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Abstract: Lung adenocarcinoma is known for its high rate of somatic mutations and genomic
rearrangements. The identification of epidermal growth factor receptor (EGFR) mutations and
anaplastic lymphoma kinase (ALK) rearrangements that sensitize tumors to specific drugs
has changed the therapeutic approach and prognosis in these molecularly-defined subgroups.
Several other key genetic alterations have been identified, of which BRAF mutations are

found in 4% of non-small cell lung cancer (NSCLC) cases. Targeted drugs against BRAF and
downstream MEK were recently approved for the treatment of BRAF-positive melanoma and
have entered clinical evaluation in NSCLC. In this review we discuss the latest evidence on the
treatment of BRAF-mutated NSCLC, including tumor biology, targeted treatment with BRAF
and MEK inhibitors, therapeutic resistance and strategies to overcome resistance.
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Introduction

State of the art treatment for advanced non-small
cell lung cancer INSCLC) is based on immuno-
histochemical and molecular tissue characteristics
that drive tumorigenesis. In the absence of targ-
etable genetic alterations, first-line therapy gener-
ally consists of platinum doublet chemotherapy in
which histology directs the choice of the platinum
partner drug [Scagliotti ez al. 2008]. With the
arrival of immunotherapy in the second-line set-
ting, most patients with tumors that do not exhibit
a targetable genetic alteration will be treated with
an anti-PD-(LL1) agent in the second line setting
[Borghaei ez al. 2015; Brahmer ez al. 2015]. On
the contrary, patients with a targetable genetic
alteration are preferably treated with a targeted
strategy, mainly a tyrosine kinase inhibitor (TKI).
In phase III trials with patients whose tumors are
characterized by a sensitizing epidermal growth
factor receptor (EGFR) or anaplastic lymphoma
kinase (ALK) alteration, treatment with a TKI
results in higher response rates and longer pro-
gression free survival (PFS) compared with
chemotherapy. These results illustrate the impor-
tance of mutational testing to direct the choice of
therapy for patients with NSCLC.

Since the discovery of EGFR mutations in 2004
[Lynch er al. 2004; Paez er al. 2004; Pao er al.
2004] and the EML4-ALK translocation in 2007
[Soda er al. 2007], multiple additional genetic
alterations that confine targeted drug sensitivity
have been discovered in NSCLC. These molecu-
lar aberrations occur more often in nonsquamous
cell histology and light or never smokers, but can
also be found to a lesser extent in (former) smok-
ers and sporadically in squamous cell histology.
The mutations offer promising new therapeutic
approaches and the use of targeted drugs has
changed the way lung cancer is being treated
[Cancer Genome Atlas Research Network, 2014].

Clinical trials evaluating drugs that target several
genetic alterations are ongoing in patients whose
tumor exhibits a HER2 exon 20 insertion, ROS1
translocation, RET fusion, MET amplification
and exon 14 splicing alteration, or BRAF exon 15
V600 mutation. In addition to these sensitizing
genomic alterations, lung adenocarcinoma is
characterized by high rates of somatic mutations
and genomic rearrangements that are not cur-
rently clinically actionable. Examples are tumor
suppressor gene abnormalities such as TP53 and
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Exon 1-10

Figure 1. BRAF mutations are found in exons 11 and 15, which are both within the kinase domain (yellow bar).
The conserved glycine motif (G-loop] in exon 11 and the activation segment in exon 15 are indicated with a grey

bar. All BRAF mutations are within these two areas.

STKI11, but also activating KRAS mutations and
non-V600E BRAF mutations and BRAF fusion
products.

These genetic alterations are not cancer type
specific and tend to occur throughout the
cancer landscape with variable frequency. BRAF
mutations, for example, can be seen in 50% of
melanoma cases, but only in 1-4% of NSCLC
cases [Ali et al. 2015; Brustugun er al. 2014;
Cardarella et al. 2013; Ilie et al. 2013; Kinno
et al. 2014; Litvak ez al. 2014; Luk et al. 2015;
Marchetti ez al. 2011; Paik ez al. 2011; Tissot
et al. 2016; Villaruz et al. 2015]. In this review
we will focus on BRAF alterations and the thera-
peutic approach for patients with NSCLC whose
tumor harbors a genetic aberration in the BRAF
gene.

Distribution of BRAF aberrations in lung
cancer

The BRAF gene is mutated in ~7% of human
cancers, including melanoma, colorectal, papil-
lary thyroid, and NSCLC [Davies et al. 2002;
Dhomen and Marais, 2007] with variable fre-
quency and allelic distribution. All somatic muta-
tions in the BRAF gene are found in the glycines
of the G-loop in exon 11 or in the activation seg-
ment in exon 15 (Figure 1).

Somatic mutations in BRAF are encountered in
40-60% of cutaneous melanomas with the valine
substitution at residue 600 (V600E) accounting
for >90% of the BRAF mutations [Long er al.
2011; Wellbrock and Hurlstone, 2010].

