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Abstract: Osimertinib has become a standard of care in the first-line treatment of advanced-stage
non-small-cell lung cancer (NSCLC) harboring exon 19 and 21 activating mutations in the EGFR gene.
Nevertheless, the 18.9-month median progression-free survival emphasizes the fact that resistance to
osimertinib therapy is inevitable. Acquired resistance mechanisms to osimertinib in EGFR-driven
NSCLC include MET amplification, EGFR C797S mutation, neuroendocrine differentiation, small-
cell lung carcinoma histologic transformation, PD-L1 and KRAS amplifications and ESR1-AKAP12
and MKRN1-BRAF translocations, as well as BRAF V600 mutation. This last one represents 3%
of the acquired resistance mechanisms to osimertinib. In this review, we discuss the rationale for
EGFR/BRAF/MEK co-inhibition in the light of a clinical case of EGFR-mutant NSCLC developing
a BRAF V600 mutation as an acquired resistance mechanism to osimertinib and responding to the
association of osimertinib plus dabrafenib and trametinib. Additionally, we discuss the acquired
resistance mechanisms to osimertinib plus dabrafenib and trametinib combination in that context.

Keywords: EGFR-mutant NSCLC; BRAF mutation; BRAF fusion; targeted therapy; resistance mechanisms;
osimertinib; RAS/MAPK; BRAF TKI; MEK TKI

1. Introduction

Lung cancer is the leading cause of cancer death and the second most commonly
diagnosed cancer worldwide [1]. Histologically, lung cancer, arising from lung epithelial
cells, is divided into two main types, non-small-cell lung cancer (NSCLC) and small-cell
lung cancer (SCLC), which represent 85% and 15% of all lung cancers, respectively [2].
Over the last 30 years, advances in next-generation sequencing (NGS) technology have
led to vast improvements in our understanding of the molecular biology that underpins
NSCLC, including identification of key and potentially targetable genetic aberrations. A
molecular classification of NSCLC has emerged, besides histological classification, leading
to new biological insights and targeted therapies directed towards specific molecular abnor-
malities found in small subsets of NSCLC, such as mutations in epidermal growth factor
receptor (EGFR) and B-Raf proto-oncogene (BRAF) genes or translocations in anaplastic
lymphoma kinase (ALK), Ret proto-oncogene (RET), or C-Ros-1 proto-oncogene (ROS1)
genes [3,4]. EGFR mutation is the leading genetic alteration in NSCLC, accounting for 12%
of unselected lung adenocarcinomas (LUADs) and 44% of LUADs in never-smokers in the
Caucasian population. Exon 19 deletion and exon 21 L858R sensitizing EGFR mutations
constitute 86% of EGFR mutations in NSCLC and confer high responsiveness (sensitivity)
to EGFR tyrosine kinase inhibitors (TKIs) [5]. TKIs targeting EGFR activating mutations
significantly improved the outcome of EGFR-mutant NSCLC. Recently, a third-generation
TKI, osimertinib, improved progression-free survival (PFS), overall survival (OS) and
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intracerebral efficacy in comparison to first-generation EGFR TKIs gefitinib or erlotinib in
advanced-stage EGFR-mutant NSCLC [6,7] (Supplementary Table S1). Moreover, osimer-
tinib displayed a safety profile similar to first-generation TKIs [6]. Therefore, osimertinib
has become the standard-of-care (SOC) in the first-line treatment of advanced-stage EGFR-
mutant NSCLC.

Unfortunately, despite these remarkable outcome improvements in EGFR-mutant
NSCLC treated with an EGFR TKI, almost all patients inexorably develop progressive
disease during TKI treatment [7]. Tumor progression is driven by acquired resistance mech-
anisms (ARMs) to EGFR TKIs, which are quite heterogenous molecular alterations. These
ARMs to EGFR TKIs can be broadly grouped into EGFR-dependent (EGFR C797S mutation,
EGFR amplification) or EGFR-independent mechanisms (bypass signaling, downstream
pathway activation, or histologic and phenotypic transformation) [8]. The management of
EGFR-mutant NSCLC with ARMs to osimertinib presenting multiple targetable alterations
is still unclear. The molecular heterogeneity related to ARMs to EGFR TKIs emphasized
the weakness of therapeutic options after progression on osimertinib. Platinum doublet
chemotherapy-based regimens are recommended in patients who progress on osimertinib.
Nevertheless, some EGFR-dependent ARMs, such as the EGFR C797S mutation, seem
to be targetable with new fourth-generation EGFR TKIs in preclinical studies (e.g., BLU-
945 [9,10] and EAI045 [11]) and a clinical trial is currently evaluating the efficacy and safety
of one of them (BLU-945) in EGFR-mutant NSCLC (Supplementary Table S2). Interest-
ingly, some EGFR-independent ARMs to osimertinib, such as Hepatocyte Growth Factor
Receptor (MET) or HER2 amplification and BRAF activation, are potentially targetable
with third- or fourth-generation EGFR TKIs combined with targeted therapies against MET
amplification, HER2 amplification, or BRAF activation. In this review, we discuss BRAF
activation as an EGFR-independent ARM to osimertinib. We also tackle how we can use
EGFR/BRAF/MEK co-inhibition as a new treatment strategy in BRAF activation as an
ARM to osimertinib.

