
79© Springer Nature Switzerland AG 2019 
R. Salgia (ed.), Targeted Therapies for Lung Cancer, Current Cancer Research, 
https://doi.org/10.1007/978-3-030-17832-1_4

BRAF: Novel Therapies for an  
Emerging Target

Nathaniel J. Myall and Sukhmani K. Padda

Abstract  Driver mutations in the BRAF oncogene occur in 2–4% of non-small cell 
lung cancers (NSCLC). Approximately half of these BRAF mutations are character-
ized by a glutamic acid substitution for valine at position 600 within the BRAF 
kinase domain (V600E or class I). The remaining non-V600E mutations are a het-
erogeneous group that can be further subdivided into mutations that activate BRAF 
kinase activity (class II) and mutations that remain dependent on upstream signaling 
through Ras-GTPase (class III). In normal cells, the BRAF kinase functions as an 
intermediary within the MAPK/ERK signaling pathway. Activating mutations in the 
BRAF oncogene lead to downstream signaling through the MAPK/ERK pathway, 
resulting in an increased risk of malignant transformation in preclinical models. 
Based on these findings, as well as the need for more effective treatment options for 
patients with BRAF-mutated NSCLC, there has been a significant interest in devel-
oping targeted therapies to inhibit the MAPK/ERK pathway. In a series of phase 2 
clinical trials enrolling patients with metastatic BRAF V600E-mutated NSCLC, 
Planchard et al. established a role for combined BRAF and MEK tyrosine kinase 
inhibition (TKI) with dabrafenib and trametinib, respectively. While this represents 
an important new treatment strategy, a number of questions still remain including 
how best to sequence targeted therapy with other available treatment options and 
how to effectively overcome acquired resistance to TKI therapy.
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�Introduction

Following the earliest description of BRAF mutations in human cancer nearly two 
decades ago, an improved understanding of the pathogenesis of these mutations has 
enabled the development of targeted therapies [1]. Although BRAF mutations occur 
infrequently in non-small cell lung cancer (NSCLC), the recent approval of targeted 
therapies for patients with metastatic disease represents an important milestone [2, 3]. 
With new therapeutic options to choose from, it is becoming increasingly important to 
understand the biology and clinical behavior of BRAF-mutated NSCLC. In this chap-
ter, we aim to provide a comprehensive review of this topic, focusing on (1) the 
molecular mechanisms involved in tumorigenesis, (2) clinical features and outcomes 
associated with BRAF mutations, and (3) the role of targeted therapies. We conclude 
by describing what questions still remain in the field and how answers to these ques-
tions might improve the future management of patients with BRAF-mutated NSCLC.

�Molecular Foundations

�MAPK Signaling Pathways

BRAF-mutated cancers rely on signaling through the mitogen-activated protein 
kinase/extracellular signal-related kinase (MAPK/ERK) pathway, which regulates 
the differentiation, growth, and survival of normal cells [4, 5]. It is one of four related 
signaling pathways, each of which is driven by a specific group of serine-threonine 
kinases from the MAPK family, including ERK, JNK (c-Jun N-terminal kinase), 
p38, and ERK5/BMK1 (extracellular signal-related kinase 5/Big MAP kinase 1). 
Although MAPK signaling pathways have gained attention for their role in cancer, 
they have also been linked in preclinical models to a number of normal biological 
processes ranging from cytokine production to embryonic development [6–8]. The 
function and specific molecular players vary from one MAPK pathway to another 
but the basic structure of the signaling cascade is highly conserved [9]. At the center 
of each pathway is a MAPK enzyme that phosphorylates and activates a series of 
downstream targets through its serine/threonine kinase activity. Two additional 
kinase families lie upstream of MAPK: the dual-specificity MAPK serine/threonine 
and tyrosine kinase (MAPKK) and the MAPKK serine/threonine kinase (MAPKKK). 
Each of these kinases is activated sequentially, beginning with MAPKKK which 
activates MAPKK and ending with MAPK which is activated by MAPKK [10].

The structure of the MAPK/ERK signaling pathway has been particularly well 
described (Fig. 1). In its simplest form, the pathway begins upstream with extracel-

Fig. 1  (continued) homolog protein, Src homology 2 domain containing protein (Shc), and others 
not shown. When bound to GTP, Ras-GTPases recruit rapidly accelerated fibrosarcoma (RAF) 
proteins such as BRAF to the membrane surface. RAF proteins phosphorylate and activate MEK, 
which, in turn, activates ERK. ERK then activates numerous downstream targets, including tran-
scription factors and repressors that regulate cellular growth and differentiation
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Fig. 1  A schematic representation of the MAPK/ERK signaling pathway is shown. Activation of 
upstream receptor tyrosine kinases (e.g., EGFR, PDGFR) by extracellular growth signals results in 
the recruitment of multiple intracellular proteins including Ras-GTPase, son of sevenless (SOS)
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lular growth signals that bind to and activate transmembrane receptor tyrosine 
kinases [11]. Once activated, these receptor tyrosine kinases recruit multiple 
intracellular proteins to the membrane surface including Ras-GTPases (KRAS, 
NRAS, HRAS). When bound to GTP, Ras-GTPases are capable of activating pro-
teins of the rapidly accelerated fibrosarcoma (RAF) family, which belong to the 
MAPKKK group of kinases. RAF in turn phosphorylates downstream MAPK/ERK 
kinase (MEK), which is a member of the MAPKK group of kinases. The activated 
form of MEK then phosphorylates ERK, which has numerous terminal targets 
including transcription factors (e.g., c-Myc), transcription repressors (e.g., ERF), and 
components of the cytoskeleton (e.g., myosin light chain kinase) [12–14]. Like other 
signaling pathways, the MAPK/ERK pathway is also tightly regulated at multiple 
levels by a series of negative feedback loops and inhibitory proteins [11, 15, 16].