Somatic mutations in BRAF are observed in
1-4% of NSCLC cases [Ali et al. 2015; Brustugun
et al. 2014; Cardarella ez al. 2013; Ilie ez al. 2013;
Kinno er al. 2014; Litvak et al. 2014; Luk et al.
2015; Marchetti er al. 2011; Paik er al. 2011;
Tissot er al. 2016; Villaruz et al. 2015]. Lung ade-
nocarcinoma is known for its high rate of somatic
mutations and genomic rearrangements, chal-
lenging identification of driver gene alterations
because of a large burden of passenger events per
tumor genome [Ding er al. 2008; Govindan et al.
2012; Imielinski er al. 2012]. Therefore, it is
important to characterize the downstream effects
of these alterations. The kinase activity of many
of the BRAF mutants has been shown to be
enhanced compared with wild type (WT) and
result in increased downstream ERK phospho-
rylation, but some BRAF mutations are kinase-
dead or have lower kinase activity compared with
WT BRAF [Wan er al. 2004]. BRAF-mutant
NSCLC frequently harbors the V600E allele
(~55%). Other highly frequent activating BRAF
variants include G469A (~35%) and D594G
(~10%) [Brose et al. 2002; Imielinski ez al. 2012;
Marchetti er al. 2011; Paik ez al. 2011].

RAF fusions and truncations in which part of the
amino-terminal domain of RAF is deleted occur
sporadically in a number of malignancies includ-
ing NSCLC [Jang er al. 2015] and these fusion
proteins may also increase ERK signaling [Yao
etal. 2015].

The phenotype of the BRAF-positive patients dif-
fers from that of sensitizing EGFR mutations and
ALK translocations. In different patient cohorts,
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the percentage of smoking patients varies between
57-100%, with smoking being more prevalent in
the population with non-V600E BRAF mutations
[Brustugun et al. 2014; Cardarella ez al. 2013; Ilie
et al. 2013; Litvak et al. 2014; Luk et al. 2015;
Marchetti et al. 2011; Paik ez al. 2011; Tissot et al.
2016; Villaruz ez al. 2015].

Signaling of the BRAF receptor

The MAPK/ERK pathway (also known as the
RAS-RAF-MEK-ERK pathway) is a chain of
proteins that communicates receptor signaling to
the DNA in the nucleus of the cell.

The pathway’s general structure includes RAS (a
small G protein) and three protein kinases (RAF,
MEK, ERK). The protein kinases communicate
by adding phosphate groups to a neighboring pro-
tein, which acts as an ‘on’ or ‘off’ switch. The sig-
nal starts when a growth factor binds to the
extracellular domain of a transmembrane recep-
tor tyrosine kinase (RTK). The resulting signal-
ing cascade with RAS, RAF, MEK and ERK
results in translocation of ERK to the nucleus,
where it activates transcription factors that results
in the expression of genes that control cell cycle
progression, differentiation, protein synthesis,
metabolism, cell survival, cell migration, and
invasion and senescence [Yoon and Seger, 2006].

Mutations in RAS and RAF family members are
important driver mutations in >30% of NSCLC
[Imielinski ez al. 2012; Kortum and Morrison,
2015] because they result in sustained ERK
stimulation.

RAS proteins are GTPases (small G proteins)
involved in the MAPK signaling cascade as well as
the phosphatidylinositol-3-kinase (PI-3K) path-
way. Among the three RAS proteins (HRAS,
KRAS, and NRAS), KRAS is the most frequently
encountered mutation in NSCLC (~30% of lung
adenocarcinomas) [Imielinski ez al. 2012]. Under
physiological circumstances, upon receptor acti-
vation by ligand binding, RAS is activated by
binding to guanosine triphosphate (GTP) [Luo
et al. 1996; Rajakulendran ez al. 2009]. Via RAF
and MEK, ERK activation leads to a number of
negative regulatory events that serve to inhibit the
pathway upstream (negative feedback loop) [Lito
etal. 2012].

Mutations in codons 12 and 13 of KRAS exon 2
lead to impaired cycling between GTP and GDP

and therefore accumulation of GTP, and these
mutations are therefore activating mutations that
result in constitutive activation of downstream
RAF kinases, independent of upstream ligand
binding to the RTK and avoiding the negative
feedback loop [Parada et al. 1982; Santos ez al.
1982; Taparowsky et al. 1982].

Downstream of RAS, RAF protein Kkinases
include ARAF, BRAF and CRAF. RAS stimu-
lates and recruits the RAF proteins to the cell
membrane where they are activated by RAS
[Garnett and Marais, 2004].

RAF proteins are subject to complex regulation,
which is reflected by the presence of numerous
phosphorylation sites that are distributed through-
out the protein. Some of the sites are conserved in
all three isoforms, which indicates common
mechanisms of regulation, but others are not uni-
versal, which indicates that these proteins can be
independently regulated [Wellbrock et al. 2004].
RAF protein structure consists of an amino termi-
nus that contains the regulatory domain, an acti-
vation loop, and a carboxyl terminus that contains
the kinase domain. The regulatory domain is
located within exons 1-10 in the amino (N) ter-
minus, whereas the kinase domain is located
within exons 11-18 at the carboxyl (C) terminus
(Figure 1). RAF is activated by phosphorylation
of two amino acids within the activation segment
of the kinase domain [Zhang and Guan, 2000].