2. BRAF-Mutant NSCLC

BRAF is a member of the RAS/mitogen-activated protein kinase (MAPK) signaling
pathway that mediates cell growth and malignant transformation [12–14] (Figure 1). The in-
cidence of BRAF mutation is the highest in melanoma, observed in approximately one half
of the cases [15]. The incidence is lower in NSCLC, with BRAF mutations observed in 2–6%
of advanced-stage LUADs [3,16,17] (Table 1). In contrast to EGFR mutations in NSCLC,
which occur mainly in never-smokers, BRAF mutations are more frequent in former or
current smokers [16] (Table 1). The role of tobacco in BRAF mutagenesis is also supported
by the fact that the spectrum of BRAF mutations is limited to transversion mutations [16].
Importantly, advanced-stage BRAF-mutant LUADs naïve from any treatment do not har-
bor EGFR or KRAS co-mutations; BRAF V600, EGFR and KRAS mutations are mutually
exclusive in this setting. However, BRAF-mutant LUADs can occur concomitantly to other
genomic alterations, such as Phosphatidylinositol-4,5-Bisphosphate 3-Kinase Catalytic
Subunit Alpha (PIK3CA) mutations or ALK translocations [16]. The most common BRAF
mutation is the valine (V) to glutamate (E) substitution at residue 600 (V600E) located
in exon 15 of the gene, which constitutively maintains BRAF in an active state [14,16,17].
Conversely to wild-type BRAF, the constitutively active BRAF V600 mutation does not
require protein homodimerization to switch toward the active state [13,14]. The BRAF
V600 mutation accounts for 50% of all BRAF mutations in advanced-stage lung cancer at
diagnosis (Table 1) and acts as an addictive oncogenic driver in LUAD [12,16,17] (Figure 1).
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Figure 1. Triple targeted therapy suggestions in tumor cells harboring EGFR mutation and BRAF activation. Mutation in 
the EGFR gene leads to the EGFR receptor homo- or hetero-dimerization, which results in the activation of downstream 
effectors, including Ras–MAPK (with wild-type BRAF in blue) and PI3K-Akt, leading to increased cell proliferation and 
survival and decreased apoptosis. In a tumor cell harboring an EGFR mutation and a BRAF genetic alteration (mutation 
in yellow or fusion in blue/orange), BRAF can directly activate MEK, bypassing the Ras signaling and, therefore, leading 
to resistance to osimertinib. The combination of EGFR tyrosine kinase inhibitors (TKIs) and BRAF plus MEK kinase inhib-
itors induces EGFR/BRAF/MEK co-inhibition, which overcomes BRAF-acquired resistance mechanism (BRAF mutation or 
fusion) to third-generation EGFR TKIs. Abbreviations: Akt, proto-oncogene c-Akt; BRAF, B-Raf proto-oncogene; 
EGFR, epidermal growth factor receptor; ERK, mitogen-activated protein kinase 2; MEK, mitogen-activated 
protein kinase 1; PI3K, phosphatidylinositol 3-kinase; Ras, ras sarcoma viral pro-to-oncogene; MAPK, mitogen 
activated protein kinase. 

Table 1. BRAF gene alterations in untreated non-small-cell lung cancer (NSCLC) and pilocytic as-
trocytoma. 

Cancer Types BRAF Alterations Proportions  References 

NSCLC 

BRAF mutations  2–6% of NSCLC [3,18,19]  
V600E 50–65% of BRAF mutations [19–21] 

Non-V600E 35–50% of BRAF mutations [19–22] 
In never smokers 19–23% of BRAF mutations [16,19] 

In former smokers 69–72% of BRAF mutations [16,19] 
In current smokers 5–13% of BRAF mutations [16,19] 

BRAF rearrangements 0 (not reported) [19] 
Pilocytic astrocy-

toma 
BRAF rearrangements 78.13% [19,23] 

3. BRAF Alterations as ARMs to Osimertinib in EGFR-Mutant NSCLC 
In vitro and in vivo data showed that the RAS–MAPK pathway activation, through 

an NRAS mutation, for instance, leads to acquired resistance to EGFR TKIs [24]. Activation 
of BRAF can occur as an ARM to osimertinib in advanced-stage NSCLC harboring the 
EGFR T790M mutation [8] (Figure 1). BRAF mutations [8,25] and BRAF rearrangements 
[8,26,27] (Figure 2) are the two genomic alterations leading to BRAF activation as an 
EGFR-independent ARM to osimertinib. EGFR-dependent ARMs encompass EGFR am-
plifications and mutations, such as the EGFR C797X mutation. EGFR-independent ARMs 
involve bypass signaling activation (MET, HER2 and FGFR amplifications, as well as ALK, 
ROS1 and RET rearrangements), epithelial-to-mesenchymal transition (EMT) through 

Figure 1. Triple targeted therapy suggestions in tumor cells harboring EGFR mutation and BRAF activation. Mutation in
the EGFR gene leads to the EGFR receptor homo- or hetero-dimerization, which results in the activation of downstream
effectors, including Ras–MAPK (with wild-type BRAF in blue) and PI3K-Akt, leading to increased cell proliferation and
survival and decreased apoptosis. In a tumor cell harboring an EGFR mutation and a BRAF genetic alteration (mutation in
yellow or fusion in blue/orange), BRAF can directly activate MEK, bypassing the Ras signaling and, therefore, leading to
resistance to osimertinib. The combination of EGFR tyrosine kinase inhibitors (TKIs) and BRAF plus MEK kinase inhibitors
induces EGFR/BRAF/MEK co-inhibition, which overcomes BRAF-acquired resistance mechanism (BRAF mutation or
fusion) to third-generation EGFR TKIs. Abbreviations: Akt, proto-oncogene c-Akt; BRAF, B-Raf proto-oncogene; EGFR,
epidermal growth factor receptor; ERK, mitogen-activated protein kinase 2; MEK, mitogen-activated protein kinase 1; PI3K,
phosphatidylinositol 3-kinase; Ras, ras sarcoma viral pro-to-oncogene; MAPK, mitogen activated protein kinase.

Table 1. BRAF gene alterations in untreated non-small-cell lung cancer (NSCLC) and pilocytic astrocytoma.