�Molecular Biology of Wild-Type RAF Kinase

The RAF family is comprised of three serine-threonine kinases: ARAF, BRAF, and 
CRAF, also known as Raf-1 [17, 18]. BRAF is encoded by the V-raf murine sar-
coma oncogene homolog B1 (BRAF) gene located on chromosome 7q34 [19]. 
Expression of the wild-type BRAF gene is fairly ubiquitous across multiple organs 
and tissues, with highest expression found in the testis, thyroid, bone marrow, and 
brain [20]. The BRAF protein is 766 amino acids long, and, like other RAF kinases, 
it is arranged into three highly conserved regions (CR1, CR2, and CR3), each of 
which serves a distinct function (Fig. 2a) [21]. CR1 resides closest to the N-terminus 
and is comprised of both a cysteine-rich domain and a Ras-binding domain. The 
cysteine-rich domain coordinates translocation of RAF kinases from the cytoplasm 
to the membrane surface where they interact with Ras-GTPase via the Ras-binding 
domain [22, 23]. CR2 links the CR1 and CR3 domains and also contains a binding 
site for the 14-3-3 inhibitory protein. CR3, which resides closest to the C-terminus, 
contains a kinase domain that phosphorylates and activates downstream targets.

In addition to containing important binding sites, the CR1 domain also plays a 
role in regulating RAF kinase activity. Prior to activation by Ras-GTPases, cyto-
plasmic RAF kinases exist in an auto-inhibited state in which CR1 binds to CR3 and 
prevents phosphorylation of the kinase domain (Fig. 2b) [24–26]. When the MAPK/
ERK pathway is activated, binding of RAF to Ras-GTPases at the cellular mem-
brane interrupts the inhibitory interaction between CR1 and CR3. This, in turn, 
enables phosphorylation of key residues (e.g., T598, S601) that are necessary for 
kinase activation (Fig.  2c) [27]. Once activated in this manner, BRAF forms 
homodimers with itself and heterodimers with other RAF kinases, both of which are 
then capable of phosphorylating and activating a limited set of downstream targets, 
primarily MEK [28]. Eventually, phosphorylation and dephosphorylation of other 
key residues within BRAF by ERK-mediated negative feedback facilitates the dis-
sociation of BRAF from Ras-GTPase, loss of RAF dimerization, and downregula-
tion of kinase activity [29].
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�Oncogenic Potential of BRAF Mutations

Although multiple effectors along the MAPK/ERK signaling pathway have been 
implicated in tumorigenesis, the oncogenic potential of BRAF mutations was first 
described in 2002 [30]. In their seminal report, Davis et al. initially sequenced three 
BRAF mutations from a limited number of melanoma and NSCLC cell lines. Two of 
the mutations occurred in exon 15, which encodes the kinase domain of the BRAF 
protein. This included both a T1796A substitution, which led to glutamic acid in the 
place of valine at position 599 (V599E), and a C1786G substitution, which led to 
valine in the place of leucine at position 596 (L596 V). A third G1403C substitution 
was found in exon 11, leading to the replacement of glycine with alanine at position 
468 within the glycine-rich pocket of the ATP-binding domain (G468A). To confirm 
these findings, the authors performed a larger follow-up screen, which identified 
BRAF mutations in 59% of melanoma cell lines, 18% of colorectal cancer cell lines, 
and a smaller minority of cell lines derived from glioma, sarcoma, ovarian cancer, 
and NSCLC, among others. As the majority of BRAF mutations in melanoma 
involved a T1796A substitution, which is now known to result in the replacement of 

N C

Cys Cys Cys

 a

CR2

CR1 CR3

CRD RBD Kinase

 b

CRD RBD

Kinase

CR2

 c

RTK
RAS

RTK

RAS

CRD RBD

CR2

Kinase

P P P

Fig. 2  (a) The structure of all RAF kinases is highly conserved and consists of three conserved 
regions (CR1, CR2, and CR3). CR1 contains both a cysteine-rich domain (CRD) and a Ras-
binding domain (RBD). CR3 contains the active kinase domain. (b) In the inactive state, RAF 
kinases exist in an auto-inhibitory conformation whereby CR1 blocks key phosphorylation sites 
within CR3 that are responsible for activating the kinase. (c) When bound to Ras-GTPases at the 
intracellular cell surface via the Ras-binding domain, CR1 dissociates from CR3, enabling activa-
tion of the kinase and phosphorylation of downstream targets
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valine with glutamic acid at position 600 within the BRAF kinase domain, these 
mutations came to be known as V600E. On the other hand, mutations affecting other 
sites within the BRAF kinase were subsequently termed non-V600E. Davis et al. 
showed that mutations from both groups were capable of activating the MAPK/ERK 
pathway. Specifically, transfecting either BRAF V599E (now known as V600E) or 
G468A mutations into cell culture resulted in increased activity of the BRAF kinase 
as well as downstream phosphorylation of ERK.

Following this initial report from Davis et al., it became clear from subsequent 
studies that BRAF V600E mutations transform the BRAF protein into a constitu-
tively active kinase that functions independently of upstream activation. Brummer 
et  al. demonstrated this by engineering BRAF genes to co-express both V600E 
(T1796A) and R188L mutations, the latter of which renders BRAF ineffective at 
binding to upstream Ras-GTPases [31]. While R188L mutations alone prevented 
BRAF-mediated MAPK/ERK pathway activation, the presence of a concomitant 
BRAF V600E mutation restored phosphorylation of ERK, suggesting that BRAF 
V600E mutant kinases act independently of upstream Ras-GTPases. This conclusion 
was further supported by the finding that EGFR inhibition was not effective against 
lung cancer cell lines harboring BRAF mutations, despite EGFR being identified as 
an upstream activator of the MAPK/ERK pathway [32]. Although BRAF V600E 
mutations have gained more attention due to their frequent occurrence in melanoma, 
several BRAF non-V600E mutations (e.g., G468A, L596 V) have also been associ-
ated with increased kinase activity compared to wild-type BRAF [33]. However, this 
may not be true of all non-V600E mutations, as we discuss in greater detail below.

