edema, and radia-
tion necrosis.43–45 Consensus guidelines from the Eastern 
Cooperative Oncology Group have recommended holding 
BRAF inhibitors for at least one day before and after SRS 
and for at least three days before and after fractionated ra-
diation therapy.46 However, there are currently no guide-
lines for BRAF + MEK inhibitor combination regimens, 
which have much less cutaneous toxicity than single-agent 
BRAF inhibitor treatment.

Targeted Therapy and Immunotherapy

Multiple studies have shown that BRAF ± MEK inhibi-
tion can reverse the immunosuppressive effects of the 
BRAFV600 mutation, supporting the rationale to combine 
these targeted therapies with checkpoint inhibitor im-
munotherapy.47 In 2020, the FDA approved the first such 
regimen, vemurafenib + cobimetinib + atezolizumab (ant-
PD-L1 antibody), based on the results of the IMspire150 
phase III trial.48 The addition of atezolizumab did not im-
prove the response rate achieved with targeted therapy 
alone, but it increased the duration of the responses. Thus, 
perhaps the addition of immunotherapy could address the 

short duration of intracranial responses observed with DT 
in the COMBI-MB trial.32

Currently, several combinations of immunotherapy and 
targeted therapy are being tested in MBM. The activity and 
safety of nivolumab combined with DT is being evaluated 
in a phase II study in BRAF-mutant patients, including pa-
tients with MBMs (NCT02910700). The activity and safety of 
atezolizumab combined with vemurafenib and cobimetinib 
in MBMs is being evaluated in another phase II study 
(NCT03625141).

Other Targets in MBMs

Loss of the PTEN tumor suppressor, which activates 
the PI3K-AKT pathway, was initially discovered as a 
highly recurrent event in primary brain tumors (GBMs).14 
Interestingly, there is now growing data implicating acti-
vation of the PI3K-AKT pathway in brain metastases from 
melanoma and other tumor types.49 Multiple studies have 
identified increased activation of the PI3K-AKT pathway in 
MBMs, including in comparison to extracranial metastases 
from the same patients.16,50 It appears that this molec-
ular phenotype could be caused by multiple mechanisms. 
Loss of PTEN in is associated with increased risk of de-
veloping brain metastases in stage III melanoma patients 
and increases the rate of brain metastasis formation in a 
mouse model of BRAF-mutant melanoma.51,52 Although 
less common than PTEN loss, the PI3K/AKT pathway can 
be hyperactivated by mutation of E17K in AKT isoforms. 
One study showed that mice harboring melanoma tumors 
expressing AKT1E17K had the highest risk for brain metas-
tasis, an effect mediated by FAK, and thus supporting the 
rationale for the therapeutic targeting of AKT and/or FAK.53 
The pathway may also be activated as a late of selective 
event in the brain. Two independent proteomic analyses 
of resected MBMs and extracranial metastases from indi-
vidual patients and identified increased activation of the 
PI3K-AKT pathway, but not the RAS-RAF- MAPK pathway, in 
each of the brain metastases.16,50 While these results could 
be explained by clonal selection as cells with pathway ac-
tivation to form brain metastases, there is also evidence 
that the PI3K-AKT pathway can be activated by the brain 
microenvironment. One study showed that astrocyte se-
crete exosomes containing miRNAs that target PTEN, 
resulting in decreased PTEN expression and increased 
PI3K-AKT pathway activation in both melanoma and breast 
cancer brain metastases.54 Another study showed that ce-
rebrospinal fluid activates the PI3K-AKT pathway in human 
melanoma cells.31 Importantly, activation of the PI3K-AKT 
pathway, and/or loss of PTEN, has been implicated in re-
sistance in to both targeted therapy and immunotherapy 
in melanoma patients and preclinical models.14,49 Further, 
preclinical studies have shown that PI3K-AKT inhibitors 
can have activity against MBMs, including in combina-
tion with BRAF inhibitors.16,55 Interestingly, a recent study 
using in vivo molecular imaging by intravital multiphoton 
microscopy further investigated the temporo-spatial dy-
namics of PI3K-AKT pathway activation during brain me-
tastasis formation. The study implicated the PI3K-AKT 
pathway as a critical requirement early in colonization of 
brain tissue by cancer cells. Further, there studies showed 
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that inhibition of the PI3K-AKT pathway effectively pre-
vented MBM formation.56