Cancer Types BRAF Alterations Proportions References

NSCLC

BRAF mutations 2–6% of NSCLC [3,18,19]

V600E 50–65% of BRAF mutations [19–21]

Non-V600E 35–50% of BRAF mutations [19–22]

In never smokers 19–23% of BRAF mutations [16,19]

In former smokers 69–72% of BRAF mutations [16,19]

In current smokers 5–13% of BRAF mutations [16,19]

BRAF rearrangements 0 (not reported) [19]

Pilocytic astrocytoma BRAF rearrangements 78.13% [19,23]

3. BRAF Alterations as ARMs to Osimertinib in EGFR-Mutant NSCLC

In vitro and in vivo data showed that the RAS–MAPK pathway activation, through
an NRAS mutation, for instance, leads to acquired resistance to EGFR TKIs [24]. Activa-
tion of BRAF can occur as an ARM to osimertinib in advanced-stage NSCLC harboring
the EGFR T790M mutation [8] (Figure 1). BRAF mutations [8,25] and BRAF rearrange-
ments [8,26,27] (Figure 2) are the two genomic alterations leading to BRAF activation as
an EGFR-independent ARM to osimertinib. EGFR-dependent ARMs encompass EGFR
amplifications and mutations, such as the EGFR C797X mutation. EGFR-independent
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ARMs involve bypass signaling activation (MET, HER2 and FGFR amplifications, as well as
ALK, ROS1 and RET rearrangements), epithelial-to-mesenchymal transition (EMT) through
AXL receptor tyrosine kinase (AXL) activation, SCLC transformation and downstream
pathway activation, such as PI3K mutations, and RAS–MAPK pathway activation, includ-
ing BRAF mutations and rearrangements [8,28]. Bypass signaling activation by BRAF
activation leads, in tumor cells, to increased cell survival and proliferation, while apoptosis
is decreased [29,30] (Figure 1).
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Figure 2. Schematic representation of the wild-type and the rearranged BRAF gene. All BRAF
rearrangements lead to a break leaving the serine/threonine kinase domain (or conserved region 3)
and the ATP binding pocket of BRAF intact, while the N-terminal domains (conserved region 1
(CR1) and conserved region 2 (CR2)) are lost, replaced by the fusion partner. Since CR1 is known
to auto-inhibit the kinase domain of the BRAF protein, its loss constitutively activates the kinase
and explains the oncogenic potential of the rearrangement. KIAA1549 is the most frequent BRAF
fusion partner (associated with pilocytic astrocytoma), but 40 other partners have also been described
(https://ccsm.uth.edu/FusionGDB/, (accessed on 20 August 2021)), such as AGK and MKRN1
(reported as acquired resistance mechanisms to EGFR tyrosine kinase inhibitors in EGFR-mutant
lung adenocarcinoma). Abbreviations: AGK, AcylGlycerol kinase; BRS, BRAF-specific region; CR1-3,
conserved region 1-3; CRD, Cys-rich domain; KD, kinase domain; MKRN1, Makorin ring finger
protein 1; RBD, Raf-like Ras-binding domain.

Unlike BRAF mutations as a primary oncogenic driver in NSCLC, BRAF mutations
as an ARM to osimertinib can occur concomitantly with EGFR mutations, which are
mainly observed in never-smokers. BRAF V600 mutations as an ARM, specifically, occur
in approximately 3% of EGFR-mutant NSCLCs exposed to osimertinib in the first- or
second-line setting (Table 2). Non-V600 BRAF mutations, such as G469A, have also been
reported as an ARM to osimertinib (Table 2) [29].

Table 2. BRAF gene alterations as acquired resistance mechanisms to osimertinib in EGFR-mutant
non-small-cell lung cancer.

BRAF Gene Alterations Proportions References

Mutations
V600E 3% [8]

Non-V600E 0 (not reported) [29]

Rearrangements AGK, MKRN1, PJA2
as fusion partners 1–2% [8,26–28]

BRAF rearrangements (Figure 2) have been described in a number of different cancers,
mainly (85% of the cases) in astrocytic pilocytomas (Table 1), the most common childhood
brain tumor [23]. BRAF rearrangements as an ARM to osimertinib occur in approximatively
2% of EGFR-mutant NSCLCs exposed to osimertinib (Table 2), both in the first- and second-
line settings [8,26,27]. Several different 5′ fusion partners for oncogenic BRAF exist in

https://ccsm.uth.edu/FusionGDB/


Pharmaceutics 2021, 13, 1478 5 of 9

different cancers and vary by tumor type. Acylglycerol kinase gene (AGK) and praja ring
finger ubiquitin ligase 2 gene (PJA2)/BRAF fusion partners have been described in BRAF
rearrangements as an ARM to osimertinib. Activating BRAF rearrangements results in loss
of the N-terminal auto-inhibitory domain of BRAF, leading to the formation of constitutively
active BRAF fusion protein dimers that activate the RAS–MAPK pathway [26,27].

4. Targeting EGFR/BRAF/MEK Pathway in NSCLC with BRAF Activation as an ARM
to Osimertinib

Patients experiencing tumor progression with BRAF genetic alteration as an ARM to
osimertinib in EGFR-mutant NSCLC usually receive platinum-based chemotherapy. As
of today, there is no therapeutic strategy using targeted therapy to inhibit both the EGFR
and BRAF/MEK pathways. The management of tumors presenting multiple targetable
mutations is still unclear. However, EGFR-independent ARMs include bypass signaling
activation, such as MET and HER2 amplifications, which are targetable. For instance, in
EGFR-mutant NSCLC harboring MET amplification as ARM to EGFR TKI, dual inhibition
of EGFR and MET with the combination of osimertinib and savolitinib, respectively, pro-
vided promising results with an acceptable risk-benefit profile and encouraging antitumor
activity [31]. This EGFR–MET pathway co-inhibition is evaluated in an ongoing phase 2
clinical trial, SAVANNAH (NCT03778229) [32]. Understanding of ARMs to osimertinib
and evaluation of targeted treatment options post-tumor progression are ongoing in a
large phase 2 open-label trial, ORCHARD (NCT03944772) [33]. The combination of the
EGFR–MET bispecific antibody amivantamab with the third-generation EGFR TKI laz-
ertinib also showed a synergistic inhibition of tumor growth and a good safety profile
in a cohort of EGFR-mutant NSCLC patients with resistance to osimertinib in a phase 1
trial, CHRYSALIS [34]. Unfortunately, targeted treatment strategies to overcome BRAF
activation as an ARM to osimertinib have not been considered in clinical trials so far. In
this part, we tackle targeted treatment strategies to overcome ARMs to osimertinib, with a
focus on BRAF activation.