The three RAF proteins are not equal in their abil-
ity to activate MEK. ARAF is a poor MEK activa-
tor, while BRAF has been identified as the major
MEK activator, displaying higher affinity for
MEKI1 and MEK2 than CRAF [Papin ez al. 1998].

The differential regulation of the RAF isoforms
lies in phosphorylation of the negative-charge reg-
ulatory region (N-region). CRAF and ARAF
must be phosphorylated for maximal activation,
but BRAF carries a constitutive negative charge
and therefore, N region phosphorylation is not
required, making BRAF primed for activation
[Wellbrock et al. 2004].

Under normal signaling conditions, RAF dimeri-
zation is an obligatory step in RAF activation and
this is mediated by RAS [Freeman ez al. 2013].
Homodimers as well as heterodimers can be
formed. BRAF/CRAF and ARAF/BRAF heter-
odimers, as well as BRAF/BRAF and CRAF/
CRAF homodimers have been observed.
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Activating BRAF mutations and fusion products
constitutively activate downstream signaling.
The mechanism of action is well described for the
most common BRAF mutation in lung cancer, a
thymidine to adenosine transversion at nucleotide
1799 at exon 15 (T1799A), which results in a
valine to glutamate substitution at codon 600
(V600E). This mutation appears to mimic regula-
tory phosphorylation and increases BRAF activity
approximately 500-fold compared with WT [Wan
et al. 2004]. Also, the mutation enables BRAF to
function as a monomer, independent of RAS,
leading to continuous hyperactivation of ERK,
despite negative feedback inhibition of RAS [Lito
et al. 2012; Poulikakos et al. 2011; Yao er al.
2015]. Due to the negative feedback loop and
subsequent RAS inhibition, activating BRAF
alterations bypass and suppress RAS mediated
dimerization.

The kinase activity of most non-V600E BRAF
mutations is increased compared with WT BRAF
receptor activity, but some BRAF mutations are
kinase-dead or have lower activity than WT
BRAF [Wan ez al. 2004; Yao et al. 2015]. The
nonactivating BRAF mutations marginally acti-
vate ERK signaling and do not inhibit RAS [Yao
et al. 2015].

In contrast with the V600 mutants (V600E/K/
D/R), all other activating BRAF mutations func-
tion as RAS-independent homodimers and do
not exhibit monomer activity [Yao er al. 2015].
BRAF fusions are tumor-derived fusion proteins
in which the N-terminal domain of BRAF has
been replaced by a fusion partner. The fusions
also activate ERK signaling in a RAS-independent
manner [Yao er al. 2015]. Thus, with the excep-
tion of V600 BRAF mutants that function as an
active monomer, all other activating BRAF muta-
tions, translocations and fusions bypass ERK-
dependent negative feedback by dimerization that
is RAS independent.

Targeting BRAF V600E mutation positive
NSCLC

To date, two selective BRAF inhibitors have been
approved by the United States Food and Drug
Administration (FDA) and European Medicines
Agency (EMA) for the treatment of BRAF V600-
positive melanoma, and a third is currently being
tested in clinical trials. Two phase III studies with
the approved drugs vemurafenib and dabrafenib
showed the efficacy of BRAF TKI treatment in
BRAF V600-positive melanoma with an objective

response rate (ORR) of 48% and 50% and a
median PFS of 5.3 and 5.1 months for vemu-
rafenib and dabrafenib, respectively [Chapman
et al. 2011; Hauschild ez al. 2012]. Single-agent
MEK TKI activity was shown in a phase III study
with trametinib with an ORR of 22% and a
median PFS of 4.8 months [Flaherty ez al. 2012].
A multicenter phase III study evaluated the com-
bination of dabrafenib and trametinib versus dab-
rafenib monotherapy in melanoma patients [Long
et al. 2015]. An ORR of 69% was observed for the
combination versus 53% for dabrafenib mono-
therapy. The PFS was also better for the combi-
nation with a median of 11.0 months versus 8.8
months for dabrafenib monotherapy.

In the lung, preclinical studies showed that sin-
gle-agent BRAF inhibition is effective in BRAF-
V600-mutated NSCLC [Joshi et al. 2015; Lin
et al. 2014]. The MEK TKI trametinib was also
effective as a single agent in V600E BRAF-
mutated cells [Joshi ez al. 2015]. The combina-
tion of vemurafenib and trametinib caused a small
but significant increase in apoptosis when com-
pared with either single agent in this iz vitro study.