While these studies strongly implicate the PI3K-AKT 
pathway in MBMs, the clinical development of PI3K-AKT 
inhibitors has been challenging due to the toxicities in-
curred by these agents, and currently there are no ongoing 
studies evaluating inhibitors of this pathway in MBMs 
patients. Notably, recent studies suggest that increased 
activation of the PI3K-AKT pathway in brain metastases 
compared to patient-matched primary tumors and extra-
cranial metastases is observed in many different tumor 
types, further supporting the rationale for therapeutic de-
velopment and clinical trials in this area.17,57

Whole genomic profiling studies have recently impli-
cated metabolic pathways as a novel feature and ther-
apeutic target in brain metastases. RNA sequencing of 
patient-matched brain and extracranial metastases from 
melanoma patients unexpectedly identified increased ex-
pression of genes involved in oxidative phosphorylation 
(OXPHOS) in MBMs.19 This finding was recapitulated in a 
murine model in which melanoma primary tumors give 
rise to both lung and brain metastases. Increased OXPHOS 
was also confirmed by direct metabolite analysis and in 
vivo metabolic tracing of MBMs established in mice by di-
rect intracranial injection. Interestingly, while each of these 
melanoma models harbored a BRAF mutation, single-
agent treatment with an experimental direct OXPHOS in-
hibitor, IACS-010759, significantly improved the survival 
of mice- and had greater effects on brain metastases than 
on lung metastases or primary tumors. A follow-up study 
showed that the increased expression of OXPHOS genes, 
and increased sensitivity to OXPHOS inhibition, was 
also seen in brain metastases from lung cancer, breast 
cancer, and renal cell carcinoma.57 Recently, investiga-
tors characterizing cancer cells with increased metastatic 
potential to the brain implicated an additional metabolic 
dependency of brain metastases, glucose-derived serine 
biosynthesis. These studies showed that the brain micro-
environment has very low levels of serine and glycine, 
which thus must be synthesized by cancer cells to survive 
in the CNS.58 Thus, the brain-metastatic cancer cells mark-
edly upregulated 3-phosphoglyerate dehydrogenase, the 
rate-limiting enzyme in glucose-derived serine synthesis, 
to achieve this. In addition to confirming this adaptation 
in brain metastases from patients with melanoma, breast 
cancer, and lung cancer, they showed that inhibitors of this 
pathway inhibited the growth of brain metastases in mice 
but not tumors growing at other sites, similar to the brain-
preferential activity observed with OXPHOS inhibition.

Conclusion

Targeted therapies can achieve tremendous clinical ben-
efit in MBM patients with activating mutations in the Braf 
gene. Indeed, the clinical activity and safety seen with 
BRAF ± MEK inhibitors in post-approval trials in MBM pa-
tients raises questions about why patients with MBMs con-
tinue to frequently be excluded from clinical trials. In fact, 
there is now widespread support for widening eligibility 
for clinical trials to include selected patients with brain 

metastases, including guidance from the FDA1 and recom-
mendations from ASCO.4,59 Excluding such patients is not 
only discrimination but slows trial accrual clinical prog-
ress. Removing such barriers will almost certainly result in 
improved outcomes for MBM patients by providing access 
to more treatment options. Addressing several key ques-
tions from existing studies will further improve the impact 
of targeted therapy for MBMs.

