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N G R W N e

Simple Summary: The identification of BRAF mutations in 1.5-3.5% of NSCLC patients represents a
step forward towards new targeted agents for tackling NSCLC. The positive results and favourable
safety profile observed with the combination of dabrafenib and trametinib for the treatment of BRAF
V600E metastatic NSCLC patients, led to the approval of these two agents in this setting. In this
review, we will discuss the clinical, prognostic and therapeutic implications of BRAF mutations in
NSCLC patients. Moreover, we will review MEKs’ functions and their role as a potential targeted
treatment, both alone and combined with anti-BRAF therapies. Finally, we will discuss ongoing
studies and future perspectives in this field. The clinical research on BRAF inhibitors in NSCLC is
just beginning, and a number of relevant questions remain to be addressed regarding the role of other
BRAF inhibitors in NSCLC, the possibility of facing resistance mechanisms to BRAF inhibitors, and
the efficacy of other therapeutic strategies for BRAF-mutated NSCLC.

Abstract: RAF family proteins are serine-threonine kinases that play a central role in the MAPK
pathway which is involved in embryogenesis, cell differentiation, cell proliferation and death. Dereg-
ulation of this pathway is found in up to 30% of all human cancers and BRAF mutations can be
identified in 1.5-3.5% of NSCLC patients. Following the positive results obtained through the
combination of BRAF and MEK inhibitors in BRAF-mutant melanoma, the same combination was
prospectively assessed in BRAF-mutant NSCLC. In cohort B of the BRF113928 trial, 57 pretreated
NSCLC patients were treated with dabrafenib plus trametinib: an ORR of 68.4%, a disease control
rate of 80.7%, a median PFS of 10.2 months and a median OS of 18.2 months were observed. Similar
results were reported in the first-line setting (cohort C), with an ORR of 63.9%, a DCR of 75% and
a median PFS and OS of 10.2 and 17.3 months, respectively. The combination was well tolerated:
the main adverse events were pyrexia (64%), nausea (56%), diarrhoea (56%), fatigue (36%), oedema
(36%) and vomiting (33%). These positive results led to the approval of the combination of dabrafenib
and trametinib for the treatment of BRAF V600E metastatic NSCLC patients regardless of previous
therapy. Ongoing research should better define the role of new generation RAF inhibitors for patients
with acquired resistance, the activity of chemo-immunotherapy or the combination of TKIs with
chemotherapy or with immunotherapy in patients with BRAF-mutated cancers.
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1. Introduction

Lung cancer remains a significant cause of death worldwide, despite significant
progress in recent years. The RAS-RAF-MEK-ERK (MAPK) pathway is amongst the main
cascade which transduces extracellular signals into cellular responses. Under physiolog-
ical circumstances, this pathway is involved in embryogenesis, cell differentiation, cell
proliferation and death [1,2]. However, deregulation of this pathway is found in up to
30% of all human cancers and BRAF mutations can be identified in 1.5-3.5% of NSCLC
patients. According to current international guidelines, patients with advanced NSCLC
should be tested at least for EGFR and BRAF mutations and for ALK/ROS1 rearrangements
to define a correct strategy of treatment [3]. Moreover, more recently, drugs targeting MET
exon-14 skipping mutations and RET and NTRK fusions have become available, adding
new relevant therapeutic options for NSCLC patients. Therefore, in this context, the iden-
tification of BRAF mutations represents a step forward towards new targeted agents for
tackling NSCLC. In this paper, we will provide an updated review of clinical, prognostic
and therapeutic implications of BRAF mutations in NSCLC patients, citing the more recent
literature; this topic is particularly relevant in consideration of the rapid evolution of the
knowledge in this field in the last few years. Moreover, we will deal with the role of MEKs
as a potential targeted treatment, both alone and combined with anti-BRAF therapies.
Finally, we will present the ongoing studies with BRAF inhibitors, and we will discuss
future perspectives in this field, trying to address a number of different questions regarding
the possibility of facing resistance mechanisms to BRAF inhibitors and the role of new
strategies of treatment for patients with BRAF mutations. This information can be helpful
for further developments in clinical studies.

2. MAPK Pathway and Its Alterations

RAF family proteins are serine-threonine kinases which play a central role in the
MAPK pathway. Three different RAF isoforms can be found in mammals (ARAF, BRAF
and CRAF) which are encoded by three different genes. Structurally, each RAF isoform is
made up of three conserved regions (CR1, CR2 and CR3), containing the catalytic kinase
domain (CR3), RAS binding domain (CR1) and regulatory domain (CR2). In addition
to these constant regions, each protein also contains isoform-specific domains, which
are probably responsible for different embryological functions observed for each RAF
isoform [1,2]. Under physiological circumstances and regardless of different isoforms,
RAF activation depends on the RAS-GTP binding state, which in turn is stimulated by
growth factor receptors. Once activated, RAF isoforms create either homo- or heterodimers,
eventually leading to the phosphorylation of MEK 1/2 and their downstream pathway
(Figure 1) [4]. Among all of the RAF isoforms, BRAF is more frequently expressed in neural
tissue and its deficiency has been correlated with abnormal neuroepithelial differentiation
during embryogenesis. Despite being all activated by RAS-GTP, RAF isoforms show some
differences in terms of their co-activators and regulators. As such, BRAF activation strictly
depends on RAS, whereas BRAF itself may serve as a co-activating factor for CRAF with
possible crosstalk between different isoforms at this level [1,2]. Furthermore, compared to
CRAF, BRAF is a stronger activator of MEK 1/2, probably due to a higher affinity for this
substrate [5]. MEK 1 and 2 proteins are ubiquitously expressed kinases also implied in the
MAPK pathway, whose deficiency has been found to be lethal in mice. Structurally, both
MEK 1 and 2 consist of three different regions: an N-terminal region implied in binding
to its substrate, a core kinase domain and a C-terminal region. To date, ERKSs are the only
known substrate of MEKSs, which in turn represent the only substrate of RAF family kinases.
MEK activation requires RAF-mediated phosphorylation at two different serine residues.
Consequentially, MEK proteins phosphorylate both the tyrosine and threonine residues
of ERK 1/2 according to a double-step process, finally enhancing transcriptional factors
implied in cellular growth, proliferation and evasion from apoptosis [6,7]. The MAPK
pathway is frequently dysfunctional in many human cancers, the most common alterations
being RAS and BRAF mutations (22% and 7% of all human tumours, respectively). On
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the other hand, MEK alterations and ARAF and CRAF mutations are extremely rare.
Functionally, BRAF mutations have been dived into three different classes (class I, class
II and class III), which differ in terms of RAS-dependency and activity of each catalytic
domain. Class I BRAF mutations are constitutively functioning regardless of RAS signalling
(RAS-independent) and have a higher kinase activity even in their monomeric status.
Classically, BRAF V600 E/K/D mutants belong to this class. Class II BRAF mutations are
also RAS-independent. Due to an intermediate kinase activity as monomers, however,
class II proteins require dimer formation with other BRAF mutants (homodimers). This
class includes some non-V600 point mutations such as K601E, L597Q and G469A, as well
as BRAF chromosomal rearrangements (fusions/deletions). In contrast with the previous
classes, class III BRAF mutations are RAS-dependent and are often associated with high
RAS activity. Having an impaired kinase activity per se, these mutants need to form dimers
with other wild-type CRAF isoforms (heterodimers) in order to be fully active. Class III
mutants include D594 and G466 point mutations. BRAF class I and class II mutants are
RAS-independent, and their function does not require any upstream pathway activation.
Furthermore, given the inhibitory effects exerted by phosphorylated ERK to RAS proteins,
class I and II BRAF mutations are usually characterized by low levels of RAS activity.
These mutations are commonly known as “activator” and are usually mutually exclusive
with other co-concurrent mutations. Conversely, class III BRAF mutants are known as
“amplifier” since they strongly depend on upstream pathways. Indeed, class III proteins
often occur with other mutations upstream in this pathway (e.g., RAS of NF1). To date,
approved anti-BRAF drugs mainly inhibit class I BRAF mutations. Although rare (<1%
of all tumours), MEK alterations are divided into three classes as well: RAF-independent,
RAF-regulated and RAF-dependent alterations. RAF-independent MEK alterations are
an effect of in-frame deletions which result in the loss of its regulatory domain. These
mutations translate into a hyperactive MEK domain and do not occur with other mutations
upstream. Instead, RAF-regulated and RAF-dependent MEK mutations display a certain
kinase activity but still require RAF phosphorylation for perfect functioning. Anti-MEK
molecules currently developed are allosteric inhibitors which block MEK in its inactive
form, regardless of its mutational status. Since hyperactivation of the upstream pathway
might reduce their inhibitory effect, MEK inhibitors usually have a low efficacy when given
as monotherapy [8].