Several clinical case reports have been published
with partial and complete responses to vemu-
rafenib [Gautschi er al. 2012; Peters et al. 2013;
Robinson et al. 2014; Schmid er al. 2015] and
dabrafenib [Falchook ez al. 2012; Rudin ez al.
2013]. However, as expected from the melanoma
setting, the responses to single-agent BRAF TKI
are short lived due to the development of resist-
ance (typically 5 months for single-agent BRAF
TKI treatment) [Gautschi ez al. 2015]. Sorafenib,
a weak RAF TKI, may also be active against
BRAF-mutated NSCLC. In the European cohort
study, one patient received sorafenib treatment
and experienced a partial response (PR) accord-
ing to RECIST [Gautschi ez al. 2015; Sereno
et al. 2015]. In this retrospective multicenter
cohort study in Europe, patients with advanced
BRAF-mutant lung cancer received treatment
with either vemurafenib (z = 29), dabrafenib
(n = 9), or sorafenib (z = 1). Of the BRAF muta-
tions, 83% was V600E. Rapid and marked tumor
responses were observed in patients with heavy
pretreatment and advanced age. Overall, 2
patients (6%) had a complete response, 16 (47%)
had a partial response, 11 (32%) had stable dis-
ease, and 4 (11%) had progressive disease. The
ORR was 53% and the PFS and overall survival
(OS) were 5 and 10.8 months, respectively.
Duration of BRAF therapy was evaluable in 34
patients, with a median of 17 weeks (4.3 months;
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range 2—-164 weeks), showing durable responses
in some patients.

In a vemurafenib basket trial (VE-BASKET),
patients with various BRAF V600 mutation-posi-
tive nonmelanoma tumors were enrolled in 6 pre-
specified cancer cohorts, including a NSCLC
cohort with 20 patients [Hyman ez al. 2015]. The
primary endpoint was response rate and second-
ary endpoints included PFS and OS. A total of 19
NSCLC patients were evaluable for response.
Overall, one patient was treatment naive and 45%
of patients received two or more lines of therapy
prior to study inclusion. The ORR was 42% [95%
confidence interval (CI) 20-67]. Tumor regres-
sion to any extent was observed in the majority of
the patients (74%). Median PFS was 7.3 months
95% CI 3.5-10.8) and median OS not yet
reached. The 1-year PFS and OS rates were 23%
(95% CI 6-46) and 66% (95% CI 36—85), respec-
tively, with 15 of 20 patients censored for OS esti-
mate. At the time of cutoff date, five patients were
still receiving treatment.

Interim results of an ongoing prospective multi-
center single arm phase II study of dabrafenib
monotherapy, or combination therapy with
trametinib in patients with BRAF V600E-
mutated metastatic NSCLC (BRF113928) were
presented at the 2015 American Society of
Clinical Oncology annual meeting [Planchard
et al. 2015]. A two-stage design was applied. The
first stage evaluated the efficacy of dabrafenib
monotherapy in a cohort of predominantly pre-
treated subjects. Among the first 20 subjects,
there were 8 patients (40%) with a partial
response, 4 patients (20%) with stable disease, 6
patients (30%) with progressive disease, and 2
patients (10%) were not evaluable [Planchard
et al. 2013]. With a response rate of 40% (8/20)
the primary endpoint (=3 of first 20 patients) was
met and the trial proceeded with stage 2. In the
second stage of the trial, three cohorts were evalu-
ated; dabrafenib as single agent (cohort A), or in
combination with trametinib in pretreated (cohort
B) and treatment-naive (cohort C) patients. The
primary objective of the second stage was ORR as
well, with PFS and OS being secondary objec-
tives. Enrollment of the three cohorts has been
completed and the final results of cohorts A (dab-
rafenib monotherapy) and B (dabrafenib and
trametinib in pretreated patients) were reported
recently [Planchard er al. 2016a, 2016b]. With
dabrafenib monotherapy, ( = 78), the ORR
was 33% (n = 26, all partial responses; 95%
CI 23-45) and disease control rate (DCR) for

>12 weeks was 58% (95% CI 46-67). Median
duration of response was 9.6 months (95% CI
5.4-15.2) [Planchard et al. 2016b]. Male/female
distribution was equal and most patients had
adenocarcinoma (96%) and were (former) smok-
ers (63% in total and 31% =30 pack years). After
a protocol amendment, six patients who had
received no previous systemic anticancer therapy
for metastatic disease were enrolled in cohort A.
However, after discussions with regulatory agen-
cies, enrolment of first-line patients was delayed
until results were obtained in cohorts B and C
because it was expected that dabrafenib and
trametinib combination therapy would be supe-
rior to dabrafenib monotherapy. In these six
patients, four achieved a partial response. PFS in
these four patients was 4.5, 8.6, 11.0 and 16.6
months, with corresponding durations of response
of 3.2, 7.2, 9.6 and 12.5 months, respectively.
The two patients without a response had PFS of
4.0 and 8.1 months [Planchard ez al. 2016b].