The COMBI-MB study demonstrated that combined 
treatment with DT achieved high rates of intracranial re-
sponse and DCRs in patients with MBMs. However, the 
duration of the responses in brain metastases was much 
shorter than in extracranial metastases in the patients in 
the trial, and compared to prior clinical trials in patients 
without CNS involvement.32,33 It is currently unknown 
why the DOR in MBMs was shorter- and thus what is the 
best way to improve upon these results. Previous studies 
with BRAF inhibitors (alone and in combination with MEK 
inhibitors) have shown that deeper inhibition of the RAS-
RAF-MEK-ERK pathways correlates with better clinical 
outcomes in patients with extracranial metastases.9 If in-
complete pathway inhibition is being achieved in MBMs, 
then outcomes could be improved with increased drug 
delivery to the CNS by higher dosing of current agents 
(ie, NCT03911869). Alternatively, perhaps outcomes 
could be improved through the use of BRAF and MEK in-
hibitors designed to penetrate the BBB more efficiently, 
a strategy currently being evaluated in several ongoing 
clinical trials inhibitors with improved BBB penetration 
(ie, NCT03332589). A second possibility is that the shorter 
DOR in the brain metastases is due to the decreased im-
mune infiltration of these tumors,19,49 which has also been 
shown to correlate with inferior outcomes with BRAF 
and MEK inhibitors.60 As noted above, recent trials have 
shown that the addition of checkpoint inhibition to BRAF 
and MEK inhibitors improved the duration of clinical re-
sponses in patients with extracranial disease only,48 so 
the results of an ongoing trial of triplet therapy in MBM 
patients are eagerly awaited. Alternatively, studies of 
MBMs have identified that these tumors harbor increased 
activation of the PI3K-AKT pathway and OXPHOS, both of 
which have previously been shown to cause resistance to 
BRAF and MEK inhibitors.14,61,62 Preclinical studies with 
PI3K-AKT pathway inhibitors, including in MBM models, 
suggest that they may have positive anti-tumor effects in 
combination with BRAF and MEK inhibitors,16,55 but this 
has yet to be evaluated in patients with brain metastases. 
However, such combinations will need to have acceptable 
toxicity profiles, particularly to allow for maintenance of 
dosing that achieves target inhibition in the brain, which 
has been quite challenging for PI3K-AKT pathway inhibi-
tors alone and in combination with other agents. Finally, 
in addition to other systemic therapies, available data 
suggests that combining BRAF and MEK inhibitors with 
stereotactic radiation may have increased efficacy, a 
strategy that is currently being evaluated in prospective 
clinical trials.

There are many targetable oncogenes in melanoma be-
yond Braf.6 While KIT inhibitors have been evaluated in 
multiple clinical trials in melanoma patients with Kit mu-
tations, there is no data currently available regarding the 
activity of these agents in MBM patients. Similarly, while 
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the MEK inhibitor binimetinib is part of NCCN recom-
mendations for metastatic melanoma patients with Nras 
mutations, there is also no data reported to date about 
single-agent MEK inhibitors in MBM patients. Alterations 
in Cdkn2a and other cell cycle regulators are almost uni-
versal in cutaneous melanomas, and they may frequently 
have additional mutations detected in brain metastases.6,17 
Thus, inhibitors against components of this pathway (ie, 
CDK4/6 inhibitors) may also be rational to evaluate in 
MBMs (ie, NCT02308020).

In addition to cell signaling pathways, recent studies 
have also identified unique metabolic features and de-
pendencies of MBMs, including OXPHOS and glucose-
derived serine synthesis.19,57,58 Intriguingly, in each of 
these studies metabolic inhibitors showed better anti-
tumor activity against brain metastases compared to 
primary tumors or tumors growing at other metastatic 
sites. Notably, this preferential activity against brain 
metastases suggests that inhibitors of these metabolic 
pathways will need to be combined with other agents, as 
most patients with MBMs have concurrent extracranial 
disease.1 Similar to the combinations discussed above 
such evaluations will need to carefully assess safety in 
addition to efficacy and should include not only systemic 
therapies but also radiation.63 While such studies remain 
to be done to optimize translational strategies, the results 
also suggest a new paradigm for clinical testing. While 
generally most agents have been evaluated in brain me-
tastases only after initial demonstrating efficacy in pa-
tients without CNS involvement, this strategy has the risk 
of eliminating agents that may have their greatest impact 
on brain metastases. Thus, further improvements in the 
efficacy of targeted therapy for MBMs will required both 
laboratory and clinical investigators to challenges para-
digms and focus specifically on the unique challenges 
they present.

Acknowledgments

M.A.D. reports Consulting Fee (e.g., Advisory Board): Roche/
Genentech, Array, Pfizer, Novartis, BMS, GSK, Sanofi-
Aventis, Vaccinex, Apexigen, ABM Therapeutics; Contracted 
Research: Roche/Genentech, GSK, Sanofi-Aventis, Array, Pfizer, 
Oncothyreon. The other authors have nothing to disclose.