Dabrafenib CRAF
Vemurafenib —|
Encorafenib

‘ Proliferation, migration, survival ‘

Figure 1. BRAF pathway and its inhibition. Under physiological conditions, BRAF activation
strictly depends on RAS-GTP binding forms. Once activated, RAF isoforms create either homo-
or heterodimers, eventually leading to the phosphorylation of MEK 1/2 and their downstream
pathway. Conversely, BRAF class I mutations can directly activate downstream MEK 1/2 in an
RAS-independent manner, resulting in deregulated proliferation and survival. BRAF inhibitors
(dabrafenib, trametinib and encorafenib) combined with MEK inhibitors (trametinib, cobimetinib
and binimetinib) eventually hinder downstream signalling.
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2.1. BRAF and MEK Alterations in NSCLC

In preclinical models of lung cancer, BRAF mutations seem to promote tumourigenesis
at an early stage, particularly when other mutations co-occur [9]. In NSCLC patients,
BRAF mutations are found in up to 4% of cases and are classically divided into V600E and
non-V600E mutants, each of them representing roughly 50% of all cases [10,11]. Overall,
BRAF mutations have been more frequently associated with a current or former smok-
ing status and adenocarcinoma histology, although few other tumour types have been
reported [12-14]. However, clinical and pathological characteristics of patients harbouring
BRAF mutations may differ according to each functional class considered. Indeed, BRAF
V600E cases have been associated with micropapillary growth patterns, while non-V600E
may rather show various morphologies, including mucinous characteristics [15]. Further-
more, BRAF V600E mutations seem to be more predominant in females with no smoking
history according to some retrospective studies, while non-V600 mutations are apparently
related to current or former male smokers [16-18]. Differences among mutant classes could
also concern metastatic pattern behaviour and prognostic outcomes. In a retrospective
study evaluating 105 NSCLC patients, non-V600 patients had an up to four-fold higher
rate of abdominal metastasis compared to V600 mutants (44% versus 12%, respectively),
while the involvement of the pleura was less common in non-V600 patients (15% ver-
sus 21% for non-V600 and V600, respectively). Interestingly, no significant differences in
terms of imaging features of the primary tumours among these functional classes have
been observed [19]. Further retrospective data also showed that class I BRAF-mutant
NSCLC patients had a significantly lower incidence of brain metastasis compared with
other mutant classes (BRAF class I brain mets: 9%, class II: 29%, class III: 31%). Strikingly,
class I patients had a significantly better overall survival compared with class II and III
(class II vs. I: HR 2.50; 95% confidence interval (CI), 1.44-4.32; p < 0.001; and class III vs.
I: HR 1.97; 95% CI, 1.09-3.56; p= 0.023), and a similar trend was observed when taking
into account progression-free survival after first-line platinum-base chemotherapy (class
II vs. class I: HR 1.80; 95% ClI, 0.95-3.42; p = 0.069; class III vs. class I: HR 2.31; 95% (I,
1.04-5.15; p = 0.034) [20]. However, differences in survival for BRAF-mutated patients
have not been further confirmed, suggesting that the real prognostic impact of BRAF
alterations needs to be further elucidated [21]. Compared to other molecular subtypes of
oncogene-addicted NSCLC, BRAF mutations may more frequently co-occur with other
pathogenic alterations. By sequencing 392 tissue samples, BRAF mutations were found in
3.5% of all cases with 90% of those having concurrent mutations, mainly TP53, tyrosine
kinase receptors (RTK) and STK11 mutations [22]. Comparable results were also obtained
when analysing cfDNA obtained from BRAF-mutant NSCLC patients, the most frequently
co-mutated genes being TP53 (57%), EGFR (26%), KRAS (15%) and NF1 (15%). Again,
the prevalence of these concurrent mutations may vary according to each BRAF mutant
class. Indeed, class III BRAF mutations are more likely associated with KRAS mutations
than class I and II, whereas BRAF class II mutations might be more often associated with
NF1 mutations than class I [11]. Although few cases of concomitant BRAF and EGFR
mutations have been reported, BRAF mutations are generally considered to be mutually
exclusive with other driver mutations [23,24]. Interestingly, BRAF mutations represent
a known mechanism of both primary and acquired resistance to anti-EGFR TKIs, so far
that patients harbouring EGFR and BRAF co-mutations progressed more rapidly upon
EGER inhibitors [25,26]. Overall, BRAF mutants seem to be more immunogenic than other
molecular subtypes, with some variations displayed among different mutant classes. In a
cohort of 39 BRAF-mutant NSCLC patients, PD-L1 expression >50% has been reported in
42% and 50% of BRAF V600E and non-V600E cases, respectively. These data being almost
two-fold higher than the overall NSCLC population. Furthermore, a statistical but not a
clinical difference in terms of PD-L1 expression favouring BRAF V600E mutants has been
demonstrated (p = 0.05), whereas both these subgroups showed low /intermediate TMB
and microsatellite-stable status [27]. Whether this more immunogenic status could translate
into a higher response to immune checkpoint inhibitors needs to be further addressed,
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even though some initial promising data have been reported [27-30]. Finally, BRAF alter-
ations other than mutations are anecdotal in NSCLC. By analysing 17128 tumour samples,
BRAF fusions were identified in 42 cases (0.2%), the most frequent partner genes being
AGK, DOCK4 and TRIM?24. These cases were associated with low TMB, and some genetic
co-alteration has been identified such as TP53 (67%), CDKN2A (31%), EGFR (29%) and
CDKN2B (26%) [31]. To date, little is known about MEK alterations in NSCLC, mainly
due to their low prevalence. In 2008, Marks et al. identified MEK1 mutations in 2 out of
207 NSCLC patients and both of these cases were not associated with other concurrent
alterations [32]. A larger study also demonstrated that MEK mutations occurred in 36
among 6024 lung adenocarcinoma cases (0.6%), all of them being mutually exclusive with
other oncogenic drivers and apparently associated with current smoking status [33]. Taken
together, these data highlight that BRAF-positive NSCLC is rather a heterogeneous disease,
whose main characteristics may strictly depend on single functional classes. Given the
low prevalence of MEK mutations, no clinical implication of MEK alterations in NSCLC
patients can be hypothesised.