Osimertinib is SOC in advanced-stage EGFR-mutant NSCLC in the first- or second-
line setting (in second-line, the occurrence of an EGFR T790M mutation of resistance to
first- or second-generation EGFR TKIs is required) [6,7,35]. Several other third-generation
EGFR TKIs (e.g., lazertinib, almonertinib and alflutinib) have been evaluated in clinical
trials, mainly early-phase (Supplementary Table S1) and/or are in clinical development,
(Supplementary Table S2). Interestingly, a fourth generation EGFR TKI, BLU-945, over-
comes the EGFR T790M as well as the C797S mutations of resistance to first/second- and
third-generation EGFR TKIs, respectively, and demonstrated interesting antitumor activity
in preclinical studies [9,10]. The clinical evaluation of BLU-945 is ongoing in a phase 1/2
clinical trial (NCT04862780) (Supplementary Table S2). Furthermore, the combination of
the BRAF kinase inhibitor dabrafenib with the MEK kinase inhibitor trametinib is approved
by the U.S Food and Drug Administration, as well as the European Medicines Agency, in
the first-line setting of advanced-stage NSCLC harboring a BRAF V600E mutation based on
a phase 2 trial which showed an objective response rate (ORR) of 64%, a median duration of
response of 15.2 months and a median PFS of 14.6 months, if assessed by the independent
review committee, or 10.9 months, if investigator-assessed [36] (Supplementary Table S1).
Importantly, the antitumor activity of the dabrafenib plus trametinib combination is higher
than dabrafenib monotherapy, with an ORR of 67% and 33%, respectively [37]. In addi-
tion, the safety profile of the combination of BRAF plus MEK inhibitors encorafenib plus
binimetinib is better compared with the BRAF inhibitor encorafenib or vemurafenib in
monotherapy [38].

4.1. BRAF V600 Mutation

In a patient suffering from an EGFR-mutant NSCLC with BRAF V600E mutation as an
ARM to osimertinib, we observed that the EGFR/BRAF/MEK pathway co-inhibition with
dabrafenib, trametinib plus osimertinib triple therapy (as suggested in Figure 1) was more
effective than the dabrafenib plus trametinib dual therapy [25]. Indeed, following tumor
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progression on osimertinib related to the occurrence of a BRAF V600 mutation, osimertinib
was first stopped and the dabrafenib plus trametinib combination initiated. However, after
six weeks of dabrafenib plus trametinib treatment, symptomatic tumor progression was
observed. Therefore, it was decided to restart osimertinib while continuing dabrafenib plus
trametinib. This triple inhibition led to clinical improvement and partial tumor response.
This observation is consistent with preclinical data reporting that BRAF inhibitor enco-
rafenib suppressed MEK signaling but had no significant effect on ERK phosphorylation,
while the combination of encorafenib and osimertinib significantly reduced both MEK and
ERK phosphorylation, as well as growth of NSCLC cells harboring both EGFR and BRAF
V600E mutations [30].

In our review of nine case reports using dabrafenib, trametinib plus osimertinib triple
therapy for EGFR/BRAF/MEK pathway co-inhibition (as suggested in Figure 1), there
was a meaningful improvement of PFS, as well as a clinical benefit [25]. Toxicities reported
with the triple therapy included fatigue, pyrexia, dysgueusia, nausea, vomiting, diarrhea,
pneumonitis, or creatinine phosphokinase (CPK) elevation; these adverse events were
managed through dose modifications of osimertinib and/or dabrafenib and trametinib.
In theory, other BRAF and MEK inhibitor combinations evaluated in melanoma [38,39]
and in ongoing phase 2 clinical trials in BRAF-mutated NSCLC, such as encorafenib plus
binimetinib in advanced-stage (NCT03915951) (Supplementary Table S2), or vemurafenib
plus cobimetinib in the neoadjuvant and adjuvant setting (NCT04302025), may also be
combined with other third-generation EGFR TKIs (e.g., lazertinib, almonertinib, alflutinib)
or the fourth generation EGFR TKI BLU-945. This last one has the advantage to target both
acquired EGFR T790M and C797S mutations. Nevertheless, safety evaluation in clinical
setting is required and ongoing.

4.2. Non-BRAF V600 Mutations and BRAF Rearrangements

Non-V600 BRAF mutations, such as BRAF G469A, are other BRAF activation mecha-
nisms which confer acquired resistance to osimertinib through the RAS–MAPK pathway
activation. Importantly, in vitro data showed that the combination of osimertinib with a
MEK inhibitor (selumetinib or trametinib) induced a synergistic effect, resulting in the
suppression of proliferative pathways and the induction of apoptotic signaling, thus over-
coming osimertinib resistance [29]. These preclinical data pointing out the efficacy of the
dual inhibition of the EGFR–MEK pathway need to be tempered by the fact that all clinical
data obtained so far favored the combination of BRAF and MEK inhibitors compared with
BRAF inhibitors alone in terms of antitumoral efficacy, as well as toxicity profile [37–39].

BRAF activation through BRAF rearrangement is another ARM to osimertinib in
EGFR-mutant NSCLC [26]. Importantly, combined inhibition of BRAF and EGFR with
vemurafenib or dabrafenib plus osimertinib inhibited growth of isogenic cell line models
and of a patient-derived cell line harboring a BRAF rearrangement and an EGFR mutation
in a synergistic manner (Figure 1).

5. Discussion and Perspectives

The major clinical obstacle that limits the long-term benefit of osimertinib in pa-
tients with EGFR-mutant NSCLC is the emergence of ARMs [6,8,28]. The SOC for patient
progressing on osimertinib remains platinum-based chemotherapy, but the results are
disappointing. More effective treatments targeting molecular alterations to overcome
ARMs to osimertinib are needed to improve the outcome of these patients. The targeted
therapy approach may have the advantages of a better safety profile and a better outcome
and quality of life than chemotherapy, as reported in first- and second-line settings in
EGFR-mutant NSCLC [35,40,41]. The characterization of acquired molecular alterations to
osimertinib is quite well elucidated. A targeted therapy trial, based on multiple molecular
alterations, is ongoing with the combination of the third generation EGFR TKI lazertinib
and the EGFR-MET bispecific antibody amivantamab (NCT04077463). This combination is
expected to be effective in ARMs to osimertinib involving EGFR or MET amplifications. The
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combination of osimertinib and savolitinib, evaluated in the ongoing phase 2 SAVANNAH
trial (NCT03778229) [32] and the phase 2 open-label ORCHARD trial (NCT03944772) [33],
is also expected to be effective in EGFR-mutant NSCLC with MET amplification, while
the combination of osimertinib and necitumumab is expected to be effective in EGFR-
mutant NSCLC with EGFR amplification. Osimertinib plus selpercatinib and osimertinib
plus alectinib could potentially be effective in EFGR-mutant NSCLC with RET and ALK
rearrangements, respectively. Unfortunately, the targeted therapy approach against mecha-
nisms leading to BRAF activation, which include V600 and non-V600 BRAF mutations and
BRAF translocations which account for approximatively 5% of ARMs to osimertinib, has
not been explored in clinical trials yet.