Conflict of interest statement. M.A.D. has been a consultant to 
Roche/Genentech, Array, Pfizer, Novartis, BMS, GSK, Sanofi-
Aventis, Vaccinex, Apexigen, and ABM Therapeutics, and he 
has been the PI of research grants to MD Anderson by Roche/
Genentech, GSK, Sanofi-Aventis, Array, Pfizer, and Oncothyreon. 
The other authors have no relevant personal financial relation-
ships to disclose.

Authorship Statement. All authors contributed to the writing and 
editing of the manuscript.

References

1.	 Eroglu Z, Holmen SL, Chen Q, et al. Melanoma central nervous system 
metastases: An update to approaches, challenges, and opportunities. 
Pigment Cell Melanoma Res. 2019;32(3):458–469.

2.	 Cohen  JV, Tawbi  H, Margolin  KA, et  al. Melanoma central nervous 
system metastases: current approaches, challenges, and opportunities. 
Pigment Cell Melanoma Res. 2016;29(6):627–642.

3.	 Sperduto PW, Jiang W, Brown PD, et al. The prognostic value of BRAF, 
C-KIT, and NRAS mutations in melanoma patients with brain metas-
tases. Int J Radiat Oncol Biol Phys. 2017;98(5):1069–1077.

4.	 Sperduto PW, Mesko S, Li J, et al. Survival in patients with brain metas-
tases: summary report on the updated diagnosis-specific graded prog-
nostic assessment and definition of the eligibility quotient. J Clin Oncol. 
2020;38(32):3773–3784.

5.	 Tripp MK, Watson M, Balk SJ, Swetter SM, Gershenwald JE. State of 
the science on prevention and screening to reduce melanoma incidence 
and mortality: the time is now. CA Cancer J Clin. 2016;66(6):460–480.

6.	 Akbani R, Akdemir Kadir C, Aksoy BA, et al. Genomic classification of 
cutaneous melanoma. Cell. 2015;161(7):1681–1696.

7.	 Tawbi HA, Forsyth PA, Hodi FS, et al. Safety and efficacy of the com-
bination of nivolumab plus ipilimumab in patients with melanoma and 
asymptomatic or symptomatic brain metastases (CheckMate 204)  [on-
line ahead of print]. Neuro Oncol. 2021. doi:10.1093/neuonc/noab094.

8.	 Long GV, Atkinson V, Lo S, et al. Combination nivolumab and ipilimumab 
or nivolumab alone in melanoma brain metastases: a multicentre ran-
domised phase 2 study. Lancet Oncol. 2018;19(5):672–681.

9.	 McQuade J, Davies MA. Converting biology into clinical benefit: lessons 
learned from BRAF inhibitors. Melanoma Manag. 2015;2(3):241–254.

10.	 Heidorn SJ, Milagre C, Whittaker S, et al. Kinase-dead BRAF and on-
cogenic RAS cooperate to drive tumor progression through CRAF. Cell. 
2010;140(2):209–221.

11.	 Gerstner ER, Fine RL. Increased permeability of the blood-brain barrier 
to chemotherapy in metastatic brain tumors: establishing a treatment 
paradigm. J Clin Oncol. 2007;25(16):2306–2312.

12.	 Gaudy-Marqueste  C, Carron  R, Delsanti  C, et  al. On demand 
Gamma-Knife strategy can be safely combined with BRAF inhibi-
tors for the treatment of melanoma brain metastases. Ann Oncol. 
2014;25(10):2086–2091.

13.	 Woodman  SE, Lazar  AJ, Aldape  KD, Davies  MA. New strategies in 
melanoma: molecular testing in advanced disease. Clin Cancer Res. 
2012;18(5):1195–1200.

14.	 Kwong  LN, Davies  MA. Navigating the therapeutic com-
plexity of PI3K pathway inhibition in melanoma. Clin Cancer Res. 
2013;19(19):5310–5319.

15.	 Colombino M, Capone M, Lissia A, et al. BRAF/NRAS mutation frequen-
cies among primary tumors and metastases in patients with melanoma. 
J Clin Oncol. 2012;30(20):2522–2529.

16.	 Chen  G, Chakravarti  N, Aardalen  K, et  al. Molecular profiling of 
patient-matched brain and extracranial melanoma metastases im-
plicates the PI3K pathway as a therapeutic target. Clin Cancer Res. 
2014;20(21):5337–5346.