After establishing that many BRAF mutations activate the MAPK/ERK pathway, 
in vivo studies were then conducted to determine the potential association between 
BRAF mutations, MAPK/ERK pathway activation, and tumorigenesis. In one of 
these studies, Ji et al. engineered mice to express BRAF V600E mutations in the 
lung epithelium [34]. These mice developed lung adenomas at 6 weeks followed by 
adenocarcinomas at 16 weeks. Subsequent silencing of BRAF gene expression led 
to dephosphorylation of ERK, decreased expression of cyclin D, and decreased 
tumor burden. This suggested that BRAF activity and downstream MAPK/ERK 
signaling were the link between BRAF V600E mutations and the ongoing survival 
of lung tumors.

In other mouse models, however, BRAF mutations have been found to be neces-
sary but not sufficient for the induction of malignant tumorigenesis. Dankort et al., 
for example, found that while expression of BRAF V600E in the lung parenchyma of 
mice led to increased phosphorylation of MEK and ERK as well as the development 
of lung adenomas, these adenomas entered a state of growth arrest, and very few 
progressed to adenocarcinoma unless a tumor suppressor gene such as TP53 was also 
mutated [35]. A two-hit process was also suggested by a second mouse model in 
which co-expression of both BRAF V600E and PIK3CA H1047R mutations was 
associated with increased tumor burden, higher risk of developing malignant tumors, 
and shorter overall survival (OS) compared to mice with BRAF V600E mutations 
alone [36]. Malignant tumorigenesis in these mice was further enhanced when TP53 
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mutations were also introduced. Interestingly, in  vivo models of melanoma have 
similarly suggested that BRAF mutations may predispose to the growth of benign 
nevi but not malignant melanomas [37]. Taken together, these findings suggest that 
while BRAF mutations predispose to benign, premalignant tumors, other concomi-
tant mutations may be necessary for the full induction of malignancy.

Regardless of the complex molecular interactions by which BRAF mutations ini-
tiate tumorigenesis, ongoing survival of BRAF-mutated tumors appears to rely 
strongly on signaling through the MAPK/ERK pathway. In multiple preclinical 
studies, inhibition of mutant BRAF V600E itself or its downstream targets such as 
MEK has been shown to lead to tumor regression in patient-derived xenografts and 
other mouse models of melanoma and lung cancer [35, 38, 39]. These results sug-
gest that continued activation of the MAPK/ERK pathway is necessary for sus-
tained tumor growth and that use of targeted therapies to block this pathway in 
BRAF-mutated tumors represents a promising treatment strategy.

�Classification of BRAF Mutations

As described above, BRAF mutations have traditionally been classified as either 
V600E or non-V600E. However, our understanding of the varied mechanisms by 
which different BRAF mutations activate the MAPK/ERK pathway has evolved. A 
newer classification system has now been proposed that divides BRAF mutations 
into three classes (class I, II, or III) based on their effect on BRAF kinase activity 
and their interaction with upstream Ras-GTPases (Table 1).

In the first of two studies, Yao et al. highlighted the differences between what 
would become known as class I and class II BRAF mutations. They initially demon-
strated that expression of either BRAF V600E mutations or certain BRAF non-
V600E mutations (e.g., G469A, L597 V, K601E) in cell culture was associated with 
increased phosphorylation of MEK, decreased phosphorylation of CRAF, and 
reduced expression of Ras-GTPase [40]. The authors concluded that these BRAF 
mutations function in a Ras-independent manner to facilitate both downstream 
MAPK/ERK activation and upstream feedback inhibition of CRAF and Ras-
GTPase. Despite these common endpoints, the authors found that the mechanisms 

Table 1  Classification of BRAF mutations in cancer

Kinase 
activity

Ras-
independent

Monomer vs. 
Dimer

Vemurafenib 
sensitivea

Common 
mutations

Class I Increased Yes Monomer Yes V600E
Class II Increased Yes Dimer No G469A
Class III Impaired No Dimer No G466 V

aBased on preclinical data reported in Yao et al. [40, 41] (see references for full citations).
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by which different BRAF mutations induced downstream signaling were not the 
same. Whereas BRAF V600E/K/D/R (V600) mutations produced constitutively 
active BRAF kinases that functioned as Ras-independent monomers, BRAF muta-
tions affecting sites other than position 600 (non-V600) produced active BRAF 
kinases that formed Ras-independent dimers. From a treatment perspective, this 
designation was important, as only BRAF V600 monomers but not BRAF non-
V600 mutant dimers were sensitive to vemurafenib in vitro. Based on these find-
ings, the authors defined two groups of BRAF mutations according to their 
mechanisms of Ras-independent signaling: V600 mutations that signal as constitu-
tively active BRAF monomers (class I) and non-V600 mutations that signal as con-
stitutively active BRAF dimers (class II).

In a second study, Yao et al. broadened their classification system to include a 
third class of BRAF mutations (class III) [41]. The authors identified a subset of 
non-V600 mutations, including D594G/N and G466 V/E, that encode for “kinase 
dead” or “kinase impaired” versions of the BRAF protein. Although these muta-
tions were still capable of activating the MAPK/ERK pathway in vitro through 
their strong interaction with Ras-GTPase, they were less active than class I or II 
BRAF mutations, and they remained dependent on upstream Ras-GTPase. The 
authors proposed that class III BRAF mutations are oncogenic when paired syner-
gistically with upstream activation of Ras-GTPase. Consistent with this hypothe-
sis, the authors found that class III BRAF mutations in melanoma cell lines were 
often accompanied by activating mutations in RAS or NF1 while class III BRAF 
mutations in NSCLC and colorectal cancer cell lines had high levels of phos-
phorylated receptor tyrosine kinases such as EGFR, ERBB2, and MET. As class 
III BRAF mutations activate the MAPK/ERK pathway in a Ras-dependent man-
ner, the authors also found that patient-derived xenografts of class III BRAF-
mutated colorectal cancer were not responsive to BRAF inhibition with 
vemurafenib. However, they were sensitive to cetuximab (EGFR monoclonal anti-
body) and, to a lesser degree, trametinib (MEK inhibitor), suggesting dependency 
on the MAPK/ERK pathway.