This BRAF activation in EGFR-mutant NSCLC seems to be exclusively reported in
patients treated with osimertinib [8], which has become the SOC first-line treatment in pa-
tients suffering from an advanced-stage NSCLC harboring common exon 19 and 21 EGFR
mutations. The proportion of BRAF activation may potentially increase in the context of tu-
mor progressing on osimertinib in the adjuvant setting [42]. Furthermore, BRAF activation
as ARM is expected to appear with other third generation EGFR TKIs in the pipeline, such
as lazertinib, almonertinib and alflutinib. Preclinical and clinical data from case reports
suggest that the targeted therapy approach using the triple EGFR/BRAF/MEK pathway
co-inhibition may be effective and well tolerated in patients with EGFR-mutant NSCLC
and BRAF activation as an ARM to EGFR TKIs [25–27,29,30,42]. Therefore, clinical trials
evaluating the EGFR/BRAF/MEK pathway co-inhibition in patients with BRAF activation
as ARM to EGFR TKIs are needed to assess the optimal dose of the combined drugs which
is effective and has a good toxicity profile in the whole population. At the end, it would
be interesting to assess whether the EGFR/BRAF/MEK pathway co-inhibition ultimately
alters the natural history of these tumors analogously to ALK inhibitors in ALK-rearranged
NSCLC. To do so, plasma genotyping needs to be considered during the treatment, as
well as tumor biopsy at progression to detect the ARM to the EGFR/BRAF/MEK pathway
co-inhibition. Interestingly, an ARM to EGFR/BRAF/MEK pathway co-inhibition, with
osimertinib as the EGFR TKI, may be the EGFR C797S mutation, which is potentially
targetable with the fourth generation EGFR TKI BLU-945 [9,10,25,43].

Supplementary Materials: The following are available online at https://www.mdpi.com/article/
10.3390/pharmaceutics13091478/s1, Table S1: Main clinical trials performed with third-generation
EGFR tyrosine kinase inhibitors and BRAF +/- MEK inhibitors in advanced-stage NSCLC, Table S2:
Main clinical trials ongoing or planned with third- or fourth-generation EGFR tyrosine kinase
inhibitors and BRAF + MEK inhibitors in advanced-stage NSCLC.

Author Contributions: Conceptualization, F.A.N. and S.O.; resources, F.A.N. and S.O; writing—
original draft preparation, F.A.N. and S.O; writing—review and editing, F.A.N. and S.O.; supervision,
S.O.; project administration, F.A.N. and S.O. All authors have read and agreed to the published
version of the manuscript.

Funding: This research received no external funding.

Institutional Review Board Statement: Not applicable.

Informed Consent Statement: Not applicable.

Data Availability Statement: The data presented in this review are openly available in the reference
section as well as Supplementary Data.

Conflicts of Interest: The authors declare no conflict of interest.

References
1. Sung, H.; Ferlay, J.; Siegel, R.L.; Laversanne, M.; Soerjomataram, I.; Jemal, A.; Bray, F. Global Cancer Statistics 2020: GLOBOCAN

Estimates of Incidence and Mortality Worldwide for 36 Cancers in 185 Countries. CA A Cancer J. Clin. 2021, 71, 209–249.
2. Houston, K.A.; Henley, S.J.; Li, J.; White, M.C.; Richards, T.B. Patterns in lung cancer incidence rates and trends by histologic type

in the United States, 2004–2009. Lung Cancer 2014, 86, 22–28. [CrossRef] [PubMed]

https://www.mdpi.com/article/10.3390/pharmaceutics13091478/s1
https://www.mdpi.com/article/10.3390/pharmaceutics13091478/s1
http://doi.org/10.1016/j.lungcan.2014.08.001
http://www.ncbi.nlm.nih.gov/pubmed/25172266


Pharmaceutics 2021, 13, 1478 8 of 9

3. Barlesi, F.; Mazieres, J.; Merlio, J.P.; Debieuvre, D.; Mosser, J.; Lena, H.; Ouafik, L.; Besse, B.; Rouquette, I.; Westeel, V.; et al.
Routine molecular profiling of patients with advanced non-small-cell lung cancer: Results of a 1-year nationwide programme of
the French Cooperative Thoracic Intergroup (IFCT). Lancet 2016, 387, 1415–1426. [CrossRef]

4. Couraud, S.; Souquet, P.J.; Paris, C.; Do, P.; Doubre, H.; Pichon, E.; Dixmier, A.; Monnet, I.; Etienne-Mastroianni, B.; Vincent, M.;
et al. BioCAST/IFCT-1002: Epidemiological and molecular features of lung cancer in never-smokers. Eur. Respir. J. 2015, 45,
1403–1414. [CrossRef]

5. Cheng, L.; Alexander, R.E.; MacLennan, G.T.; Cummings, O.W.; Montironi, R.; Lopez-Beltran, A.; Cramer, H.M.; Davidson,
D.D.; Zhang, S. Molecular pathology of lung cancer: Key to personalized medicine. Mod. Pathol. 2012, 25, 347–369. [CrossRef]
[PubMed]

6. Ramalingam, S.S.; Vansteenkiste, J.; Planchard, D.; Cho, B.C.; Gray, J.E.; Ohe, Y.; Zhou, C.; Reungwetwattana, T.; Cheng, Y.;
Chewaskulyong, B.; et al. Overall Survival with Osimertinib in Untreated, EGFR-Mutated Advanced NSCLC. N. Engl. J. Med.
2019, 382, 41–50. [CrossRef] [PubMed]