17.	 Brastianos PK, Carter SL, Santagata S, et al. Genomic characterization of 
brain metastases reveals branched evolution and potential therapeutic 
targets. Cancer Discov. 2015;5(11):1164–1177.

18.	 Váraljai  R, Horn  S, Sucker  A, et  al. Integrative genomic analyses of 
patient-matched intracranial and extracranial metastases reveal a novel 
brain-specific landscape of genetic variants in driver genes of malignant 
melanoma. Cancers. 2021;13(4):731.

https://doi.org/10.1093/neuonc/noab094


 v84 Saberian et al. Targeted therapy for melanoma brain metastases

19.	 Fischer  GM, Jalali  A, Kircher  DA, et  al. Molecular profiling reveals 
unique immune and metabolic features of melanoma brain metastases. 
Cancer Discov. 2019;9(5):628–645.

20.	 Luke JJ, Flaherty KT, Ribas A, Long GV. Targeted agents and immuno-
therapies: optimizing outcomes in melanoma. Nat Rev Clin Oncol. 
2017;14(8):463–482.

21.	 Kozar I, Margue C, Rothengatter S, Haan C, Kreis S. Many ways to re-
sistance: how melanoma cells evade targeted therapies. Biochim 
Biophys Acta Rev Cancer. 2019;1871(2):313–322.

22.	 Robert C, Karaszewska B, Schachter J, et al. Improved overall survival 
in melanoma with combined dabrafenib and trametinib. N Engl J Med. 
2015;372(1):30–39.

23.	 Larkin  J, Ascierto  PA, Dréno  B, et  al. Combined vemurafenib 
and cobimetinib in BRAF-mutated melanoma. N Engl J Med. 
2014;371(20):1867–1876.

24.	 Dummer R, Ascierto PA, Gogas HJ, et al. Encorafenib plus binimetinib 
versus vemurafenib or encorafenib in patients with BRAF-mutant mela-
noma (COLUMBUS): a multicentre, open-label, randomised phase 3 trial. 
Lancet Oncol. 2018;19(5):603–615.

25.	 Dummer  R, Schadendorf  D, Ascierto  PA, et  al. Binimetinib versus 
dacarbazine in patients with advanced NRAS-mutant melanoma 
(NEMO): a multicentre, open-label, randomised, phase 3 trial. Lancet 
Oncol. 2017;18(4):435–445.

26.	 National Comprehensive Cancer Network. Melanoma: Cutaneous 
(Version 2.2021), 2021. https://www.nccn.org/professionals/physician_
gls/pdf/cutaneous_melanoma.pdf. Accessed May 12, 2021.

27.	 Falchook GS, Long GV, Kurzrock R, et al. Dabrafenib in patients with mel-
anoma, untreated brain metastases, and other solid tumours: a phase 1 
dose-escalation trial. Lancet. 2012;379(9829):1893–1901.

28.	 Long  GV, Trefzer  U, Davies  MA, et  al. Dabrafenib in patients with 
Val600Glu or Val600Lys BRAF-mutant melanoma metastatic to the brain 
(BREAK-MB): a multicentre, open-label, phase 2 trial. Lancet Oncol. 
2012;13(11):1087–1095.

29.	 McArthur GA, Maio M, Arance A, et al. Vemurafenib in metastatic mela-
noma patients with brain metastases: an open-label, single-arm, phase 
2, multicentre study. Ann Oncol. 2017;28(3):634–641.

30.	 Mittapalli  RK, Vaidhyanathan  S, Dudek  AZ, Elmquist  WF. 
Mechanisms limiting distribution of the threonine-protein kinase 
B-RaFV600E inhibitor dabrafenib to the brain: implications for the 
treatment of melanoma brain metastases. J Pharmacol Exp Ther. 
2013;344(3):655–664.

31.	 Seifert H, Hirata E, Gore M, et al. Extrinsic factors can mediate resist-
ance to BRAF inhibition in central nervous system melanoma metas-
tases. Pigment Cell Melanoma Res. 2016;29(1):92–100.

32.	 Davies MA, Saiag P, Robert C, et al. Dabrafenib plus trametinib in pa-
tients with BRAFV600-mutant melanoma brain metastases (COMBI-MB): 
a multicentre, multicohort, open-label, phase 2 trial. Lancet Oncol. 
2017;18(7):863–873.