The value of the novel class I–III classification system is that it shifts focus away 
from the structural amino acid changes that characterize different mutations and 
toward the functional significance of the mutations instead. In the era of targeted 
therapy, acknowledging the heterogeneous mechanisms by which different BRAF 
mutations activate the MAPK/ERK pathway is arguably more important and has the 
potential to shed light on targets beyond BRAF and MEK that may be therapeuti-
cally relevant. The distinction between different types of BRAF non-V600 mutations 
is especially important, given that these mutations had been previously grouped 
together into a heterogeneous category. Clinical trials for patients with BRAF non-
V600 mutations are clearly needed, and drug development as well as clinical trial 
designs should consider class II and class III BRAF non-V600 mutations separately, 
given the different functional mechanisms by which these mutations regulate the 
MAPK/ERK pathway.
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�BRAF Mutations in Non-small Cell Lung Cancer

BRAF mutations occur most commonly in melanoma, where the incidence of 
V600E mutations is >50% in metastatic disease [42, 43]. Other cancers in which 
BRAF is recurrently mutated include papillary thyroid carcinoma, hairy cell leuke-
mia, and microsatellite unstable colorectal cancer [44–46]. The biological signifi-
cance of BRAF mutations in these different tumor types likely varies, which is clear 
when considering the utility of targeted therapy in different cancers. At one extreme, 
BRAF inhibition alone with vemurafenib was highly efficacious in small cohorts of 
relapsed, refractory hairy cell leukemia [47]. At the other extreme, BRAF targeted 
monotherapy was ineffective when studied in colorectal cancer and has no current 
role in the disease [48]. These different susceptibilities to BRAF targeted therapy 
suggest that while the downstream MAPK/ERK pathway is targetable in BRAF-
mutated tumors in general, the development of resistance and reliance on other 
bypass growth pathways likely varies from one tumor type to the other.

In lung cancer, BRAF mutations are relatively uncommon but represent an early, 
clonal event in cancer development, suggesting that they are an important onco-
genic driver in this setting [49]. While they have also been described as secondary 
resistance mutations arising in previously treated EGFR-mutated NSCLC, it is their 
role as primary driver mutations that has garnered the most attention [50].

�Pathologic and Clinical Characteristics

The overall incidence of BRAF mutations in NSCLC is approximately 2–4% [51–
53]. Although the distribution of BRAF V600E versus BRAF non-V600E mutations 
varies between studies, BRAF non-V600E mutations appear to represent nearly half 
of all BRAF mutations occurring in NSCLC [52, 54–56].

Consistent with their role as drivers in NSCLC, BRAF mutations are usually 
found independently of mutations in EGFR or rearrangements in ALK [57]. 
Identifying other co-occurring mutations in BRAF-mutated NSCLC has been lim-
ited by (1) the relative infrequency with which BRAF mutations occur in lung 
cancer and (2) sequencing panels that test only for mutations in a select number of 
driver genes. However, the advent of next-generation sequencing has allowed for 
broader mutational testing. In one study of 1007 patients with metastatic or 
recurrent lung adenocarcinoma whose tumors were genotyped using multiplexed 
assays of up to 10 genes, 2 of the 14 patients whose tumors harbored BRAF V600E 
mutations also had co-occurring PIK3CA E542K mutations [53]. In another cohort 
of 174 patients with BRAF-mutated NSCLC, next-generation sequencing of 17 
genes identified co-mutations in TP53 in 89 cases (51%) [58]. Findings such as this 
are potentially consistent with the preclinical studies described previously that 
suggested that co-occurring mutations contribute to the malignant differentiation 
of BRAF-mutated tumors.
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It remains unclear as to how co-occurring mutations affect survival or response 
to treatment in patients with BRAF-mutated NSCLC. In our own single-center study 
of 18 patients with BRAF-mutated NSCLC, we found that those patients with meta-
static disease whose tumors harbored co-occurring TP53 mutations (n = 4) had a 
numerically worse OS compared to patients without TP53 mutations (n = 12) (37.7 
vs. 13.7 months; P = 0.23) [59]. Conclusions are limited by the very small sample 
size, although the suggestion of worse outcomes in patients harboring co-mutations 
in TP53 is consistent with studies of other driver-mutated lung cancers. For exam-
ple,  shorter OS has been reported in patients with NSCLC whose tumors harbor 
TP53 mutations alongside driver mutations in EGFR, ALK, or ROS1 [60]. On the 
other hand, TP53 mutations in KRAS-mutated NSCLC have been associated with 
increased somatic mutation burden and an enhanced response to immunotherapy 
[61, 62]. As molecular tumor testing expands and more patients with BRAF-mutated 
NSCLC are identified, further prognostic and predictive studies of patients with co-
occurring TP53 mutations are warranted.

Given the fact that other driver mutations are known to be enriched in particular 
patients with NSCLC, there has been a strong interest in identifying clinicopatho-
logic features that associate with BRAF mutations. Across multiple studies, BRAF 
mutations have been primarily found in NSCLC with adenocarcinoma histology 
[52, 55, 56, 59, 63, 64]. As pointed out by Cardarella et al., genomic testing in clini-
cal practice may be more routinely performed for adenocarcinomas compared to 
other histologic subtypes, which could reflect a source of bias [52]. However, two 
studies performed genomic sequencing in resected lung cancers from 1046 (37 
BRAF-positive) and 2001 (26 BRAF-positive) patients with primarily early stage 
disease who otherwise might not have undergone routine molecular testing. In both 
of these studies, BRAF mutations occurred more commonly in adenocarcinoma 
than in squamous cell cancer, suggesting that histology is closely associated with 
BRAF mutation status [55, 64].