2.2. BRAF and MEK Inhibitors in NSCLC

Since the identification of BRAF mutations among different types of cancers and the
understanding of their pathological and clinical implications, several BRAF inhibitors
(BRAFi) have been developed. Following the positive results obtained in BRAF V600E
mutant patients with metastatic melanoma, the role of anti-BRAF drugs was investigated
in other tumour types harbouring the same mutation [34-36]. Initial reports of anti-BRAF
activity in NSCLC patients came from case reports attesting a dramatic response with
vemurafenib in V600E BRAF-mutated NSCLC [37,38]. The retrospective multicentre EU-
RAF cohort described the clinical course of patients treated outside of clinical trials with
BRAFi [39]. A total of 34 patients with advanced stage NSCLC BRAF mutant (83% V600E)
were treated with vemurafenib (1 = 29), 5 of them were treated as first-line systemic treat-
ment, dabrafenib (n = 9) or sorafenib (1 = 1). In the sub-cohort of patients with BRAF V600E
mutations receiving vemurafenib, 13 out of 25 (54%) achieved a disease response, with
a disease-control rate (DCR) of 96%. One out of six patients with non-V600E mutations
achieved a partial response with vemurafenib (harbouring G596V mutations), while the
others (harbouring G466V, G469A, G469L, V600K and K601E mutations) did not respond
to treatments. The non-V600E sub-cohort showed a poor outcome, with an overall sur-
vival (OS) with first-line therapy of 11.8 months versus 25.3 months for V60OE patients.
Irrespective of the specific treatment, the overall response rate (ORR) was 53%, the DCR
was 85%, while the median progression-free survival (mPFS) and median overall sur-
vival (mOS) were 5.0 and 10.8 months, respectively [39]. The first prospective evidence
of vemurafenib in NSCLC came from a histology-independent phase 2 basket trial of
vemurafenib, 960 mg/oral twice daily, in BRAF V600 mutation-positive non-melanoma
cancers (Table 1) [40]. An objective response was achieved in 8 (42%) out of 19 pretreated
NSCLC patients, while a reduction in tumour size was described in 14 subjects. The PFS at
12 months was 23% (95% CI, 6-46), while mOS had not been reached but the preliminary
rate was 66% (95% CI, 36-85). The final report of the expanded NSCLC cohort showed
that 3 out of 8 previously untreated patients had a confirmed response while 5 had stable
disease. In the subgroup of 54 previously treated patients, 20 had a confirmed response
and 21 had stable disease. Overall, the objective response rate was 37.1% (95% CI, 25.2% to
50.3%), while in naive patients it was 37.5% (95% CI, 8.5% to 75.5%) and 37.0% (24.3% to
51.3%) in pretreated patients. The median duration of response was 7.2 months (95% CI,
5.5-18.4), while the overall mPFS and mOS rates were 6.5 (95% CI, 5.2 to 9.0 months) and
15.4 months (95% CI, 9.6 to 22.8 months), respectively. The untreated cohort achieved a
better outcome with an mPFS of 12.9 months (95% CI, 4.0: not evaluable (NE)) and an mOS
(95% CI, 6.0-NE) instead of the previously treated cohort, where an mPFS of 6.1 months
(95% (1, 5.1-8.3) and an mOS of 15.4 (95% CI, 8.2-22.6) were reported. Safety data were
similar to ones obtained from studies of vemurafenib in cutaneous melanoma. All patients
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experienced at least one adverse event (AE), the most common of them were nausea (40% of
patients), hyperkeratosis (34%), decreased appetite (32%), arthralgia (31%) and cutaneous
squamous cell carcinoma (SCC) (26%) [41].

Table 1. Clinical trials with BRAF and MEK inhibitors in NSCLC.

Response Disease Progression- Overall
Study Author Setting Pts  Treatment Ratz (%) Control Free Survival Survival Toxicity
* Rate (%) (Months) (Months)
Nausea, hy-
. perkeratosis,
P}(\‘a/?_z Subbiah, Ad‘t/_zﬁfgjrss()hd decreased
BASKET 2[21]9 Cohort NSCLC 62  Vemurafenib 371 - 6.5 154 ai}:}iztlltie;
study) BRAFV600 8ld,
cutaneous
SCC
Asthenia,
Advanced solid decreased
Phase 2 . .
(AcSé- Mazieres, tumours, 115 0 ) 18 52 appetite,
BASKET 2020 Cohort NSCLC: 15 Vemurafenib 448 ) 5'2 1'0 acneiform
tudy) [42] BRAFmonV600 100 ) ) dermatitis,
study BRAFV60 nausea and
diarrhoea
BR AFVGOOE
advanced . Pyrexia
Dabrafenib iy
Planchard NSCLC: Y1 Dabrafenib+ 33 58 55 127 asthenia hy-
Phase 2 . Cohort A 78 L perkeratosis,
(BRF113928) 2016; 2022 pretreated 57 Trametinib 68.4 80.7 10.2 18.2 decreased
[43-45] Dabrafenib+ 63.9 75 10.8 17.3 .
Cohort B 36 L appetite,
Trametinib
pretreated nausea

Cohort C naive

In the French Acsé programme, Mazieres et al. reported data of vemurafenib in
96 patients harbouring the BRAF V600E mutation and 15 with BRAF non-V600 mutations.
In the BRAF non-V600 cohort, no objective response was observed suggesting the lack of
activity of the single anti-BRAF agent in these alterations. In the BRAF V600 cohort, 43 out
of 96 pretreated patients had objective responses (ORR 44.8%) with a median response
duration of 6.4 months (95% CI, 5.1-7.3), an mPFS of 5.2 months (95% ClI, 3.8-6.8) and an
OS of 10 months (95% CI, 6.8-15.7). The most frequently reported treatment-related AEs
of any grade were asthenia (56%), decreased appetite (46%), acneiform dermatitis (37%)
and nausea and diarrhoea (35%) [42]. Treatment with vemurafenib has also provided some
evidence of activity on brain metastases and meningeal carcinomatosis in BRAF V600E
mutated lung cancer, although in retrospective series [46,47].

The first evidence of dabrafenib activity in BRAF V600E NSCLC was reported in
one patient who achieved a response in a phase 1 trial mainly enrolling BRAF-mutant
melanoma patients [48]. In the abovementioned EURAF cohort, nine patients were treated
with dabrafenib and reported similar results to those observed with vemurafenib. Of
note, a disease response was also noted in one patient who was receiving dabrafenib after
progression to vemurafenib.

Evaluation of dabrafenib in patients with BRAF mutant stage IV NSCLC was assessed
in an open-label, multicohort phase 2 trial (BRF113928) [43]. In cohort A, 78 subjects re-
ceived oral dabrafenib, 150 mg twice daily, after one or more prior chemotherapy regimens
for metastatic disease and 6 patients received dabrafenib as first-line treatment. Four out
of six patients naive to treatments achieved an objective response with dabrafenib, while
an ORR of 33% (95% CI, 23-45) was reported in pretreated patients. The DCR was 58%
(95% CI, 46-67).

In this trial, a better ORR (38%) and DCR (65%) were achieved by patients who
received only one prior treatment regimen compared to the highly pretreated ones (ORR of
29% and DCR of 50%). Responses were also durable, with a median duration of response



Cancers 2022, 14, 4863

7 of 12

(DOR) of 9.6 months (95% CI, 5.4-15.2 months), leading to a median PFS of 5.5 months
(95% (I, 3.4-7.3 months) and median OS of 12.7 months (95% CI, 7.3-16.9 months). All
of the patients experienced one or more AEs such as pyrexia (36%), asthenia (30%), and
hyperkeratosis (30%); however, the rates of serious AEs were low, conferring dabrafenib to
a manageable safety profile [43].

However, despite BRAFi demonstrating clinical activity in patients with BRAF-mutant
NSCLC, the majority of patients developed resistance to those drugs, in larger part leading
to a reactivation of the MAPK pathway [49]. Data from in vitro experience demonstrated
that the addition of a MEK inhibitor to BRAF inhibitors may overcome or delay the
development of acquired resistance to BRAF inhibitors by blocking ERK signalling. The
addition of MEK inhibitors may also prevent the paradoxical MAPK pathway activation,
responsible for the development of cutaneous squamous cell carcinoma [50,51]. Following
the results obtained through the combination of BRAF and MEK inhibitors in BRAF-
mutant melanoma [52,53], the same combination was prospectively assessed in BRAF-
mutant NSCLC.

In cohort B of the above-mentioned BRF113928 trial, the clinical activity and safety
of dabrafenib (150 mg twice daily) plus oral trametinib (2 mg once daily) were investi-
gated in 57 pretreated BRAF V600E-mutant metastatic NSCLC patients. A total of 38
(67%) out of 57 patients had received one prior treatment, and 19 (33%) had received
two-three prior treatments [44]. In an updated 5-year survival analysis, Plachard et al.
reported an ORR of 68.4% (95% CI, 54.8-80.1), a DCR of 80.7% (95% CI, 68-90), while a
median PFS and median DoR were 10.2 (95% CI, 6.9-16.7 months) and 9.8 months (95% CI,
6.9-18.3 months), respectively. Survival data estimated a median OS of 18.2 months (95% CI,
14.3-28.6 months); 26% of the pretreated patients were still alive at 4 years and 19% at
5 years since the combination treatment initiation [45]. The BRF113928 trial also evaluated
the combination therapy in 36 patients in the first-line setting (cohort C). At a median
follow-up of 16.3 months, responses and control of the disease were similar when com-
pared to those reported in pretreated patients, with an ORR of 63.9%, a DCR of 75% and
a DoR of 10.2 months. The median PFS and OS were 10.8 and 17.3 months, respectively,
with 34% of the treatment-naive patients still alive at 4 years and 22% at 5 years from the
treatment beginning. The combination was well tolerated, with a safety profile similar to
that observed in patients with metastatic melanoma treated with the same combination.
The main adverse event was pyrexia (56%) followed by gastrointestinal events such as nau-
sea (51%), vomiting (41%), diarrhoea (37%) and decreased appetite (33%). Other relevant
toxicities were dry skin (39%), peripheral oedema (38%) and a cough (31%). Positive results
were also collected from four patients with brain metastases, all of them manifesting at
least intracranial disease control with either monotherapy or a combination regimen [45].