33.	 Long GV, Grob JJ, Nathan PD, et al. Pooled analysis of individual patient 
data across dabrafenib and trametinib combination therapy randomised 
trials to identify factors that predict response, progression, and long-
term outcomes. Lancet Oncol. 2016;17(12):1743–1754.

34.	 Holbrook K, Lutzky J, Davies MA, et al. Intracranial antitumor activity 
with encorafenib plus binimetinib in patients with melanoma brain me-
tastases: a case series. Cancer. 2020;126(3):523–530.

35.	 Valpione  S, Carlino  MS, Mangana  J, et  al. Rechallenge with BRAF-
directed treatment in metastatic melanoma: a multi-institutional retro-
spective study. Eur J Cancer. 2018;91:116–124.

36.	 Fang P, Boehling NS, Koay EJ, et al. Melanoma brain metastases har-
boring BRAF V600K or NRAS mutations are associated with an in-
creased local failure rate following conventional therapy. J Neurooncol. 
2018;137(1):67–75.

37.	 Sambade  MJ, Peters  EC, Thomas  NE, Kaufmann  WK, Kimple  RJ, 
Shields JM. Melanoma cells show a heterogeneous range of sensitivity 
to ionizing radiation and are radiosensitized by inhibition of B-RAF with 
PLX-4032. Radiother Oncol. 2011;98(3):394–399.

38.	 Gaudy-Marqueste  C, Dussouil  AS, Carron  R, et  al. Survival of mela-
noma patients treated with targeted therapy and immunotherapy after 
systematic upfront control of brain metastases by radiosurgery. Eur J 
Cancer. 2017;84:44–54.

39.	 Xu Z, Lee CC, Ramesh A, et al. BRAF V600E mutation and BRAF kinase 
inhibitors in conjunction with stereotactic radiosurgery for intracranial 
melanoma metastases. J Neurosurg. 2017;126(3):726–734.

40.	 Wolf A, Zia S, Verma R, et al. Impact on overall survival of the combi-
nation of BRAF inhibitors and stereotactic radiosurgery in patients with 
melanoma brain metastases. J Neurooncol. 2016;127(3):607–615.

41.	 Kuske M, Rauschenberg R, Garzarolli M, et al. Melanoma brain metas-
tases: local therapies, targeted therapies, immune checkpoint inhibitors 
and their combinations-chances and challenges. Am J Clin Dermatol. 
2018;19(4):529–541.

42.	 Gutzmer R, Vordermark D, Hassel JC, et al. Melanoma brain metastases 
– interdisciplinary management recommendations 2020. Cancer Treat 
Rev. 2020;89:102083.

43.	 Kroeze SG, Fritz C, Hoyer M, et al. Toxicity of concurrent stereotactic 
radiotherapy and targeted therapy or immunotherapy: a systematic re-
view. Cancer Treat Rev. 2017;53:25–37.

44.	 Liebner  DA, Walston  SA, Cavaliere  R, et  al. Radiation necrosis 
mimicking rapid intracranial progression of melanoma metas-
tasis in two patients treated with vemurafenib. Melanoma Res. 
2014;24(2):172–176.

45.	 Peuvrel  L, Ruellan  AL, Thillays  F, et  al. Severe radiotherapy-induced 
extracutaneous toxicity under vemurafenib. Eur J Dermatol. 
2013;23(6):879–881.

46.	 Anker  CJ, Grossmann  KF, Atkins  MB, Suneja  G, Tarhini  AA, 
Kirkwood  JM. Avoiding severe toxicity from combined BRAF inhib-
itor and radiation treatment: consensus guidelines from the Eastern 
Cooperative Oncology Group (ECOG). Int J Radiat Oncol Biol Phys. 
2016;95(2):632–646.

47.	 Atkins MB, Curiel-Lewandrowski C, Fisher DE, et al. The state of mel-
anoma: emergent challenges and opportunities. Clin Cancer Res. 
2021;27(10):2678–2697.

48.	 Gutzmer R, Stroyakovskiy D, Gogas H, et al. Atezolizumab, vemurafenib, 
and cobimetinib as first-line treatment for unresectable advanced 
BRAFV600 mutation-positive melanoma (IMspire150): primary anal-
ysis of the randomised, double-blind, placebo-controlled, phase 3 trial. 
Lancet. 2020;395(10240):1835–1844.