With respect to demographic characteristics, including age, sex, and smoking 
history, Cardarella et al. found no differences in 36 patients with BRAF-mutated 
NSCLC compared to those with wild-type NSCLC as determined by Sanger 
sequencing [52]. In contrast, it has been difficult to draw conclusions about associa-
tions with ethnicity from individual retrospective studies, as many them have been 
conducted in ethnically homogenous cohorts. In multiple reports consisting primar-
ily of Asian patients, BRAF mutations have been reported in 0.7–1.7% of cases, 
which is similar to the 0.4% rate reported in an African American cohort but lower 
than the 4% rate described in a predominantly Caucasian cohort [52, 65–67]. It may 
be tempting to conclude from these numbers that BRAF mutations occur more com-
monly in certain ethnic groups but comparing results across studies requires a cer-
tain degree of caution. In addition, prior studies have suggested that tumor mutation 
testing may not be performed equally in patients of different ethnic backgrounds, 
which reflects a potential source of bias [68].

Within the group of patients with BRAF-mutated NSCLC, there may be more 
significant demographic differences between those with BRAF V600E versus BRAF 
non-V600E mutations. Sex differences have been reported in two studies that each 
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found BRAF V600E mutations to be more common in females [55, 69]. A more 
consistent finding has been that patients with BRAF V600E mutations are more 
likely to have been never or light smokers compared to patients with BRAF non-
V600E mutations [52, 54, 55, 59, 69]. Given the potential relationship between 
smoking, tumor mutation burden, and response to immunotherapy, this difference 
between patients with BRAF V600E versus BRAF non-V600E mutations may have 
important therapeutic implications [70]. Of note, fewer studies have evaluated 
demographic characteristics in patients with BRAF-mutated NSCLC using the 
newer class I–III classification system. However, one retrospective study that did 
evaluate BRAF mutations according to this classification system similarly found 
that patients with class I BRAF V600-mutated NSCLC were more commonly never-
smokers than patients with class II or III BRAF non-V600-mutated NSCLC [71].

�Outcomes and Prognosis

BRAF-mutated NSCLC was originally thought to have a more aggressive phenotype 
given its association with papillary and micropapillary histologic features [72]. 
However, retrospective studies suggest that the outcomes of patients with BRAF-
mutated NSCLC compare favorably to the outcomes of patients whose tumors har-
bor other driver mutations or are wild-type for known drivers. In one of the earlier 
studies of BRAF-mutated NSCLC, for example, 739 resected adenocarcinomas from 
patients with primarily early stage disease were sequenced to identify BRAF muta-
tions in exons 11 and 15 [55]. The median OS of 36 patients with BRAF-mutated 
adenocarcinoma (21 V600E and 15 non-V600E) was not statistically different than 
that of patients with BRAF wild-type adenocarcinoma (data not reported). In a sepa-
rate cohort of patients with metastatic or recurrent adenocarcinoma from the Lung 
Cancer Mutation Consortium, Villaruz et al. reported a median OS of 56 months for 
15 patients with BRAF-mutated NSCLC, which was not statistically different than 
the median OS reported for patients with EGFR mutations (43 months), KRAS muta-
tions (33  months), ALK rearrangements (52  months), or no oncogenic driver 
(25  months) (P  >  0.20) [73]. Notably, only three patients with BRAF-mutated 
NSCLC in this study had received MEK-directed targeted therapy (selumetinib), and 
none received BRAF-directed targeted therapy. In a third study of French patients, 
Tissot et al. similarly found that the median OS of 80 patients with BRAF-mutated 
NSCLC (42 V600E, 57.5% stage IV) was not statistically different than that of 
patients whose tumors were wild-type in EGFR, KRAS, HER2, PI3K, and ALK (22.1 
vs. 14.5  months; P  =  0.095) [56]. Only a small number of patients in this study 
(n = 9; 11%) received BRAF or combined BRAF-MEK targeted therapy.

Although all BRAF mutations were analyzed together in the above studies, sub-
group analyses from these and other studies suggest that not all BRAF mutations 
behave the same. Marchetti et al. found that 21 patients with BRAF V600E-mutated 
early stage disease undergoing resection had a shorter median disease-free survival 
(DFS) (15.2 vs. 52.1 months; P < 0.001) and OS (29.3 vs. 72.4 months; P < 0.001) 
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compared to those with BRAF V600E wild-type disease [55]. In contrast, 15 patients 
with BRAF non-V600E mutations had similar DFS (42.8 vs. 43.2 months; P = 0.84) 
and OS (56.4 vs. 65.1 months; P = 0.42) compared to those with BRAF non-V600E 
wild-type disease. In a cohort of patients with stage IV NSCLC, Cardarella et al. 
similarly reported a non-significantly lower response rate to platinum-based chemo-
therapy (29% vs. 71%; P = 0.286) and shorter progression-free survival (PFS) (4.1 
vs. 8.9  months; P  =  0.297) in patients with metastatic NSCLC harboring BRAF 
V600E (n = 7) versus BRAF non-V600E (n = 7) mutations [52]. A few additional 
patients with metastatic disease were available for the survival analysis, which 
revealed non-significantly shortened OS (10.8 vs. 15.2  months; P  =  0.726) in 
patients with BRAF V600E-mutated NSCLC (n = 12) versus BRAF non-V600E-
mutated NSCLC (n = 12). In contrast to these studies, Litvak et al. found that the 
3-year OS rate for patients with stage IIIB/IV BRAF V600E-mutated NSCLC 
(n = 20) was 24% compared to 0% for patients with non-V600E mutations (n = 9) 
(P < 0.001) [54]. The 3-year OS rate of patients with BRAF V600E-mutated NSCLC 
was not statistically different than that of patients with unresectable EGFR-mutated 
NSCLC (38%). However, 94% of patients with EGFR-mutated NSCLC in this 
study received EGFR-directed targeted therapy compared to only 50% of patients 
with BRAF-mutated NSCLC receiving BRAF-directed targeted therapy.