3. Discussion

The positive results and favourable safety profile from the BRF113928 trial led to
the approval of the combination of dabrafenib and trametinib for the treatment of BRAF
V600E metastatic NSCLC patients, regardless of previous therapy [54,55]. However, the
clinical research on BRAF inhibitors in NSCLC is just beginning and a number of relevant
questions remain to be addressed regarding the role of other BRAF inhibitors in NSCLC,
the possibility of facing resistance mechanisms to BRAF inhibitors, and the efficacy of
other therapeutic strategies for BRAF-mutated NSCLC. For the first question, new BRAF
inhibitors are under development in NSCLC and a number of clinical trials are currently
ongoing to evaluate new combinations of BRAF V600E inhibitors for metastatic NSCLC
patients (Table 2).

Encorafenib represents a new generation of BRAF inhibitors, showing a more pro-
longed pharmacodynamic activity than other drugs of the same family. The drug acts as
an ATP-competitive RAF kinase inhibitor, decreasing ERK phosphorylation and down-
regulating cyclin D1 [56]. In 2018, the FDA approved the combination of encorafenib and
binimetinib (an anti-MEK1/2 protein kinase inhibitor) for the treatment of patients with
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unresectable or metastatic melanoma with a BRAF V600E or V600K mutation. The ap-
proval was based on a phase 3 randomized, active-controlled, open-label, multicentre trial
(COLUMBUES), that enrolled 577 BRAF-mutated patients with unresectable or metastatic
melanoma [57]. In this trial, patients treated with a combination of encorafenib and binime-
tinib achieved a longer PFS than vemurafenib and encorafenib alone. In the combination
arm, the main adverse reactions reported were fatigue, nausea, diarrhoea, vomiting, ab-
dominal pain and arthralgia. Subsequently, the positive results from the BEACON CRC
(colorectal cancer) trial led the FDA to approve, in 2020, the combination of encorafenib and
cetuximab (an anti-EGFR monoclonal antibody) in the setting of pretreated BRAF V600E
mutant patients with metastatic colorectal cancer [58]. Among 665 patients with metastatic
CRC with progressive disease after one or two previous treatment regimens, better out-
come, in terms of OS and ORR, were achieved via this combination rather than standard
therapy. The most common adverse reactions (>25%) with encorafenib and cetuximab
were fatigue, nausea, diarrhoea, acneiform dermatitis, abdominal pain, decreased appetite,
arthralgia and rash.

The ENCO-BRAF trial is a phase 2 trial for V600E mutated stage IV NSCLC patients
with encorafenib 450 mg per day plus binimetinib 45 mg BID. There are two cohorts in
this trial: the first one enrols naive patients, and the second one enrols already treated
patients. The primary endpoint is ORR. The estimated enrollment is 119 patients. Results
are awaited for in March 2026 [59]. Another phase 2 trial is enrolling BRAF V600E mutated
patients NSCLC with metastatic disease; V600K or V600D mutated patients are considered
for enrollment. All patients receive encorafenib 450 mg per day plus binimetinib 45 mg
BID; the primary endpoint is ORR. The estimated enrollment is 97 patients. Results are
awaited for in March 2024 [60]. The Landscape 1011 study is a phase 1/2 umbrella trial
involving metastatic NSCLC patients treated with a new anti-PD1 drug called Sasanlimab,
which is unique is in its subcutaneous administration [61]. Patients with a BRAF V600E
mutation who join the substudy A of the trial receive encorafenib and binimetinib plus
Sasanlimab. The primary outcome measure is the durable objective response rate. The
estimated enrollment is 375 participants. Results are awaited for in late 2024 [62]. The
ROME trial is a phase 2 proof of concept trial involving patients with different cancers,
including NSCLC. Patients should have completed at least one treatment but no more than
two anti-cancer treatments. Patients are treated according to their newfound mutation;
in particular, patients with BRAF V600E mutations are randomized to be treated with
vemurafenib + cobimetinib or with SOC therapy according to guidelines. The primary
endpoint is ORR. The estimated enrollment is 384 patients; results are awaited for in
2024 [63]. The B-FAST trial is a multi-cohort phase 2/3 trial that enrols naive NSCLC
patients who are metastatic or stage III and not eligible for a local treatment. Cohort E
of the trial is devoted to BRAF V600-positive patients found through a liquid biopsy. In
this cohort, patients receive vemurafenib at the dose of 960 mg BID on days 1-21, then
at the dose of 720 BID on days 22-28, in combination with cobimetinib on days 1-21 and
Atezolizumab every 4 weeks on day 29. The enrollment of this cohort is already completed.
The primary endpoint is time in response (TIR). Results are awaited for in 2024 [64].

Despite the activity of BRAF inhibitors for the treatment of BRAF-mutant NSCLC,
most patients experience disease progression due to acquired resistance to targeted drugs.
The mechanisms of resistance, mainly studied in patients with metastatic melanoma, have
shown that secondary resistance to BRAF inhibitors can be due to the bypass of the MAPK
pathway via activation of alternative signalling pathways or reactivation of ERK signalling
through the MAPK pathway or other mechanisms [49]. Mechanisms involved may include
BRAF splice variants or BRAF gene amplification, with increased levels of BRAF V600E
homodimers, or secondary mutations in other genes leading to BRAF-independent reac-
tivation of ERK signallings, such as NRAS/KRAS or MEK mutations [65]. In addition,
Rudin et al. have reported that acquired K-ras G12D mutation might be another mechanism
of secondary resistance to dabrafenib [66]. Third-generation RAF inhibitors have been
recently investigated in preclinical studies and are currently studied in early-phase trials;
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they might have overcome several known mechanisms of resistance to first-generation
RAF inhibitors [67,68]. In particular, the dubbed “paradox breakers” suppress mutant
BRAF cells without activating the MAPK pathway in cells bearing upstream activation (i.e.,
PLX7904, PLX8394), with improved safety and more durable efficacy than first-generation
RAF inhibitors. Among them, CCT196969 and CCT241161 are called pan-RAF inhibitors as
they are able to block ARAF, BRAF and CRAF isoforms with high affinity.

Table 2. Main ongoing studies with BRAF inhibitors in NSCLC.

. . Primary
Trial Phase Setting Stage Pts Treatment Endpoints
NCT04526782 subslteT ailveilﬁines Encorafenib +
(ENCO-BRAF Trial) Phase 2 au Extensive stage 119 L ORR
[59] (two different Binimetinib
arms)
NCT03915951 Any line of . Encorafenib +
[60] Phase 2 treatment Extensive stage 97 binimetinib ORR
NCT04585815 Anv line of Sasalnimab + Durable
(Landscape 1011 trial) ~ Phase 1/2 Y Extensive stage 375 encorafenib + objective
treatment .. ..
[62] binimetinib response rate
NCT04591431 (i‘;brii‘}:iﬁzft‘;so Vemurafenib +
(ROME trial) Phase 2 Extensive stage 384 cobimetinib vs. ORR
treatments are .
[63] SOC
allowed)
NCT03178552 Vemurafenib + Time in
(BFAST Trial) Phase 2/3 First line Extensive stage 1000 Cobimetinib+
response (TIR)

[64] Atezolizumab
* SOC: standard of care.

Finally, a strategy of treatment for BRAF-mutated patients could be represented also
through immunotherapy with CTLA-4 or PD-1/PDL-1 inhibitors, which have shown high
activity in tumours with a high mutational burden [69,70]: BRAF mutations are often
observed in smokers, whose tumours generally express a high mutational load. A recent
retrospective analysis confirmed that the outcomes of BRAF-mutated patients undergoing
immune checkpoint inhibitors were similar to that of unselected NSCLC [71].

4. Conclusions

In conclusion, the combination of dabrafenib and trametinib is currently the standard
therapy for BRAF-mutated NSCLC. Ongoing research should better define the role of
new generation RAF inhibitors for patients with acquired resistance as well as agents
targeting non-V600E mutations. Several studies are also investigating the activity of chemo-
immunotherapy or the combination of TKIs with chemotherapy or with immunotherapy
in patients with BRAF-mutated cancers.