7. Soria, J.-C.; Ohe, Y.; Vansteenkiste, J.; Reungwetwattana, T.; Chewaskulyong, B.; Lee, K.H.; Dechaphunkul, A.; Imamura, F.;
Nogami, N.; Kurata, T.; et al. Osimertinib in Untreated EGFR-Mutated Advanced Non–Small-Cell Lung Cancer. N. Engl. J. Med.
2017, 378, 113–125. [CrossRef]

8. Leonetti, A.; Sharma, S.; Minari, R.; Perego, P.; Giovannetti, E.; Tiseo, M. Resistance mechanisms to osimertinib in EGFR-mutated
non-small cell lung cancer. Br. J. Cancer 2019, 121, 725–737. [CrossRef]

9. Schalm, S.S.; Dineen, T.; Lim, S.M.; Park, C.W.; Hsieh, J.; Woessner, R.; Zhang, Z.; Wilson, K.; Eno, M.; Wilson, D.; et al. 384P
BLU-945, a highly potent and selective 4th generation EGFR TKI for the treatment of EGFR T790M/C797S resistant NSCLC. Ann.
Oncol. 2020, 31, S1391. [CrossRef]

10. Schalm, S.S.; Dineen, T.; Lim, S.M.; Park, C.W.; Hsieh, J.; Woessner, R.; Zhang, Z.; Wilson, K.; Eno, M.; Wilson, D.; et al. 1296P
BLU-945, a highly potent and selective 4th generation EGFR TKI for the treatment of EGFR T790M/C797S resistant NSCLC. Ann.
Oncol. 2020, 31, S839. [CrossRef]

11. Wang, S.; Song, Y.; Liu, D. EAI045: The fourth-generation EGFR inhibitor overcoming T790M and C797S resistance. Cancer Lett.
2017, 385, 51–54. [CrossRef]

12. Dankort, D.; Filenova, E.; Collado, M.; Serrano, M.; Jones, K.; McMahon, M. A new mouse model to explore the initiation,
progression, and therapy of BRAFV600E-induced lung tumors. Genes Dev. 2007, 21, 379–384. [CrossRef] [PubMed]

13. Wan, P.T.C.; Garnett, M.J.; Roe, S.M.; Lee, S.; Niculescu-Duvaz, D.; Good, V.M.; Project, C.G.; Jones, C.M.; Marshall, C.J.; Springer,
C.J.; et al. Mechanism of Activation of the RAF-ERK Signaling Pathway by Oncogenic Mutations of B-RAF. Cell 2004, 116, 855–867.
[CrossRef]

14. Yao, Z.; Torres, N.M.; Tao, A.; Gao, Y.; Luo, L.; Li, Q.; de Stanchina, E.; Abdel-Wahab, O.; Solit, D.B.; Poulikakos, P.I.; et al. BRAF
Mutants Evade ERK-Dependent Feedback by Different Mechanisms that Determine Their Sensitivity to Pharmacologic Inhibition.
Cancer Cell 2015, 28, 370–383. [CrossRef]

15. Long, G.V.; Menzies, A.M.; Nagrial, A.M.; Haydu, L.E.; Hamilton, A.L.; Mann, G.J.; Hughes, T.M.; Thompson, J.F.; Scolyer, R.A.;
Kefford, R.F. Prognostic and Clinicopathologic Associations of Oncogenic BRAF in Metastatic Melanoma. J. Clin. Oncol. 2011, 29,
1239–1246. [CrossRef]

16. Villaruz, L.C.; Socinski, M.A.; Abberbock, S.; Berry, L.D.; Johnson, B.E.; Kwiatkowski, D.J.; Iafrate, A.J.; Varella-Garcia, M.;
Franklin, W.A.; Camidge, D.R.; et al. Clinicopathologic features and outcomes of patients with lung adenocarcinomas harboring
BRAF mutations in the Lung Cancer Mutation Consortium. Cancer 2015, 121, 448–456. [CrossRef]

17. Kris, M.G.; Johnson, B.E.; Berry, L.D.; Kwiatkowski, D.J.; Iafrate, A.J.; Wistuba, I.I.; Varella-Garcia, M.; Franklin, W.A.; Aronson,
S.L.; Su, P.-F.; et al. Using Multiplexed Assays of Oncogenic Drivers in Lung Cancers to Select Targeted Drugs. JAMA 2014, 311,
1998–2006. [CrossRef]

18. Skoulidis, F.; Heymach, J.V. Co-occurring genomic alterations in non-small-cell lung cancer biology and therapy. Nat. Rev. Cancer
2019, 19, 495–509. [CrossRef]

19. In The Cancer Genome Atlas Database. Available online: http://www.cbioportal.org/ (accessed on 20 August 2021).
20. Paik, P.K.; 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. Off. J. Am. Soc. Clin. Oncol. 2011, 29, 2046–2051. [CrossRef]
21. Pratilas, C.A.; Hanrahan, A.J.; Halilovic, E.; Persaud, Y.; Soh, J.; Chitale, D.; Shigematsu, H.; Yamamoto, H.; Sawai, A.; Janakiraman,

M.; et al. Genetic Predictors of MEK Dependence in Non–Small Cell Lung Cancer. Cancer Res. 2008, 68, 9375–9383. [CrossRef]
[PubMed]

22. Campbell, J.D.; Alexandrov, A.; Kim, J.; Wala, J.; Berger, A.H.; Pedamallu, C.S.; Shukla, S.A.; Guo, G.; Brooks, A.N.; Murray, B.A.;
et al. Distinct patterns of somatic genome alterations in lung adenocarcinomas and squamous cell carcinomas. Nat. Genet. 2016,
48, 607–616. [CrossRef]

23. Jones, D.T.W.; Hutter, B.; Jäger, N.; Korshunov, A.; Kool, M.; Warnatz, H.-J.; Zichner, T.; Lambert, S.R.; Ryzhova, M.;
Quang, D.A.K.; et al. Recurrent somatic alterations of FGFR1 and NTRK2 in pilocytic astrocytoma. Nat. Genet. 2013, 45, 927–932.
[CrossRef] [PubMed]