With combination dabrafenib and trametinib
therapy in pretreated patients (cohort B, n = 57),
the ORR was 63% (n = 36; 95% CI 49-76) and
DCR for >12 weeks was 79% (95% CI 66-89)
[Planchard ez al. 2016a]. Male and female patients
in the combination arm were equally distributed,
most patients were White (86%), had adenocarci-
noma (98%) and were former smokers (61%),
confirming the observation that BRAF mutations
are more associated with (cigarette) smoking than
other activating molecular alterations. Responses
were generally observed after 6 weeks, revealing
that tumor response is rapid. Results of cohort C
have not yet been reported. As study enrolment
has been completed, the full study report of
cohort is awaited.

BRAF TKIs also showed to be active in patients
with brain metastases. Robinson and colleagues
reported on a BRAF V600E-positive NSCLC
patient with multiple supra- and infratentorial
brain metastases that decreased in size 1 month
after vemurafenib initiation [Robinson ez al.
2014]. In the prospective phase II BRF113928
study, patients with untreated brain metastases
were allowed as long as they were asymptomatic
and <1 cm in the longest diameter.

Toxicity of BRAF and MEK inhibition

In NSCLC, toxicity seems to be similar to that
observed in the melanoma setting with BRAF and
MEK TKI treatment [Chapman ez al. 2011;
Hauschild ez al. 2012; Long ez al. 2015]. In the
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BRF113928 study, the most common adverse
events (AEs) in the dabrafenib monotherapy arm
were pyrexia (35%), asthenia (30%), hyperkera-
tosis (30%), loss of appetite (28%), nausea
(27%), cough (26%), fatigue (26%) and alopecia
(21%). Of 84 patients, 45 (54%) experienced
adverse events of grade 2 or worse. The most fre-
quent grade 3 or worse AEs were the develop-
ment of cutaneous squamous cell carcinoma
(n = 10, 12%) and basal cell carcinoma (n = 4,
5%) and asthenia (n = 4, 5%). Overall, 5 (6%)
patients had AEs that led to dabrafenib discon-
tinuation (blistering, deterioration of general
health, intracranial hemorrhage, malaise, and
palmar—plantar erythrodysesthesia syndrome (all
n = 1) and 36 (43%) patients had a treatment-
related dose interruption. The most common
AEs leading to dose interruption were pyrexia in
nine (11%) patients, chills in five (6%), and vom-
iting in four (5%) [Planchard ez al. 2016b]. In the
combination arm of the BRF113928 study, most
common (>20%) AEs were pyrexia, nausea,
vomiting, diarrhea, decreased appetite, asthenia,
dry skin, peripheral edema, chills and cough.
Most were grade 1 or 2. Grade 3 AEs occurred in
49% of patients; most frequent were neutropenia
(9%), hyponatremia (7%), and anemia (5%).

AEs led to permanent discontinuation of study
drugs in seven patients (12%). AEs leading to a
dose interruption or delay were reported in 35
(61%) patients and a dose reduction was needed
in 20 (35%) patients. Secondary cutaneous squa-
mous cell carcinoma occurred in two patients
(4%) [Planchard et al. 2016a].

The toxicity profile of vemurafenib and dabrafenib
shows similarities, as well as differences. Skin tox-
icity, arthralgia and pyrexia are seen with both
inhibitors, while photosensitivity is a typical side
effect of vemurafenib and rare with dabrafenib.
Fever and chills are common with dabrafenib but
rare with vemurafenib [Welsh and Corrie, 2015].

Caution should be employed in combining con-
current BRAF inhibitor therapy and radiotherapy
(especially to large treatment fields) due to appar-
ent radiosensitization of normal tissues and an
increased risk of AEs [Boussemart et al. 2013;
Merten et al. 2014; Satzger et al. 2013]. Forschner
and colleagues reported on two patients that
developed radiation recall pneumonitis [Forschner
et al. 2014]. Early application of systemic corticos-
teroids enabled these investigators to continue
BRAF TKI treatment without dose reduction.

In melanoma, MEK inhibition is associated with
a 2-3% incidence of pneumonitis [Flaherty et al.
2012]. In our own experience with combination
dabrafenib and trametinib treatment in NSCLC
patients (z = 14) we observed one case with
pneumonitis that was not radiotherapy-associated
and one case with radiation recall pneumonitis,
demonstrating that close monitoring of pulmo-
nary symptoms is warranted.