In conjunction with these conflicting findings are multiple case reports that have 
described long-term survival lasting several years in select patients with metastatic 
BRAF V600E-mutated NSCLC [74, 75]. However, the small patient numbers in these 
reports as well as in the retrospective studies described above have limited conclu-
sions regarding the differential effect of BRAF V600E versus BRAF non-V600E 
mutations on outcomes. A recent study from Dagogo-Jack et al. begins to overcome 
this limitation by describing one of the largest cohorts of BRAF-mutated NSCLC to 
date [71]. Using the newer class I–III classification system, the authors identified 236 
patients at their center whose tumors had a BRAF mutation detected by either next-
generation sequencing or multiplex polymerase chain reaction. This included 107 
patients with class I BRAF V600 mutations and 129 patients with class II or III BRAF 
non-V600 mutations. Among the 139 patients with metastatic disease at diagnosis, 62 
of them received first-line carboplatin plus pemetrexed. The median PFS was longer 
in patients with class I BRAF mutations compared to patients with class II or III BRAF 
mutations (6.2 vs. 3.3 months, P = 0.069 for class I vs. class II and 6.2 vs. 4.9 months, 
P = 0.034 for class I vs. class III). Overall survival for the entire group of 139 patients 
with metastatic disease was also longer in those with class I BRAF mutations com-
pared to class II or III BRAF mutations (40.1 vs. 13.9 months, P < 0.001 for class I vs. 
class II and 40.1 vs. 15.6 months, P = 0.023 for class I vs. class III).

Interestingly, the authors found that patients with class I BRAF mutations were 
less likely to have brain metastases at diagnosis than patients with class II or III 
BRAF mutations. They were also more likely to have intrathoracic metastases alone 
than patients with class II BRAF mutations. When survival analyses were limited to 
patients with extra-thoracic metastases who did not receive targeted therapy, median 
OS between the mutation classes was not significantly different (9.4 months for 
class I vs. 7.9 months for class II vs. 9.7 months for class III), suggesting that extent 
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of disease and response to targeted therapy are prognostically important. Although 
additional studies are needed for confirmation, these results suggest that favorable 
outcomes may be achieved in a subset of patients with BRAF-mutated NSCLC and 
that patients with class I BRAF mutations in particular may have a better prognosis 
due to the different clinical behavior of these mutations compared to class II or III 
BRAF non-V600E mutations.

�A Changing Therapeutic Landscape

�Efficacy of Targeted Therapy

Despite long-term survival in some cases of BRAF-mutated NSCLC, additional 
advances are required to improve outcomes. Furthermore, prior to the approval of 
targeted therapies for BRAF-mutated NSCLC, more than half of patients with these 
tumors received only best supportive care in the second-line setting, suggesting a 
need for additional therapeutic options for this patient population [76].

Targeted therapies inhibiting the MAPK/ERK signaling pathway have been most 
extensively studied in melanoma, due to the frequency of BRAF mutations in this 
disease. Initial front-line trials in melanoma evaluated reversible BRAF kinase 
inhibitors (dabrafenib or vemurafenib) as monotherapy in the treatment of patients 
with metastatic or unresectable BRAF V600E-mutated disease. In this setting, dab-
rafenib was associated with an overall response rate (ORR) of 50% (95% CI 42.4–
57.1) compared to 6% (95% CI 1.8–15.5) with dacarbazine [77]. Single-agent 
vemurafenib was similarly effective with an ORR of 57% (95% CI NR) versus 9% 
(95% CI NR) for dacarbazine [78]. Vemurafenib was also associated with an OS 
benefit of 13.6 months versus 9.7 months (HR 0.70, 95% CI 0.57–0.87, P = 0.0008). 
As resistance to BRAF targeted therapies developed quickly in these patients, sub-
sequent studies focused on the combination of reversible MEK kinase inhibitors 
(trametinib or cometinib) with BRAF kinase inhibitors in untreated metastatic mel-
anoma. Combined therapy in this setting was associated with significantly improved 
response rates and longer PFS and OS compared to BRAF kinase inhibitors alone, 
thus establishing dual inhibition as the standard of care [79–82].

Support for using BRAF targeted therapy in lung cancer initially came from case 
reports that described responses in individual patients [83–85]. This was supported 
by a retrospective study of 35 patients with BRAF-mutated NSCLC (29 V600E, 6 
non-V600E) who were treated with a BRAF kinase inhibitor (dabrafenib, vemu-
rafenib, or sorafenib) outside of the clinical trial setting. The response rate among 
all patients, the majority of whom received targeted therapy in the later-line setting, 
was 53% (95% CI 35–70) [86].

The earliest prospective studies evaluating BRAF targeted therapy in lung cancer 
were basket trials that included not only NSCLC but also multiple other cancers 
harboring BRAF V600E mutations as well. The first was a phase 1 trial of dabrafenib 
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that enrolled one patient with BRAF V600E-mutated NSCLC who achieved a par-
tial response with an 83% reduction in tumor size [87]. In a phase 2 trial enrolling 
20 patients with BRAF V600E-mutated NSCLC, most of whom had received prior 
systemic therapy, the response rate to vemurafenib was 42% (95% CI 20–67), con-
sisting entirely of partial responses [88].

Based on these encouraging results, Planchard et  al. conducted three phase 2 
multicenter, open-label trials evaluating the use of targeted therapy in patients with 
metastatic BRAF V600E-mutated NSCLC (Table 2) [89–91]. In the first trial, previ-
ously treated patients received BRAF targeted therapy alone with dabrafenib 
150 mg twice daily. Treatment was active in a subset of patients, with an overall 
response rate of 33% (95% CI 23–45) and a median PFS of 5.5 months (95% CI 
3.4–7.3). In the second trial enrolling another cohort of previously treated patients, 
combination BRAF and MEK targeted therapy was administered with dabrafenib 
150  mg twice daily and trametinib 2  mg once daily, respectively. Outcomes in 
response to combination therapy were better than those reported in the dabrafenib 
monotherapy cohort, although the two groups were enrolled separately and not 
intended for direct comparison. Nonetheless, the response rate to combination ther-
apy was 63.2% (95% CI 49.3–75.6) with a median PFS of 9.7 months (95% CI 
6.9–19.6). This led to a third study evaluating combination dabrafenib plus tra-
metinib in patients with previously untreated metastatic BRAF V600E-mutated 
NSCLC. Combination therapy in the frontline setting was active, with an overall 
response rate of 64% (95% CI 46–79) that included two complete responses and a 
median PFS of 10.9 months (95% CI 7.0–16.6). Only 5 patients (14%) in this cohort 
had a best response of progressive disease.