Author Contributions: Conceptualization, V.S. and A.M. (Alessandro Morabito); writing—original
draft preparation, V.S., A.M. (Anna Manzoand), G.C., G.P. (Giuliano Palumboand), P.C. and A.M.
(Alessandro Morabito); writing—review and editing, A.M. (Agnese Montaninoand), V.S., G.C., G.P.
(Giacomo Pascarella), P.C.,R.C,, G.E.,,CS,, EL.,S.D.,C.AF, GE,SFE, M.C.P, G.P. (Giuliano Palumbo),
N.N. and A.M. (Alessandro Morabito); supervision, A.M. (Alessandro Morabito). All authors have
read and agreed to the published version of the manuscript.

Funding: This research received no external funding.

Conflicts of Interest: Alessandro Morabito declares the following conflict of interest: speaker’s fee
or advisory board: MSD, BMS, Boehringer, Pfizer, Roche, AstraZeneca, Novartis, Takeda, Eli-Lilly.
Nicola Normanno declares the following personal financial interests (speaker’s fee and /or advisory
boards): MSD, Qiagen, Bayer, Biocartis, Incyte, Roche, BMS, MERCK, Thermofisher, Boehringer
Ingelheim, Astrazeneca, Sanofi, Eli Lilly; institutional financial interests (financial support to research



Cancers 2022, 14, 4863 10 of 12

projects): MERCK, Sysmex, Thermofisher, QIAGEN, Roche, Astrazeneca, Biocartis. Non-financial
interests: President, International Quality Network for Pathology (IQN Path); President, Italian
Cancer Society (SIC). All the other authors declare no conflict of interest.

References

1.  Pearson, G.; Robinson, F.; Gibson, T.B.; Xu, B.E.; Karandikar, M.; Berman, K.; Cobb, M.H. Mitogen-Activated Protein (MAP)
Kinase Pathways: Regulation and Physiological Functions. Endocr. Rev. 2001, 22, 153-183. [CrossRef] [PubMed]

2. Rushworth, L.K,; Hindley, A.D.; O'Neill, E.; Kolch, W. Regulation and Role of Raf-1/B-Raf Heterodimerization. Mol. Cell. Biol.
2006, 26, 2262-2272. [CrossRef] [PubMed]

3. Planchard, D.; Popat, S.; Kerr, K.; Novello, S.; Smit, E.F,; Faivre-Finn, C.; Mok, T.S.; Reck, M.; van Schil, P.E.; Hellmann, M.D.; et al.
ESMO Guidelines Committee. Metastatic non-small cell lung cancer: ESMO Clinical Practice Guidelines for diagnosis, treatment
and follow-up. Ann. Oncol. 2018, 29, iv192-iv237. [CrossRef] [PubMed]

4. Roskoski, J.R. Targeting oncogenic Raf protein-serine/threonine kinases in human cancers. Pharmacol. Res. 2018, 135, 239-258.
[CrossRef] [PubMed]

5. Papint, C.; Denouel-Galy, A.; Laugier, D.; Caloty, G.; Eychene, A. Modulation of kinase activity and oncogenic properties by
alternative splicing reveals a novel regulatory mechanism for B-Raf. J. Biol. Chem. 1998, 273, 24939-24947. [CrossRef] [PubMed]

6.  Roskoski, ].R. MEK1/2 dual-specificity protein kinases: Structure and regulation. Biochem. Biophys. Res. Commun. 2012, 417, 5-10.
[CrossRef] [PubMed]

7.  Han,]J,; Liu,S,; Yang, S.; Wu, X,; Li, H.; Wang, Q. MEK inhibitors for the treatment of non-small cell lung cancer. |. Hematol. Oncol.
2021, 14, 1. [CrossRef]

8. Yaeger, R.; Corcoran, R.B. Targeting Alterations in the RAF-MEK Pathway. Cancer Discov. 2019, 9, 329-341. [CrossRef]

9.  Danker, M.; Rose, A.A.N.; Rajkumar, S.; Siegel, PM.; Watson, I.R. Classifying BRAF alterations in cancer: New rational therapeutic
strategies for actionable mutation. Oncogene 2018, 37, 3183-3199. [CrossRef]

10. Alvarez, ].G.B.; Otterson, G.A. Agents to treat BRAF-mutant lung cancer. Drugs Context 2019, 8, 212566. [CrossRef]

11. Negrao, M.V,; Raymond, V.M.; Lanman, R.B.; Robichaux, ].P.; He, J.; Nilsson, M.B.; Ng, PK.S.; Amador, B.E.; Roarty, E.B.; Nagy,
R.J.; et al. Molecular landscape of BRAF-Mutant NSCLC reveals an association between clonality and driver mutations and
identifies targetable non-V600 driver mutations. J. Thorac. Oncol. 2020, 15, 1611-1623. [CrossRef] [PubMed]

12.  Paik, PK.; Arcila, M.E.; Fara, M.; Sima, C.S.; Miller, V.A.; Kris, M.G.; Ladanyi, M.; Riely, G.J. Clinical characteristics of patients
with lung adenocarcinomas harboring BRAF mutations. J. Clin. Oncol. 2011, 29, 2046-2051. [CrossRef] [PubMed]

13. Cardarella, S.; Ogino, A.; Nishino, M.; Butaney, M.; Shen, J.; Lydon, C.; Yeap, B.Y.; Sholl, L.M.; Johnson, B.E.; Janne, PJ. Clinical,
pathological and biological features associated with BRAF mutations in Non-Small Cell Lung Cancer. Clin. Cancer Res. 2013, 19,
4532-4540. [CrossRef] [PubMed]

14. Brustugun, O.T.; Khattak, A.M.; Tromborg, A.K.; Beigi, M.; Beiske, K.; Lund-Iversen, M.; Helland, A. BRAF-mutations in
non-small cell lung cancer. Lung Cancer 2014, 84, 36-38. [CrossRef] [PubMed]

15. Leonetti, A.; Facchinetti, F.; Rossi, G.; Minari, R.; Conti, A.; Friboulet, L.; Tiseo, M.; Planchard, D. BRAF in non-small cell lung
cancer (NSCLC): Pickaxing another brick in the wall. Cancer Treat. Rev. 2018, 66, 82-94. [CrossRef] [PubMed]

16. Marchetti, A.; Felicioni, L.; Malatesta, S.; Sciarrotta, M.G.; Guetti, L.; Chella, A.; Viola, P.; Pullara, C.; Mucilli, F.; Buttitta, F.
Clinical features and outcome of patients with Non-Small-Cell Lung Cancer harboring BRAF mutations. J. Clin. Oncol. 2011, 29,
3574-3579. [CrossRef]

17.  Chen, D.; Zhang, L.Q.; Huang, ].E; Liu, K.; Chuai, Z.R,; Yang, Z.; Wang, Y.X;; Shi, D.C,; Liu, Q.; Huang, Q.; et al. BRAF mutations
in patients with Non-Small Cell Lung Cancer: A systematic review and meta-Analysis. PLoS ONE 2014, 9, e101354. [CrossRef]

18. Lin, Q.; zhang, H.; Ding, H.; Qian, J.; Lizaso, A.; Lin, J.; Han-Zhang, H.; Xiang, J.; Li, Y.; Zhu, H. The association between BRAF
mutation class and clinical features in BRAF-mutant Chinese non-small cell lung cancer patients. J. Transl. Med. 2019, 17, 298.
[CrossRef]

19. Mendoza, D.P,; Dagogo-Jack, I.; Chen, T.; Padole, A.; Shepherd, ].O.A.; Shaw, A.T.; Digumarthy, S.R. Imaging characteristics of
BRAF-mutant non-small cell lung cancer by functional class. Lung Cancer 2019, 129, 80-84. [CrossRef]

20. Dagogo-Jack, I.; Martinez, P; Yeap, B.Y.; Ambrogio, C.; Ferris, L.A.; Lydon, C.; Nguen, T.; Jessop, N.A; Iafrate, A.].; Johnson, B.E.;
et al. Impact of BRAF mutation class on disease characteristics and clinical outcomes in BRAF-mutant Lung Cancer. Clin. Cancer
Res. 2018, 25, 158-165. [CrossRef]