24. Eberlein, C.A.; Stetson, D.; Markovets, A.A.; Al-Kadhimi, K.J.; Lai, Z.; Fisher, P.R.; Meador, C.B.; Spitzler, P.; Ichihara, E.;
Ross, S.J.; et al. Acquired Resistance to the Mutant-Selective EGFR Inhibitor AZD9291 Is Associated with Increased Dependence
on RAS Signaling in Preclinical Models. Cancer Res. 2015, 75, 2489–2500. [CrossRef]

http://doi.org/10.1016/S0140-6736(16)00004-0
http://doi.org/10.1183/09031936.00097214
http://doi.org/10.1038/modpathol.2011.215
http://www.ncbi.nlm.nih.gov/pubmed/22282308
http://doi.org/10.1056/NEJMoa1913662
http://www.ncbi.nlm.nih.gov/pubmed/31751012
http://doi.org/10.1056/NEJMoa1713137
http://doi.org/10.1038/s41416-019-0573-8
http://doi.org/10.1016/j.annonc.2020.10.378
http://doi.org/10.1016/j.annonc.2020.08.1610
http://doi.org/10.1016/j.canlet.2016.11.008
http://doi.org/10.1101/gad.1516407
http://www.ncbi.nlm.nih.gov/pubmed/17299132
http://doi.org/10.1016/S0092-8674(04)00215-6
http://doi.org/10.1016/j.ccell.2015.08.001
http://doi.org/10.1200/JCO.2010.32.4327
http://doi.org/10.1002/cncr.29042
http://doi.org/10.1001/jama.2014.3741
http://doi.org/10.1038/s41568-019-0179-8
http://www.cbioportal.org/
http://doi.org/10.1200/JCO.2010.33.1280
http://doi.org/10.1158/0008-5472.CAN-08-2223
http://www.ncbi.nlm.nih.gov/pubmed/19010912
http://doi.org/10.1038/ng.3564
http://doi.org/10.1038/ng.2682
http://www.ncbi.nlm.nih.gov/pubmed/23817572
http://doi.org/10.1158/0008-5472.CAN-14-3167


Pharmaceutics 2021, 13, 1478 9 of 9

25. Mauclet, C.; Collard, P.; Ghaye, B.; Hoton, D.; Nana, F.A. Tumor response to EGFR/BRAF/MEK co-inhibition in a patient with
EGFR mutated lung adenocarcinoma developing a BRAFV600 mutation as an acquired resistance mechanism. Lung Cancer 2021,
159, 42–44. [CrossRef] [PubMed]

26. Vojnic, M.; Kubota, D.; Kurzatkowski, C.; Offin, M.; Suzawa, K.; Benayed, R.; Schoenfeld, A.J.; Plodkowski, A.J.; Poirier, J.T.;
Rudin, C.M.; et al. Acquired BRAF Rearrangements Induce Secondary Resistance to EGFR therapy in EGFR-Mutated Lung
Cancers. J. Thorac. Oncol. 2019, 14, 802–815. [CrossRef] [PubMed]

27. Vojnic, M.; Kurzatkowski, C.; Kubota, D.; Suzawa, K.; Liu, Z.; Mattar, M.; Khodos, I.; Poirier, J.T.; Stanchina, E.d.; Rudin, C.M.; et al.
Acquired BRAF fusions as a mechanism of resistance to EGFR therapy. J. Clin. Oncol. 2018, 36, 12122. [CrossRef]

28. Roper, N.; Brown, A.-L.; Wei, J.S.; Pack, S.; Trindade, C.; Kim, C.; Restifo, O.; Gao, S.; Sindiri, S.; Mehrabadi, F.; et al. Clonal
Evolution and Heterogeneity of Osimertinib Acquired Resistance Mechanisms in EGFR Mutant Lung Cancer. Cell Rep. Med. 2020,
1, 100007. [CrossRef] [PubMed]

29. La Monica, S.; Minari, R.; Cretella, D.; Bonelli, M.; Fumarola, C.; Cavazzoni, A.; Galetti, M.; Digiacomo, G.; Riccardi, F.;
Petronini, P.G.; et al. Acquired BRAF G469A Mutation as a Resistance Mechanism to First-Line Osimertinib Treatment in NSCLC
Cell Lines Harboring an EGFR Exon 19 Deletion. Target. Oncol. 2019, 14, 619–626. [CrossRef]

30. Ho, C.-C.; Liao, W.-Y.; Lin, C.-A.; Shih, J.-Y.; Yu, C.-J.; Chih-Hsin Yang, J. Acquired BRAF V600E Mutation as Resistant Mechanism
after Treatment with Osimertinib. J. Target. Oncol. 2017, 12, 567–572. [CrossRef]

31. Sequist, L.V.; Han, J.Y.; Ahn, M.J.; Cho, B.C.; Yu, H.; Kim, S.W.; Yang, J.C.; Lee, J.S.; Su, W.C.; Kowalski, D.; et al. Osimertinib
plus savolitinib in patients with EGFR mutation-positive, MET-amplified, non-small-cell lung cancer after progression on EGFR
tyrosine kinase inhibitors: Interim results from a multicentre, open-label, phase 1b study. Lancet. Oncol. 2020, 21, 373–386.
[CrossRef]

32. Oxnard, G.R.; Cantarini, M.; Frewer, P.; Hawkins, G.; Peters, J.; Howarth, P.; Ahmed, G.F.; Sahota, T.; Hartmaier, R.; Li-Sucholeiki,
X.; et al. SAVANNAH: A Phase II trial of osimertinib plus savolitinib for patients (pts) with EGFR-mutant, MET-driven (MET+),
locally advanced or metastatic non-small cell lung cancer (NSCLC), following disease progression on osimertinib. J. Clin. Oncol.
2019, 37, TPS9119. [CrossRef]

33. Yu, H.; Goldberg, S.; Le, X.; Piotrowska, Z.; Smith, P.; Mensi, I.; Kirova, B.; Chmielecki, J.; Li-Sucholeicki, X.; Szekeres, P.; et al.
P2.01-22 ORCHARD: A Phase II Platform Study in Patients with Advanced NSCLC Who Have Progressed on First-Line
Osimertinib Therapy. J. Target. Oncol. 2019, 14, S647. [CrossRef]