The most common grade 3 or higher adverse events in patients receiving dab-
rafenib monotherapy were asthenia, squamous cell carcinoma of the skin, and basal 
cell carcinoma. The side effect profile of dabrafenib plus trametinib was slightly 
different with fever and cytopenias occurring more commonly but basal and squa-
mous cell carcinoma of the skin occurring less commonly. In patients with previ-
ously treated NSCLC, dabrafenib plus trametinib was also associated with higher 
rates of treatment discontinuation (12% vs. 6%), treatment interruption (61% vs. 

Table 2  Consecutive phase 2 trials of dabrafenib with or without trametinib in BRAF V600E-
mutated non-small cell lung cancer

Therapy Setting ORRa PFSb (months) OSc (months)

Cohort A (n = 78) Dabrafenib Relapsedd 33% 5.5 12.7
Cohort B (n = 57) Dabrafenib/trametinib Relapsed 63.2% 9.7 –e

Cohort C (n = 36) Dabrafenib/trametinib Untreated 64% 10.9 24.6
aORR investigator-assessed overall response rate
bPFS median progression free survival
cOS median overall survival
dCohort A included primarily patients with relapsed disease receiving targeted therapy in the sec-
ond- or later-line setting (n = 78). The study also enrolled six previously untreated patients, but the 
results presented here are for the cohort with relapsed disease only
eSurvival data was not mature at the time of publication
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43%), and dose reduction (35% vs. 18%) compared to patients receiving dabrafenib 
alone. However, side effects in both groups were ultimately felt to be manageable 
overall. Based on the acceptable safety profile and potential benefit associated with 
targeted therapy, dabrafenib 150 mg twice daily plus trametinib 2 mg once daily is 
now approved as of 2017 for patients with untreated or previously treated, advanced 
BRAF V600E-mutated NSCLC, making it the only combination targeted therapy 
regimen that is approved in lung cancer [92].

As described above, NSCLC is unique in that approximately half of BRAF muta-
tions are non-V600E.  However, clinical trials of BRAF targeted therapies have 
excluded patients with BRAF non-V600E mutations. It has been reasonable to 
assume that BRAF non-V600E mutations may be less responsive to BRAF-directed 
targeted therapy given that the mechanisms by which they activate MAPK/ERK 
signaling are different than those of V600E mutations [40, 41]. However, further 
studies are needed for confirmation. The hope is that by further exploring the signal-
ing mechanisms that underlie different BRAF mutations, new targets for the treat-
ment of BRAF non-V600E-mutated NSCLC will emerge that can be tested in the 
clinical trial setting.

�Mechanisms of Resistance to Targeted Therapy

Although BRAF-directed targeted therapies are effective, the development of resis-
tance and eventual disease progression are inevitable. Much more is known about 
secondary resistance in BRAF-mutated melanoma given that targeted therapy for 
metastatic BRAF V600E-mutated NSCLC was only recently approved. As a result, 
our current understanding of secondary resistance in NSCLC is limited primarily to 
case reports.

Studies of melanoma have identified mechanisms of both innate and acquired 
resistance to BRAF-directed targeted therapy. With respect to innate resistance, the 
tumor microenvironment is thought to play an important role. In a study by 
Straussman et al., extracellular hepatocyte growth factor (HGF) secreted by stromal 
cells was shown to activate the MAPK and PIK3CA pathways in melanoma cells via 
binding to the MET receptor [93]. In a series of experiments, the authors showed that 
while PLX4720, a BRAF kinase inhibitor, effectively inhibited proliferation of mela-
noma cells in  vitro, the addition of increasing concentrations of HGF resulted in 
resistance and sustained melanoma cell growth. Notably, when HGF expression was 
then measured by immunohistochemistry in 34 melanoma biopsy samples derived 
from patients enrolled in clinical trials, HGF positivity pretreatment was associated 
with a lower response to BRAF inhibition with or without dual inhibition of MEK.

On the other hand, acquired resistance in melanoma has been attributed to mul-
tiple secondary mutations that induce either upregulation of the MAPK/ERK sig-
naling pathway or activation of bypass pathways. In the case of other driver-mutated 
cancers, acquired gatekeeper mutations occurring in the same driver genes can con-
fer resistance and pathway reactivation. In the classic example of EGFR-mutated 
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NSCLC, for example, a gatekeeper T790 M mutation arises in a subset of patients 
treated with erlotinib or gefitinib. The T790 M mutation renders the EGFR kinase 
resistant to binding by first- and second-generation EGFR tyrosine kinase inhibi-
tors, thus restoring EGFR-mediated growth signaling and cancer progression [94]. 
In the case of BRAF-mutated melanoma, gatekeeper mutations producing an amino 
acid substitution for threonine at residue 529 within the BRAF kinase have been 
successfully introduced into cell lines and confer resistance in vitro to PLX4720 
[95]. However, the spontaneous occurrence of gatekeeper mutations in BRAF-
mutated melanoma cell lines or patient tumor samples has not been described, with 
multiple studies demonstrating instead that secondary BRAF mutations are uncom-
mon and that V600E mutations are preserved [96–98]. Retention of the original 
BRAF mutation suggests that treatment after the development of resistance might 
benefit not only from additional therapy to target the mechanism of resistance but 
also ongoing inhibition of the MAPK/ERK pathway since the mutant BRAF kinase 
could be a source of continued signaling.

The MAPK/ERK pathway is commonly reactivated in BRAF-mutated melanoma 
by secondary mutations in upstream Ras-GTPases. Across multiple studies of mela-
noma resistant to BRAF inhibition alone, mutations have been identified in both 
NRAS (G12D/R, G13R, Q61K/R/L) and KRAS (G12C/R, Q61H, K117 N) [96–98]. 
Reactivation of the MAPK/ERK pathway may also occur secondary to BRAF 
amplification, increased expression of the CRAF kinase, and activating C121S 
mutations in MEK1 [97, 99, 100]. Resistance mutations have also been identified in 
the PI3K pathway, including AKT (E17K and Q79K), PIK3CA, PIK3CG, and 
PTEN, suggesting that PI3K may act as a bypass pathway [97].