21. Frisone, D.; Friedlaender, A.; Malapelle, U.; Banna, G.; Addeo, A. A BRAF new world. Crit. Rev. Oncol. Hematol. 2020, 152, 103008.
[CrossRef]

22. Passaro, A.; Attili, I.; Rappa, A.; Vacirca, D.; Ranghiero, A.; Fumagalli, C.; Guarize, J.; Spaggiari, L.; de Marinis, F; Barberis,
M.; et al. Genomic characterization of concurrent alterations in Non-Small Cell Lung Cancer (NSCLC) harboring actionable
mutations. Cancers 2021, 13, 2172. [CrossRef] [PubMed]

23. Zhuang, X.; Zhao, C.; Li, J.; Su, C.; Chen, X,; Ren, S.; Li, X.; Zhou, C. Clinical features and therapeutic options in non-small

cell lung cancer patients with concomitant mutations of EGFR, ALK, ROS1, KRAS or BRAF. Cancer Med. 2019, 8, 1858-2866.
[CrossRef] [PubMed]


http://doi.org/10.1210/edrv.22.2.0428
http://www.ncbi.nlm.nih.gov/pubmed/11294822
http://doi.org/10.1128/MCB.26.6.2262-2272.2006
http://www.ncbi.nlm.nih.gov/pubmed/16508002
http://doi.org/10.1093/annonc/mdy275
http://www.ncbi.nlm.nih.gov/pubmed/30285222
http://doi.org/10.1016/j.phrs.2018.08.013
http://www.ncbi.nlm.nih.gov/pubmed/30118796
http://doi.org/10.1074/jbc.273.38.24939
http://www.ncbi.nlm.nih.gov/pubmed/9733801
http://doi.org/10.1016/j.bbrc.2011.11.145
http://www.ncbi.nlm.nih.gov/pubmed/22177953
http://doi.org/10.1186/s13045-020-01025-7
http://doi.org/10.1158/2159-8290.CD-18-1321
http://doi.org/10.1038/s41388-018-0171-x
http://doi.org/10.7573/dic.212566
http://doi.org/10.1016/j.jtho.2020.05.021
http://www.ncbi.nlm.nih.gov/pubmed/32540409
http://doi.org/10.1200/JCO.2010.33.1280
http://www.ncbi.nlm.nih.gov/pubmed/21483012
http://doi.org/10.1158/1078-0432.CCR-13-0657
http://www.ncbi.nlm.nih.gov/pubmed/23833300
http://doi.org/10.1016/j.lungcan.2014.01.023
http://www.ncbi.nlm.nih.gov/pubmed/24552757
http://doi.org/10.1016/j.ctrv.2018.04.006
http://www.ncbi.nlm.nih.gov/pubmed/29729495
http://doi.org/10.1200/JCO.2011.35.9638
http://doi.org/10.1371/journal.pone.0101354
http://doi.org/10.1186/s12967-019-2036-7
http://doi.org/10.1016/j.lungcan.2019.01.007
http://doi.org/10.1158/1078-0432.CCR-18-2062
http://doi.org/10.1016/j.critrevonc.2020.103008
http://doi.org/10.3390/cancers13092172
http://www.ncbi.nlm.nih.gov/pubmed/33946519
http://doi.org/10.1002/cam4.2183
http://www.ncbi.nlm.nih.gov/pubmed/31016879

Cancers 2022, 14, 4863 11 of 12

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

Martorell, PM.; Huerta, M.; Quilis, A.C.; Abellan, R.; Seda, E.; Blesa, S.; Chaves, E]J.; Beltran, D.D.; Keranen, S.R.; Franco, J.;
et al. Coexistence of EGFR, KRAS, BRAF, and PIK3CA mutations and ALK rearrangement in a comprehensive cohort of 326
consecutive spanish non squamous NSCLC patients. Clin. Lung Cancer 2017, 18, e395-e402. [CrossRef] [PubMed]

Ohashi, K.; Sequist, L.V.; Arcila, M.E.; Moran, T.; Chmielecki, J.; Lin, Y.L.; Pan, Y.; Wang, L.; de Stanchina, E.; Shien, K,; et al.
Lung cancers with acquired resistance to EGFR inhibitors occasionally harbor BRAF gene mutations but lack mutations in KRAS,
NRAS, or MEK1. Proc. Natl. Acad. Sci. USA 2012, 109, E2127-E2133. [CrossRef] [PubMed]

Ho, C.C,; Liao, W.Y,; Lin, C.A_; Shih, J.Y;; Yu, CJ.; Yang, ].C.H. Acquired BRAF V600E mutation as resistant mechanism after
treatment with osimertinib. J. Thor. Oncol. 2016, 12, 567-572. [CrossRef]

Dudnik, E.; Peled, N.; Nechushtan, H.H.; Wollner, M.; Onn, A.; Agbarya, A.; Moskovitz, M.; Keren, S.; Popovits-Hadari, N.;
Urban, D.; et al. BRAF mutant lung cancer: Programmed Death Ligand 1 expression, tumor mutational burden, microsatellite
instability status, and response to immune check-point inhibitor. J. Thor. Oncol. 2018, 13, 1128-1137. [CrossRef]

Rihawi, K.; Giannarelli, D.; Galetta, D.; Delmonte, A.; Giavarra, M.; Turci, D.; garassino, M.; Tiseo, M. BRAF Mutant NSCLC and
immune checkpoint inhibitors: Results from a real-world experience. J. Thor. Oncol. 2019, 14, e57-e59. [CrossRef]

Li, S.D.; martial, A.; Schrock, A.B.; Liu, ].J. Extraordinary clinical benefit to sequential treatment with targeted therapy and
immunotherapy of a BRAF V600E and PD-L1 positive metastatic lung adenocarcinoma. Exp. Hematol. Oncol. 2017, 6, 29.
[CrossRef]

Mazieres, J.; Drilon, A.; Lusque, A.; Mhanna, L.; Cortot, A.B.; Mezquita, L.; Thai, A.A.; Mascaux, C.; Couraud, S.; Veillon, R,;
et al. Immune checkpoint inhibitors for patients with advanced lung cancer and oncogenic driver alterations: Results from the
IMMUNOTARGET registry. Ann. Oncol. 2019, 30, 1321-1328. [CrossRef]

Reddy, V.P; Gay, L.M.; Elvin, J.A.; Vergilio, ].A.; Suh, J.; Ramkissoon, S.; Daniel, S.; Severson, E.A.; Ali, S.M.; Schrock, A.B.; et al.
BRAF fusions in clinically advanced non-small cell lung cancer: An emerging target for anti-BRAF therapies. J. Clin. Oncol. 2017,
35,9072. [CrossRef]

Marks, J.L.; Gong, Y.; Chitale, D.; Golas, B.; McLellan, M.D.; Kasai, Y.; Ding, L.; Mardis, E.R.; Wilson, R.K.; Soliti, D.; et al.
Novel MEK1 mutation identified by mutational analysis of epidermal growth factor receptor signaling pathway genes in lung
adenocarcinoma. Cancer Res. 2008, 68, 5524-5528. [CrossRef] [PubMed]

Arcila, M.E,; Drilon, A.; Sylvester, B.E.; Lovly, C.M.; Borsu, L.; Reva, B.; Kris, M.; Solit, D.B.; Ladanyi, M. MAP2K1 (MEK1)
mutations define a distinct subset of lung adenocarcinoma associated with smoking. Clin. Cancer Res. 2015, 21, 1935-1943.
[CrossRef] [PubMed]

Chapman, P.B.; Hauschild, A.; Robert, C.; Haanen, ].B.; Ascierto, P; Larkin, J.; Dummer, R.; Garbe, C.; Testori, A.; Maio, M.; et al.
Improved survival with vemurafenib in melanoma with BRAF V600E mutation. N. Engl. J. Med. 2011, 364, 2507-2516. [CrossRef]
Flaherty, K.T.; Puzanov, I.; Kim, K.B.; Ribas, A.; McArthur, G.A.; Sosman, ]J.A.; O'Dwyer, PJ.; Lee, R.].; Grippo, J.E; Nolop, K.; et al.
Inhibition of mutated, activated BRAF in metastatic melanoma. N. Engl. . Med. 2010, 363, 809-819. [CrossRef]