Molecular basis of increased activity and
decreased skin toxicity of BRAF and MEK

TKI combination treatment when compared
with BRAF TKI monotherapy

The unique observation of dual therapy being
more active and less toxic to the skin than
monotherapy has a biological explanation. BRAF
inhibitors mediate a curious paradox. The
enhanced rate of secondary skin malignancies
seen during BRAF TKI treatment alone is due to
BRAF TKI-induced activation of the MAPK
pathway in cells expressing WT BRAF and espe-
cially in cells with co-expression of activating
RAS mutations [Su ez al. 2012]. BRAF TKIs do
not initiate tumorigenesis but rather accelerate
the progression of pre-existing subclinical cancer-
ous lesions due to paradoxical MAPK pathway
activation, which can be inhibited by adding a
MEK inhibitor. In BRAF WT cells, BRAF inhib-
itors do not result in marked ERK inhibition
because WT BRAF is not active as a monomer
and the current BRAF inhibitors are not able to
block RAF dimers. Therefore, RAS is not sup-
pressed by ERK and is still active. Upon physio-
logical RAS activation, BRAF and CRAF kinases
form homo- and heterodimers and this process is
exaggerated by activating RAS mutations
[Poulikakos ez al. 2010; Rushworth ez al. 2006;
Wan et al. 2004; Weber ez al. 2001]. In vitro mod-
els show that BRAF inhibitors have an intrinsic
ability to activate RAF kinases that function as
dimers. Drug binding to one member of RAF
dimers inhibits one protomer, but results in trans-
activation of the drug-free protomer through scaf-
folding or conformational functions, consequently
stimulating MEK and ERK hyperactivation
[Hatzivassiliou et al. 2010; Heidorn ez al. 2010;
Poulikakos er al. 2010]. This effect is further
attenuated by increased wupstream signaling
caused by activating RAS mutations and rare
cases of induced mutant-RAS leukemia [Callahan
et al. 2012] and colon cancer [Andrews ez al. 2013]
have been reported in patients with advanced
melanoma treated with BRAF inhibitors alone.
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Likely, these tumors were occult present at the
time of BRAF inhibition and that the BRAF TKI
treatment accelerated tumor growth.

Targeting non-V600E BRAF mutation-

positive NSCLC

Preclinical cell line studies show that single-agent
BRAF TKI is effective in BRAF-V600-mutated
NSCLC, but not in non-V600 BRAF mutated
(lung) cancer [Joshi ez al. 2015; Yao et al. 2015].
BRAF V600-mutated cells are activated mono-
mers when RAS activity is low, while all other acti-
vating BRAF-mutated cells function as constitutive
RAS-independent dimers. RAF inhibitors effec-
tively inhibit mutant monomers, but not dimers.
With BRAF dimers, BRAF TKIs bind to one site
of the dimer, thereby significantly reducing their
affinity for the second and failing downstream
ERK inhibition [Poulikakos ez al. 2011; Yao et al.
2015]. Tumors with a non-V600 BRAF mutation
are therefore insensitive to BRAF inhibitors.

In the European cohort study, six patients with
non-V600E BRAF mutated NSCLC were treated
with BRAF inhibitors [Gautschi ez al. 2015]. All
tumors with non-V600E mutations located out-
side of the activation segment of the BRAF kinase
domain (codon 596 through 600) were refractory
to BRAF therapy. However, one patient with a
G596V mutation achieved a partial response to
vemurafenib. The authors concluded that muta-
tions located within the activation loop (codon 596
through 600) are potentially sensitive to BRAF
inhibition. On the contrary, iz vitro experiments in
NSCLC cell lines harboring another non-V600E
mutation within the activation loop (1.597) showed
insensitivity to BRAF inhibition [Yao ez al. 2015].

In another iz vitro study, trametinib was effective as
a single agent in BRAF-mutated NSCLC cells,
either V60OE or non-V600E. Adding vemurafenib
was not more effective at inhibiting cell growth, but
did cause a small but significant increase in apopto-
sis [Joshi er al. 2015]. Interestingly, treatment with
single-agent trametinib caused upregulation of
AKT signaling in BRAF non-V600E cells only,
suggesting a potential mechanism of resistance to
treatment with single-agent MEK inhibition. The
AKT pathway did not appear to be upregulated
when BRAF non-V600E cells were treated with the
combination of trametinib and vemurafenib, sug-
gesting that the combination therapy may be supe-
rior to trametinib single agent for non-V600E
BRAF-mutated NSCLC [Joshi ez al. 2015].

In melanoma, patients with non-V600E BRAF
mutations did not respond to BRAF inhibitors (as
expected) [Falchook er al. 2012; Kim ez al. 2014;
Yang er al. 2010], but responses were observed on
MEK inhibition [Dahlman ez al. 2012; Kim ez al.
2013]. To our knowledge, no results have been
published of MEK-targeted treatment for BRAF
non-V600-mutated NSCLC.

Non-V600E BRAF mutations often co-occur
with oncogenic RAS mutations [Tissot ez al.
2016; Zheng et al. 2015]. In case of kinase-dead
BRAF mutations, RAS mutations are actually
required for the BRAF mutation to be oncogenic
[Heidorn ez al. 2010]. Kinase-dead BRAF muta-
tions mimic the effects of BRAF inhibitors. Both
drive hyperactivation of ERK in the presence of
activating KRAS mutations by forming BRAF
and CRAF homo- and heterodimers.