A certain number of these resistance mutations occurring secondary to BRAF 
inhibitor monotherapy might be expected to be less effective at conferring resistance 
to combination BRAF plus MEK inhibition. RAS mutations, for example, have been 
shown to mediate resistance to BRAF inhibition by activating CRAF, which initiates 
signaling through the MAPK/ERK pathway at the level of MEK [96, 98]. In one 
study using a resistant KRAS K117 N-mutated melanoma xenograft, tumor growth 
was effectively inhibited by the combination of vemurafenib plus a MEK inhibitor, 
confirming that the effectiveness of MEK inhibition was maintained in the setting of 
an upstream RAS activating mutation. Nonetheless, NRAS G12D and Q61K muta-
tions have been identified in melanoma samples derived from patients who had pro-
gressed on combination dabrafenib plus trametinib, which raises the possibility that 
upstream Ras activation might confer resistance by mechanisms other than CRAF-
mediated MEK activation alone [101]. Interestingly, BRAF amplification has also 
been observed in melanoma samples resistant to combination targeted therapy, simi-
lar to what has been described for melanomas resistant to BRAF inhibition alone. 
However, the increase in BRAF copy number has been noted to be significantly 
higher in those cells that are resistant to dabrafenib plus trametinib compared to cells 
resistant to BRAF inhibition alone. Thus, while there is clearly some degree of over-
lap with respect to the targets of resistance in melanomas treated with BRAF inhibi-
tion alone compared to those treated with combination BRAF plus MEK inhibition, 
the mechanisms by which these targets confer resistance likely vary.
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Furthermore, downstream mutations in the MAPK/ERK pathway appear to be 
more common in melanomas treated with combination dabrafenib plus trametinib. 
In addition to identifying NRAS mutations and BRAF amplification, Long et al. dis-
covered MEK1/2 mutations in 27% of patient melanoma samples with acquired 
resistance to dabrafenib plus trametinib, which is higher than the 3–5% incidence 
reported in studies of melanomas treated with BRAF inhibitor therapy alone [101]. 
Mutations in MEK2 were more common than mutations in MEK1, and only the 
MEK2 C125S mutation was associated with increased colony growth in the pres-
ence of dabrafenib plus trametinib. Together, these findings suggest that particular 
isoforms of MEK may be more capable of mediating resistance to targeted therapy 
combinations than others [100].

Case reports of patients with BRAF-mutated NSCLC progressing on targeted 
therapy suggest that upstream activation of Ras-GTPase may be a mediator of resis-
tance in lung cancer as well. In two reports of single patients with BRAF V600E-
mutated NSCLC who progressed on third-line dabrafenib plus trametinib and 
later-line dabrafenib monotherapy, respectively, re-biopsy at the time of progression 
identified a new NRAS Q61K mutation in the first patient and a new KRAS G12D 
mutation in the second patient [102, 103]. In both cases, the original BRAF V600E 
mutation was maintained at the time of progression, which is consistent with studies 
from melanoma. In a third report, the tumor of a patient with BRAF V600E NSCLC 
receiving vemurafenib did not have a RAS mutation at the time of progression but 
did have increased chromosomal instability, suggesting that multiple pathways of 
resistance are possible [104].

�Future Directions

Overcoming resistance to targeted therapy represents just one of the ongoing chal-
lenges in the treatment of BRAF V600E-mutated NSCLC.  Another unanswered 
question is how best to sequence therapies now that multiple treatment options exist 
for metastatic BRAF V600E-mutated NSCLC, including targeted therapy, chemo-
therapy, and immunotherapy. Even in melanoma, for which BRAF targeted therapy 
has been approved for longer, the optimal sequence is not clear, with recommenda-
tions drawn primarily from retrospective studies. Previous reviews have suggested 
that OS may be better in patients with metastatic melanoma who are treated with 
ipilimumab prior to BRAF targeted therapy [105]. However, BRAF and MEK 
inhibitors may increase the expression of PD-1 on melanoma cells, which raises the 
question as to whether outcomes may be improved by using targeted therapy fol-
lowed by PD-L1 axis-directed therapy [106]. In the case of NSCLC, it is also cur-
rently unclear as to how well BRAF-mutated NSCLC responds to immunotherapy. 
In a recent study, high PD-L1 expression, defined as ≥50%, was seen in nearly half 
of patients with either BRAF V600E or non-V600E mutations [107]. Tumor muta-
tion burden, on the other hand, was low to intermediate in both groups, and the 
overall response rate to immunotherapy in primarily the later-line setting was 25% 
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in patients with BRAF V600E mutations and 33% in patients with BRAF non-V600E 
mutations. As pointed out by the authors, these response rates are comparable to 
those of second-line immunotherapy in unselected patients with NSCLC. While this 
suggests that immunotherapy may be more effective in BRAF-mutated NSCLC than 
it is in NSCLC harboring other driver mutations (e.g., EGFR, ALK), larger studies 
are needed.

�Conclusion

Although BRAF mutations occur infrequently in NSCLC, their ability to constitu-
tively activate the MAPK/ERK signaling pathway has proven to be an important 
mechanism of cancer cell survival. Understanding this molecular link between 
BRAF mutations and malignancy has led to the approval of targeted therapy (dab-
rafenib plus trametinib) in both untreated and relapsed, refractory BRAF V600E-
mutated metastatic NSCLC.  While BRAF mutations are distinguished from one 
another in part based on their susceptibility to targeted therapy, it is becoming 
increasingly clear that other inherent biological differences likely contribute to vari-
ability in clinical behavior and prognosis. In addition, much remains unknown 
regarding the effect of co-occurring mutations on prognosis or response to therapy. 
More routine use of next-generation sequencing and collaboration between centers 
specializing in thoracic malignancies should be encouraged, with the goal of 
addressing ongoing gaps in our knowledge and improving the management of 
patients with BRAF-mutated NSCLC.
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