49.	 Fischer  G, Davies  M. Melanoma brain metastasis: insights, progress, 
challenges, and opportunities. In: Melanoma. New York, NY: Springer; 
2019:1–21.

50.	 Niessner H, Forschner A, Klumpp B, et al. Targeting hyperactivation of 
the AKT survival pathway to overcome therapy resistance of melanoma 
brain metastases. Cancer Med. 2013;2(1):76–85.

51.	 Bucheit AD, Chen G, Siroy A, et al. Complete loss of PTEN protein ex-
pression correlates with shorter time to brain metastasis and survival in 
stage IIIB/C melanoma patients with BRAFV600 mutations. Clin Cancer 
Res. 2014;20(21):5527–5536.

52.	 Cho JH, Robinson JP, Arave RA, et al. AKT1 Activation promotes devel-
opment of melanoma metastases. Cell Rep. 2015;13(5):898–905.

53.	 Kircher  DA, Trombetti  KA, Silvis  MR, et  al. AKT1E17K activates focal 
adhesion kinase and promotes melanoma brain metastasis. Mol Cancer 
Res. 2019;17(9):1787–1800.

54.	 Zhang  L, Zhang  S, Yao  J, et  al. Microenvironment-induced PTEN loss 
by exosomal microRNA primes brain metastasis outgrowth. Nature. 
2015;527(7576):100–104.

https://www.nccn.org/professionals/physician_gls/pdf/cutaneous_melanoma.pdf
https://www.nccn.org/professionals/physician_gls/pdf/cutaneous_melanoma.pdf


v85Saberian et al. Targeted therapy for melanoma brain metastases
N

eu
ro-O

n
colog

y 
A

d
van

ces

55.	 Niessner  H, Schmitz  J, Tabatabai  G, et  al. PI3K Pathway inhibition 
achieves potent antitumor activity in melanoma brain metastases in 
vitro and in vivo. Clin Cancer Res. 2016;22(23):5818–5828.

56.	 Tehranian  C, Fankhauser  L, Harter  PN, et  al. The PI3K/Akt/mTOR 
pathway as a preventive target in melanoma brain metastasis [online 
ahead of print]. Neuro Oncol. 2021. doi:10.1093/neuonc/noab159.

57.	 Fukumura  K, Malgulwar  PB, Fischer  GM, et  al. Multi-omic molec-
ular profiling reveals potentially targetable abnormalities shared 
across multiple histologies of brain metastasis. Acta Neuropathol. 
2021;141(2):303–321.

58.	 Ngo B, Kim E, Osorio-Vasquez V, et al. Limited environmental serine and 
glycine confer brain metastasis sensitivity to PHGDH inhibition. Cancer 
Discov. 2020;10(9):1352–1373.

59.	 Lin  NU, Prowell  T, Tan  AR, et  al. Modernizing clinical trial eligi-
bility criteria: recommendations of the American Society of Clinical 

Oncology-Friends of Cancer Research Brain Metastases Working Group. 
J Clin Oncol. 2017;35(33):3760–3773.

60.	 Kwong LN, Boland GM, Frederick DT, et al. Co-clinical assessment iden-
tifies patterns of BRAF inhibitor resistance in melanoma. J Clin Invest. 
2015;125(4):1459–1470.

61.	 Gopal YN, Rizos H, Chen G, et al. Inhibition of mTORC1/2 overcomes re-
sistance to MAPK pathway inhibitors mediated by PGC1α and oxidative 
phosphorylation in melanoma. Cancer Res. 2014;74(23):7037–7047.

62.	 Vashisht Gopal YN, Gammon S, Prasad R, et al. A novel mitochondrial in-
hibitor blocks MAPK pathway and overcomes MAPK inhibitor resistance 
in melanoma. Clin Cancer Res. 2019;25(21):6429–6442.

63.	 Chen D, Barsoumian HB, Fischer G, et al. Combination treatment with 
radiotherapy and a novel oxidative phosphorylation inhibitor overcomes 
PD-1 resistance and enhances antitumor immunity. J Immunother 
Cancer. 2020;8(1):e000289.

https://doi.org/10.1093/neuonc/noab159