Sosman, J.A.; Kim, K.B.; Schuchter, L.; Gonzalez, R.; Pavlick, A.C.; Weber, ]J.S.; McArthur, G.A.; Hutson, T.E.; Moschos, S.J.;
Flaherty, K.T.; et al. Survival in BRAF V600-mutant advanced melanoma treated with vemurafenib. N. Engl. ]. Med. 2012, 366,
707-714. [CrossRef]

Gautschi, O.; Pauli, C.; Strobel, K.; Hirschmann, A.; Printzen, G.; Aebi, S.; Diebold, J. A Patient with BRAF V600E Lung
Adenocarcinoma Responding to Vemurafenib. J. Thorac. Oncol. 2012, 7, e23—e24. [CrossRef]

Peters, S.; Michielin, O.; Zimmermann, S. Dramatic response induced by vemurafenib in a BRAF V600E-mutated lung adenocarci-
noma. J. Clin. Oncol. 2013, 31, e341-e344. [CrossRef]

Gautschi, O.; Milia, J.; Cabarrou, B.; Bluthgen, M.V.; Besse, B.; Smit, E.F.,; Wolf, J.; Peters, S.; Frith, M.; Koeberle, D.; et al.
Targeted therapy for patients with BRAF-mutant lung cancer results from the European EURAF cohort. J. Thorac. Oncol. 2015, 10,
1451-1457. [CrossRef]

Hyman, D.M.; Puzanov, L; Subbiah, V,; Faris, ].E.; Chau, I; Blay, ].Y.; Wolf, J.; Raje, N.S.; Diamond, E.L.; Hollebecque, A.; et al.
Vemurafenib in multiple nonmelanoma cancers with BRAF V600 mutations. N. Engl. J. Med. 2015, 373, 726-736. [CrossRef]
Subbiah, V.; Gervais, R.; Riely, G.J.; Hollebecque, A.; Blay, J.-Y.; Felip, E.; Schuler, M.; Gongalves, A.; Italiano, A.; Keedy, V.; et al.
Efficacy of Vemurafenib in Patients with Non-Small-Cell Lung Cancer with BRAF V600 Mutation: An Open-Label, Single-Arm
Cohort of the Histology-Independent VE-BASKET Study. JCO Precis. Oncol. 2019, 3, 1-9. [CrossRef] [PubMed]

Mazieres, J.; Cropet, C.; Montané, L.; Barlesi, F.; Souquet, P.; Quantin, X.; Dubos-Arvis, C.; Otto, J.; Favier, L.; Avrillon, V.; et al.
Vemurafenib in non-small-cell lung cancer patients with BRAFV600 and BRAFnonV600 mutations. Ann. Oncol. 2020, 31, 289-294.
[CrossRef] [PubMed]

Planchard, D.; Kim, T.M.; Mazieres, J.; Quoix, E.; Riely, G.; Barlesi, F.; Souquet, PJ.; Smit, E.E; Groen, H.]J.; Kelly, R.J.; et al.
Dabrafenib in patients with BRAFV600E-positive advanced non-small-cell lung cancer: A single arm, multicentre, open-label,
phase 2 trial. Lancet Oncol. 2016, 17, 642-650. [CrossRef]

Planchard, D.; Besse, B.; Groen, H.].M.; Souquet, PJ.; Quoix, E.; Baik, C.S.; Barlesi, F.; Kim, T.M.; Mazieres, J.; Novello, S.; et al.
Dabrafenib plus trametinib in patients with previously treated BRAF(V600E)-mutant metastatic non-small cell lung cancer: An
open-label, multicentre phase 2 trial. Lancet Oncol. 2016, 17, 984-993. [CrossRef]

Planchard, D.; Besse, B.; Groen, H.].M.; Hashemi, S.M.S.; Mazieres, J.; Kim, T.M.; Quoix, E.; Souquet, PJ.; Barlesi, F.; Baik, C.S,;
et al. Phase 2 Study of Dabrafenib Plus Trametinib in Patients with BRAF V600E-Mutant Metastatic NSCLC: Updated 5-Year
Survival Rates and Genomic Analysis. J. Thorac. Oncol. 2022, 17, 103-115. [CrossRef]


http://doi.org/10.1016/j.cllc.2017.04.006
http://www.ncbi.nlm.nih.gov/pubmed/28550959
http://doi.org/10.1073/pnas.1203530109
http://www.ncbi.nlm.nih.gov/pubmed/22773810
http://doi.org/10.1016/j.jtho.2016.11.2231
http://doi.org/10.1016/j.jtho.2018.04.024
http://doi.org/10.1016/j.jtho.2018.11.036
http://doi.org/10.1186/s40164-017-0089-y
http://doi.org/10.1093/annonc/mdz167
http://doi.org/10.1200/JCO.2017.35.15_suppl.9072
http://doi.org/10.1158/0008-5472.CAN-08-0099
http://www.ncbi.nlm.nih.gov/pubmed/18632602
http://doi.org/10.1158/1078-0432.CCR-14-2124
http://www.ncbi.nlm.nih.gov/pubmed/25351745
http://doi.org/10.1056/NEJMoa1103782
http://doi.org/10.1056/NEJMoa1002011
http://doi.org/10.1056/NEJMoa1112302
http://doi.org/10.1097/JTO.0b013e3182629903
http://doi.org/10.1200/JCO.2012.47.6143
http://doi.org/10.1097/JTO.0000000000000625
http://doi.org/10.1056/NEJMoa1502309
http://doi.org/10.1200/PO.18.00266
http://www.ncbi.nlm.nih.gov/pubmed/32914022
http://doi.org/10.1016/j.annonc.2019.10.022
http://www.ncbi.nlm.nih.gov/pubmed/31959346
http://doi.org/10.1016/S1470-2045(16)00077-2
http://doi.org/10.1016/S1470-2045(16)30146-2
http://doi.org/10.1016/j.jtho.2021.08.011

Cancers 2022, 14, 4863 12 of 12

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.
60.
61.

62.
63.
64.
65.
66.

67.

68.

69.

70.

71.

Robinson, S.D.; O’Shaughnessy, J.A.; Lance, C.C.; Konduri, K. BRAF V600E-mutated lung adenocarcinoma with metastases to the
brain responding to treatment with vemurafenib. Lung Cancer 2014, 85, 326-330. [CrossRef]

Fernandes, M.G.; Costa, J.; Reis, ].; Jacob, M.; Moura, C.; Machado, J.; Hespanhol, V. OA08.07 BRAF-V600E Advanced lung
adenocarcinoma with leptomeningeal (LM) disease treated with vemurafenib. J. Thorac. Oncol. 2017, 12, S274-5275. [CrossRef]
Falchook, G.S.; Long, G.V.; Kurzrock, R.; Kim, K.B.; Arkenau, T.H.; Brown, M.P; Hamid, O.; Infante, J.R.; Millward, M.; Pavlick,
A.C; et al. Dabrafenib in patients with melanoma, untreated brain metastases, and other solid tumours: A phase 1 dose-escalation
trial. Lancet 2012, 379, 1893-1901. [CrossRef]

Chan, X.Y,; Singh, A.; Osman, N.; Piva, T.J. Role played by signalling pathways in overcoming BRAF inhibitor resistance in
melanoma. Int. J. Mol. Sci. 2017, 18, 1527. [CrossRef]

Oberholzer, P.A.; Kee, D.; Dziunycz, P; Sucker, A.; Kamsukom, N.; Jones, R.; Roden, C.; Chalk, C.J.; Ardlie, K.; Palescandolo,
E.; et al. RAS mutations are associated with the development of cutaneous squamous cell tumors in patients treated with RAF
inhibitors. J. Clin. Oncol. 2012, 30, 316-321. [CrossRef]

Cox, A.D.; Der, C.J. The Raf inhibitor paradox: Unexpected consequences of targeted drugs. Cancer Cell 2010, 17, 221-223.
[CrossRef] [PubMed]

Ascierto, P.A.; McArthur, G.A.; Dréno, B.; Atkinson, V.; Liszkay, G.; Di Giacomo, A.M.; Mandala, M.; Demidov, L.; Stroyakovskiy,
D.; Thomas, L.; et al. Cobimetinib combined with vemurafenib in advanced BRAFV600-mutant melanoma (coBRIM): Updated
efficacy results from a randomised, double-blind, phase 3 trial. Lancet Oncol. 2016, 17, 1248-1260. [CrossRef]

Long, G.V,; Stroyakovskiy, D.; Gogas, H.; Levchenko, E.; de Braud, F.; Larkin, J.; Garbe, C.; Jouary, T.; Hauschild, A.; Grob, J.-J.;
et al. Dabrafenib and trametinib versus dabrafenib and placebo for Val600 BRAF-mutant melanoma: A multicentre, double-blind,
phase 3 randomised controlled trial. Lancet 2015, 386, 444-451. [CrossRef]

Approved Drugs—FDA Grants Regular Approval to Dabrafenib and Trametinib Combination for Metastatic NSCLC with BRAF
V600E Mutation 2017. Available online: https://www.fda.gov/Drugs/InformationOnDrugs/ApprovedDrugs/ucmb564331.htm
(accessed on 10 November 2017).