Resistance to BRAF TKI treatment

Resistance patterns have been published for mel-
anoma, but not for NSCLC. Primary and sec-
ondary resistance have been described and
patterns are far more diverse than described for
sensitizing EGFR mutations where, upon pro-
gression, ~50% of tumors are characterized by a
targetable secondary EGFR exon 20 T790M
mutation. Resistance can occur due to a second-
ary MAPK alteration or due to activation of
bypass tracks. Secondary MAPK alterations are
responsible for the majority of resistance in mela-
noma and result in reactivation of ERK signaling
[Johnson et al. 2015; Shi ez al. 2014]. These
include NRAS or KRAS mutations, BRAF splice
variants, BRAF V600E amplification and
MEK1/2 mutations [Johnson et al. 2015]. As
explained above, upstream RAS mutations pro-
mote BRAF and CRAF homo- and heterodimer
formation, insensitive to current BRAF inhibi-
tors. In addition, BRAF inhibitors have an intrin-
sic ability to activate RAF kinases. BRAF V600E
amplification and BRAF splice variants cause
acquired resistance by increasing levels of BRAF
V600E homodimers [Poulikakos ez al. 2011; Yao
et al. 2015]. MEK1/2 mutations confer resist-
ance to both BRAF and MEK inhibitors [Emery
et al. 2009; Villanueva er al. 2013; Wagle ez al.
2011].

Despite the hope that dual BRAF and MEK
inhibition would limit or overcome BRAF TKI
resistance, treatment failure still occurs and
resistance mechanisms observed to combined
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BRAF and MEK inhibition mimic that of BRAF
inhibitor monotherapy. A preliminary genetic
analysis of five patients failing dabrafenib and
trametinib treatment revealed similar mecha-
nisms of resistance to those seen in patients
treated with BRAF-inhibitor monotherapy
[Wagle er al. 2014]. It is therefore perhaps not
surprising that failure on BRAF-inhibitor therapy
also confers resistance to MEK inhibition, with
minimal clinical activity (ORR 13%) being seen
on combined dabrafenib and trametinib in
patients failing dabrafenib monotherapy [Johnson
et al. 2014].

Bypass tracks that have been described to cause
resistance are aberrations in the PI3K-PTEN-
AKT pathway [Krepler et al. 2015; Shi ez al. 2014;
Van Allen ez al. 2014], MET amplification [Van
Allen ez al. 2014] and upregulation of other RTKs
[Marusiak ez al. 2014; Nazarian et al. 2010].

Overcoming resistance to BRAF inhibitors
Vemurafenib and dabrafenib are classified as type
I inhibitors that bind to the active ‘DGF-in’
kinase conformation [Kortum and Morrison,
2015] and binding of these drugs to one protomer
in the dimer significantly allosterically transacti-
vates the other protomer [Hatzivassiliou ez al.
2010; Heidorn et al. 2010; Poulikakos ez al. 2010]
and reduces the affinity for binding of type I
inhibitors to the second protomer. Therefore,
these drugs are ineffective against resistance
mechanisms that result in the formation of BRAF
dimers, such as BRAF V600E amplification and
splice variants.

Recently, next generation RAF inhibitors were
identified and characterized i vitro and iz vivo in
xenografts [Girotti ez al. 2015; Peng et al. 2015;
Yao et al. 2015; Zhang et al. 2015]. These drugs
are called paradox-breaking RAF inhibitors
because they suppress mutant BRAF cells with-
out activating the MAPK pathway in cells bear-
ing WT BRAF or upstream activation by mutated
RAS.

Zhang and colleagues screened vemurafenib ana-
logues against a panel of RAS and BRAF V600E
mutated cell lines and discovered two compounds
(PLX7904 and PLLX8394) that were only subtly
different from vemurafenib based on their chemi-
cal structure and potently inhibited phosphoryl-
ated ERK (pERK) in BRAF V600E cells, but
showed essentially no pERK activation in RAS

mutant cell lines [Zhang ez al. 2015]. The com-
pounds showed preferential inhibition of mutated-
BRAF V600E over WT BRAF and CRAF,
comparable with that of vemurafenib. PLLX7904
and PLX8394 were also active against BRAF
V600E amplification and splice variants and
PLX8394 is currently in phase I/Il clinical
evaluation.

Yao and colleagues discovered BGB659, a sec-
ond generation RAF inhibitor with equivalent
efficacy against both the monomeric and homodi-
meric BRAF mutants. Like PLX7904 and
PLX8394, BGB659 shows preferential inhibi-
tion of mutated BRAF monomers and dimers
over other WT RAF dimers with or without a
RAS mutation, therefore in theory limiting toxic-
ity [Yao et al. 2015]. Inhibition of mutated RAF
was shown to be independent of co-existing RAS
mutations. However, in contrast with PLLX7904
and PLX8394, BGB659 causes marked, dose-
dependent, induction of BRAF/CRAF heterodi-
mers in RAF WT cells. However, BGB659 does
not result in paradoxal ERK activation because
the drug inhibits dimer activity. In BRAF V600
cells, induction of RAF dimerization does not
appear because the process is RAS-dependent
and RAS-GTP levels are too low.