34. Cho, B.C.; Lee, K.H.; Cho, E.K.; Kim, D.W.; Lee, J.S.; Han, J.Y.; Kim, S.W.; Spira, A.; Haura, E.B.; Sabari, J.K.; et al. 1258O
Amivantamab (JNJ-61186372), an EGFR-MET bispecific antibody, in combination with lazertinib, a 3rd-generation tyrosine kinase
inhibitor (TKI), in advanced EGFR NSCLC. Ann. Oncol. 2020, 31, S813. [CrossRef]

35. Mok, T.S.; Wu, Y.-L.; Ahn, M.-J.; Garassino, M.C.; Kim, H.R.; Ramalingam, S.S.; Shepherd, F.A.; He, Y.; Akamatsu, H.;
Theelen, W.S.M.E.; et al. Osimertinib or Platinum–Pemetrexed in EGFR T790M–Positive Lung Cancer. N. Engl. J. Med. 2016, 376,
629–640. [CrossRef] [PubMed]

36. Planchard, D.; Smit, E.F.; Groen, H.J.M.; Mazieres, J.; Besse, B.; Helland, Å.; Giannone, V.; D’Amelio, A.M., Jr.; Zhang, P.;
Mookerjee, B.; et al. Dabrafenib plus trametinib in patients with previously untreated BRAFV600E-mutant metastatic non-small-
cell lung cancer: An open-label, phase 2 trial. Lancet Oncol. 2017, 18, 1307–1316. [CrossRef]

37. Planchard, D.; Besse, B.; Kim, T.M.; Quoix, E.A.; Souquet, P.J.; Mazieres, J.; Barlesi, F.; Groen, H.J.M.; Smit, E.F.; Baik, C.S.; et al.
Updated survival of patients (pts) with previously treated BRAF V600E–mutant advanced non-small cell lung cancer (NSCLC)
who received dabrafenib (D) or D + trametinib (T) in the phase II BRF113928 study. J. Clin. Oncol. 2017, 35, 9075. [CrossRef]

38. 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]

39. Larkin, J.; Ascierto, P.A.; Dréno, B.; Atkinson, V.; Liszkay, G.; Maio, M.; Mandalà, M.; Demidov, L.; Stroyakovskiy, D.;
Thomas, L.; et al. Combined Vemurafenib and Cobimetinib in BRAF-Mutated Melanoma. J. Clin. Oncol. 2014, 371, 1867–1876.
[CrossRef]

40. Maemondo, M.; Inoue, A.; Kobayashi, K.; Sugawara, S.; Oizumi, S.; Isobe, H.; Gemma, A.; Harada, M.; Yoshizawa, H.;
Kinoshita, I.; et al. Gefitinib or chemotherapy for non-small-cell lung cancer with mutated EGFR. N. Engl. J. Med. 2010, 362,
2380–2388. [CrossRef] [PubMed]

41. Rosell, R.; Carcereny, E.; Gervais, R.; Vergnenegre, A.; Massuti, B.; Felip, E.; Palmero, R.; Garcia-Gomez, R.; Pallares, C.;
Sanchez, J.M.; et al. Erlotinib versus standard chemotherapy as first-line treatment for European patients with advanced EGFR
mutation-positive non-small-cell lung cancer (EURTAC): A multicentre, open-label, randomised phase 3 trial. Lancet Oncol. 2012,
13, 239–246. [CrossRef]

42. Wu, Y.-L.; Tsuboi, M.; He, J.; John, T.; Grohe, C.; Majem, M.; Goldman, J.W.; Laktionov, K.; Kim, S.-W.; Kato, T.; et al. Osimertinib
in Resected EGFR-Mutated Non–Small-Cell Lung Cancer. N. Engl. J. Med. 2020, 383, 1711–1723. [CrossRef] [PubMed]

43. Meng, P.; Koopman, B.; Kok, K.; ter Elst, A.; Schuuring, E.; van Kempen, L.C.; Timens, W.; Hiltermann, T.J.N.; Groen, H.J.M.; van
den Berg, A.; et al. Combined osimertinib, dabrafenib and trametinib treatment for advanced non-small-cell lung cancer patients
with an osimertinib-induced BRAFV600E mutation. Lung Cancer 2020, 146, 358–361. [CrossRef] [PubMed]

http://doi.org/10.1016/j.lungcan.2021.06.025
http://www.ncbi.nlm.nih.gov/pubmed/34304052
http://doi.org/10.1016/j.jtho.2018.12.038
http://www.ncbi.nlm.nih.gov/pubmed/30831205
http://doi.org/10.1200/JCO.2018.36.15_suppl.12122
http://doi.org/10.1016/j.xcrm.2020.100007
http://www.ncbi.nlm.nih.gov/pubmed/32483558
http://doi.org/10.1007/s11523-019-00669-x
http://doi.org/10.1016/j.jtho.2016.11.2231
http://doi.org/10.1016/S1470-2045(19)30785-5
http://doi.org/10.1200/JCO.2019.37.15_suppl.TPS9119
http://doi.org/10.1016/j.jtho.2019.08.1366
http://doi.org/10.1016/j.annonc.2020.08.1572
http://doi.org/10.1056/NEJMoa1612674
http://www.ncbi.nlm.nih.gov/pubmed/27959700
http://doi.org/10.1016/S1470-2045(17)30679-4
http://doi.org/10.1200/JCO.2017.35.15_suppl.9075
http://doi.org/10.1016/S1470-2045(18)30142-6
http://doi.org/10.1056/NEJMoa1408868
http://doi.org/10.1056/NEJMoa0909530
http://www.ncbi.nlm.nih.gov/pubmed/20573926
http://doi.org/10.1016/S1470-2045(11)70393-X
http://doi.org/10.1056/NEJMoa2027071
http://www.ncbi.nlm.nih.gov/pubmed/32955177
http://doi.org/10.1016/j.lungcan.2020.05.036
http://www.ncbi.nlm.nih.gov/pubmed/32534795

	Introduction 
	BRAF-Mutant NSCLC 
	BRAF Alterations as ARMs to Osimertinib in EGFR-Mutant NSCLC 
	Targeting EGFR/BRAF/MEK Pathway in NSCLC with BRAF Activation as an ARM to Osimertinib 
	BRAF V600 Mutation 
	Non-BRAF V600 Mutations and BRAF Rearrangements 

	Discussion and Perspectives 
	References