Trametinib in Combination with Dabrafenib Is Indicated for the Treatment of Adult Patients with Advanced Non-Small Cell
Lung Cancer with a BRAF V600 Mutation 2017. Available online: http://www.ema.europa.eu/docs/en_GB/document_library/
Summary_of_opinion/human/002643/WC500222159.pdf (accessed on 23 November 2017).

Savoia, P,; Fava, P.; Casoni, F.; Cremona, O. Targeting the ERK Signaling Pathway in Melanoma. Int. . Mol. Sci. 2019, 20, 1483.
[CrossRef]

Dummer, R.; Ascierto, P.A.; Gogas, H.J.; Arance, A.; Mandala, M.; Liszkay, G.; Garbe, C.; Schadendorf, D.; Krajsova, I.; Gutzmer, R ;
et al. Encorafenib plus binimetinib versus vemurafenib or encorafenib in patients with BRAF-mutant melanoma (COLUMBUS):
A multicentre, open-label, randomised phase 3 trial. Lancet Oncol. 2018, 19, 603—615. [CrossRef]

Kopetz, S.; Grothey, A.; Yaeger, R.; van Cutsem, E.; Desali, J.; Yoshino, T.; Wasan, H.; Ciardiello, F.; Loupakis, F.; Hong, Y.S.; et al.
Encorafenib, Binimetinib, and Cetuximab in BRAF V600E-Mutated Colorectal Cancer. N. Engl. |. Med. 2019, 381, 1632-1643.
[CrossRef]

Available online: https://clinicaltrials.gov/ct2 /show /NCT04526782 (accessed on 4 October 2022).

Available online: https://clinicaltrials.gov/ct2 /show /NCT03915951 (accessed on 4 October 2022).

Johnson, M.L.; Braiteh, E; Grilley-Olson, J.E.; Chou, J.; Davda, J.; Forgie, A.; Li, R.; Jacobs, I.; Kazazi, F.; Hu-Lieskovan, S.
Assessment of Subcutaneous vs Intravenous Administration of Anti-PD-1 Antibody PF-06801591 in Patients with Advanced
Solid Tumors: A Phase 1 Dose-Escalation Trial. JAMA Oncol. 2019, 5, 999-1007. [CrossRef]

Available online: https:/ /clinicaltrials.gov/ct2 /show /NCT04585815 (accessed on 4 October 2022).

Available online: https:/ /clinicaltrials.gov/ct2/show /NCT04591431 (accessed on 4 October 2022).

Available online: https://clinicaltrials.gov/ct2 /show /NCT03178552 (accessed on 4 October 2022).

Johnson, D.B.; Menzies, A.M.; Zimmer, L.; Eroglu, Z.; Ye, F.; Zhao, S.; Rizos, H.; Sucker, A.; Scolyer, R.A.; Gutzmer, R.; et al.
Acquired BRAF inhibitor resistance: A multicenter meta-analysis of the spectrum and frequencies, clinical behaviour, and
phenotypic associations of resistance mechanisms. Eur. |. Cancer 2015, 51, 2792-2799. [CrossRef]

Rudin, C.M.; Hong, K.; Streit, M. Molecular characterization of acquired resistance to the BRAF Inhibitor dabrafenib in a patient
With BRAF Mutant Non-Small-Cell Lung Cancer. |. Thorac. Oncol. 2013, 8, e41-e42. [CrossRef]

Girotti, M.; Lopes, E; Preece, N.; Niculescu-Duvaz, D.; Zambon, A.; Davies, L.; Whittaker, S.; Saturno, G.; Viros, A.; Pedersen, M.;
et al. Paradox-breaking RAF inhibitors that also target SRC are effective in drug-resistant BRAF mutant melanoma. Cancer Cell
2015, 27, 85-96. [CrossRef]

Zhang, C.; Spevak, W.; Zhang, Y.; Burton, E.A.; Ma, Y.; Habets, G.; Zhang, ].; Lin, J.; Ewing, T.; Matusow, B.; et al. RAF inhibitors
that evade paradoxical MAPK pathway activation. Nature 2015, 526, 583-586. [CrossRef] [PubMed]

Hellmann, M.; Rizvi, N.; Wolchok, ].D.; Chan, T.A. Genomic profile, smoking, and response to anti-PD-1 therapy in non-small cell
lung carcinoma. Mol. Cell. Oncol. 2016, 3, €1048929. [CrossRef] [PubMed]

Boussiotis, V.A. Somatic mutations and immunotherapy outcome with CTLA-4 blockade in melanoma. N. Engl. |. Med. 2014, 371,
2230-2232. [CrossRef] [PubMed]

Guisier, F.; Dubos-Arvis, C.; Vifias, E; Doubre, H.; Ricordel, C.; Ropert, S.; Janicot, H.; Bernardi, M.; Fournel, P.; Lamy, R.; et al.
Efficacy and Safety of Anti-PD-1 Immunotherapy in Patients with Advanced NSCLC With BRAF, HER2, or MET Mutations or
RET Translocation: GFPC 01-2018. J. Thorac. Oncol. 2020, 15, 628-636. [CrossRef] [PubMed]


http://doi.org/10.1016/j.lungcan.2014.05.009
http://doi.org/10.1016/j.jtho.2016.11.272
http://doi.org/10.1016/S0140-6736(12)60398-5
http://doi.org/10.3390/ijms18071527
http://doi.org/10.1200/JCO.2011.36.7680
http://doi.org/10.1016/j.ccr.2010.02.029
http://www.ncbi.nlm.nih.gov/pubmed/20227037
http://doi.org/10.1016/S1470-2045(16)30122-X
http://doi.org/10.1016/S0140-6736(15)60898-4
https://www.fda.gov/Drugs/InformationOnDrugs/ApprovedDrugs/ucm564331.htm
http://www.ema.europa.eu/docs/en_GB/document_library/Summary_of_opinion/human/002643/WC500222159.pdf
http://www.ema.europa.eu/docs/en_GB/document_library/Summary_of_opinion/human/002643/WC500222159.pdf
http://doi.org/10.3390/ijms20061483
http://doi.org/10.1016/S1470-2045(18)30142-6
http://doi.org/10.1056/NEJMoa1908075
https://clinicaltrials.gov/ct2/show/NCT04526782
https://clinicaltrials.gov/ct2/show/NCT03915951
http://doi.org/10.1001/jamaoncol.2019.0836
https://clinicaltrials.gov/ct2/show/NCT04585815
https://clinicaltrials.gov/ct2/show/NCT04591431
https://clinicaltrials.gov/ct2/show/NCT03178552
http://doi.org/10.1016/j.ejca.2015.08.022
http://doi.org/10.1097/JTO.0b013e31828bb1b3
http://doi.org/10.1016/j.ccell.2014.11.006
http://doi.org/10.1038/nature14982
http://www.ncbi.nlm.nih.gov/pubmed/26466569
http://doi.org/10.1080/23723556.2015.1048929
http://www.ncbi.nlm.nih.gov/pubmed/27308563
http://doi.org/10.1056/NEJMe1413061
http://www.ncbi.nlm.nih.gov/pubmed/25409261
http://doi.org/10.1016/j.jtho.2019.12.129
http://www.ncbi.nlm.nih.gov/pubmed/31945494

	Introduction 
	MAPK Pathway and Its Alterations 
	BRAF and MEK Alterations in NSCLC 
	BRAF and MEK Inhibitors in NSCLC 

	Discussion 
	Conclusions 
	References