BGB283, a weaker type II RAF inhibitor than
BGB659 [Yao et al. 2015], entered clinical evalua-
tion and results of a phase I study in patients with
RAF or RAS-mutated solid tumors were presented
at the 2016 AACR meeting [Desai ez al. 2016].
Among 29 evaluable patients, 3 had a partial
response, including 1 patient with KRAS-mutated
NSCLC. Furthermore, 14 patients achieved pro-
longed stable disease with 3 patients for over 300
days. 18F-FDG uptake was measured at baseline
and at the end of cycle 1 and showed a partial meta-
bolic response in 43% of patients [Desai er al.
2016]. Phase Ib expansion cohorts in molecularly-
defined tumors are ongoing.

Peng and colleagues and Girotti and colleagues
characterized new pan-RAF inhibitors with minimal
paradoxical pathway activation in BRAF WT or
RAS mutant cells [Girotti ez al. 2015; Peng ez al.
2015]. These pan-RAF compounds inhibit ARAF,
BRAF and CRAF isoforms with high affinity and
are active in BRAF mutant cells, first generation
BRAF TKI resistant cells, as well as RAS mutant
cells with or without a co-occurring BRAF
mutation. Although in mice, toxicity of the pan-
RAF inhibitors CCT196969 and CCT241161 was
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minimal [Girotti ez al. 2015], the concern for pan-
RAF inhibitors is that blocking MAPK signaling in
normal tissues will cause toxicity.

In melanoma cell lines, broad upregulation of
ErbB family members was seen in response to
PLX4720 treatment, a vemurafenib analogue.
Adding lapatinib, a pan-EGFR TKI, to PLLX4720,
resulted in cytotoxicity in 6 of 12 PLX4720-
resistant cell lines [Capaldo ez al. 2015].

Krepler and colleagues established 12 PDX
models from melanoma patients that progressed
on BRAF inhibitors and identified alterations in
NRAS and MEKI1, BRAF amplification and
aberrant PTEN [Krepler ez al. 2015]. At the pro-
tein level, reactivation of the MAPK pathway
predominated, with parallel activation of PI3K
in some others. In these cases, second-line effi-
cacy was confirmed with the addition of the pan-
PI3K inhibitor BKM120 to either BRAF or
MEK inhibitor. Amplification of MET was
observed in three PDX models. Importantly,
MET amplification alone did not predict sensi-
tivity to the MET-inhibitor, capmatinib, only
when MET amplification was present together
with increased levels of phosphorylated MET.
Second line efficacy was confirmed with the
addition of capmatinib to BRAF/MEK combi-
nation therapy.

Other systemic therapies

In small series no differences were seen in the
prognosis of BRAF-mutated and BRAF WT
patients treated with platinum-doublet chemo-
therapy [Cardarella ez al. 2013; Tissot ez al. 2016;
Villaruz et al. 2015]. In a small retrospective
study, the value of BRAF inhibitor rechallenge
was evaluated in patients with BRAF V600-
positive melanoma. A total of 5 out of 10 patients
showed a partial response on BRAF rechallenge
after a median drug holiday of 7.25 months (range
2—-18 months) [Roux et al. 2015].

Conclusion

BRAF V600 mutation is a driver mutation in
patients with NSCLC that is actionable with
currently available BRAF inhibitors such as dab-
rafenib and vemurafenib with or without the
addition of a MEK inhibitor. Randomized con-
trolled trials have not been performed in
NSCLC. A single-arm phase II study with dab-
rafenib *+ trametinib in patients with BRAF

V600E-positive NSCLC finished accrual and
final results of two cohorts were published. The
analyses of this study and the results of other ret-
rospective and prospective studies show that
BRAF-inhibitor monotherapy is associated with
an ORR of 32-53%, a PFS of 5-7.3 months and
a median duration of response of 11.8 months
[Gautschi ez al. 2015; Hyman et al. 2015;
Planchard ez al. 2014, 2016b]. The combination
of dabrafenib and trametinib results in an ORR
of 63% and a DCR of 79% [Planchard ez al.
2016a] in pretreated patients. The results of the
first-line cohort are awaited.

Mimicking the melanoma setting, brain activity
of BRAF inhibitors has been shown, although the
number of patients with reported results are too
small to draw general conclusions on this point.

As is the case for other driver mutations, resist-
ance develops in all patients. Patterns of resist-
ance have been described for melanoma patients
and are yet unknown for NSCLC. It is likely that
the situation in NSCLC will mimic that of mela-
noma in the way that multiple resistance patterns
occur. The majority are secondary MAPK altera-
tions for which second generation RAF inhibitors
already entered early clinical trials. Other resist-
ance mechanisms involve bypass tracks such as
MET amplification or alterations in the PI3K
pathway.

The second generation RAF inhibitors are active
against BRAF monomers as well as dimers and
are therefore not only active in the BRAF V600-
resistance setting, but also in patients with acti-
vating BRAF non-V600E mutant NSCLC.
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