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V-Raf murine sarcoma viral oncogene homolog B (BRAF) kinase, which was encoded by
BRAF gene, plays critical roles in cell signaling, growth, and survival. Mutations in BRAF
gene will lead to cancer development and progression. In non-small cell lung cancer
(NSCLC), BRAF mutations commonly occur in never-smokers, women, and aggressive
histological types and accounts for 1%-2% of adenocarcinoma. Traditional
chemotherapy presents limited efficacy in BRAF-mutated NSCLC patients. However,
the advent of targeted therapy and immune checkpoint inhibitors (ICls) have greatly
altered the treatment pattern of NSCLC. However, ICI monotherapy presents limited
activity in BRAF-mutated patients. Hence, the current standard treatment of choice for
advanced NSCLC with BRAF mutations are BRAF-targeted therapy. However, intrinsic or
extrinsic mechanisms of resistance to BRAF-directed tyrosine kinase inhibitors (TKls) can
emerge in patients. Hence, there are still some problems facing us regarding BRAF-
mutated NSCLC. In this review, we summarized the BRAF mutation types, the diagnostic
challenges that BRAF mutations present, the strategies to treatment for BRAF-mutated
NSCLC, and resistance mechanisms of BRAF-targeted therapy.
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INTRODUCTION

Lung cancer is the most commonly diagnosed cancer and the leading cause of cancer mortality in
China (1). Lung cancer could be divided into non-small cell lung cancer (NSCLC) and small cell
lung cancer (SCLC); of these, approximately 60% of NSCLC were adenocarcinoma (2). Generally,
about 80% of lung adenocarcinoma harbors driver mutations in east Asians (3). Over the past
decades, targeted therapies have dramatically revolutionized the treatment pattern of NSCLC and
greatly improved the prognosis of NSCLC patients.

V-Raf murine sarcoma viral oncogene homolog B (BRAF) gene encodes BRAF kinase, a member
of mammalian cytosolic serine/threonine kinases, which plays important roles in cell signaling,
growth, and survival (4-6). BRAF mutations are rare mutations in NSCLC, which account for 2% of
lung adenocarcinoma, and more frequently occur in never-smokers, women, and aggressive
histological types (micropapillary) (7). Additionally, BRAF V600E mutations are mostly mutually
exclusive with most druggable abnormalities present in this tumor (8, 9). It should be noted that
certain BRAF mutations can coexist with KRAS mutations (9). However, routine platinum-based
chemotherapy presents lower efficacy and is associated with poorer survival (10). Currently, the
advent of BRAF inhibitors (BRAFi) and immune checkpoint inhibitors (ICIs) has transformed the
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landscape of BRAF-mutated NSCLC. In the present review, we
will discuss BRAF biology within the context of oncogenesis. In
addition, we will describe the evolving science of molecularly
targeted therapies and ICIs for BRAF-dependent cancers.

BRAF MUTATIONS IN CANCER

BRAF is involved in mitogen-activated protein kinase (MAPK)
pathway that includes the rat sarcoma (RAS)-rapidly accelerated
fibrosarcoma (RAF)-mitogen-activated protein/extracellular signal-
regulated kinase kinase (MEK)-extracellular signal-regulated kinase
(ERK) mitogen-activated protein kinase. After activation of
epithelial growth factor receptor (EGFR), RAS-RAF-MEK-ERK
pathway will be activated and modulate cell proliferation and
survival (11) (Figure 1). In normal tissue, the BRAF kinase is

generally silenced via negative feedback once the signal has moved
on to the next point in the cascade. However, when BRAF
mutations occur, the activation of the RAS-RAF-MEK-ERK
pathway will be sustained and will lead to uncontrolled cell
growth and proliferation; this makes BRAF mutations potential
oncogenic drivers (12, 13). Generally, BRAF mutations commonly
present in human cancers with an 8% incidence in all human
cancers, predominantly in hairy cell leukemia (100%) (14),
melanoma tumors (40%-50%) (15-17), thyroid carcinoma (10%-
70%, based on the histologic classification) (18, 19), colorectal
cancer (10%) (20, 21), and rarely in lung cancer (1%-2%) (11, 22).

BRAF mutations could be divided into three classes based on
mutation site. Class I mutants including V600E/K/D/R, which
occurs in the valine residue at amino acid position 600 of exon
15, promote constitutive activation of MAPK pathway, causing
strong activation of BRAF kinase; in addition, this type of

RTK

activated protein kinase kinase; ERK, extracellular signal-regulated kinase.
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FIGURE 1 | RAS/RAF/MEK/ERK signaling pathway. RTK, receptor tyrosine kinase; RAS, rat sarcoma; RAF, v-raf murine sarcoma viral oncogene; MEK, mitogen-
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mutations often presents high sensitivity to BRAF and MEK
inhibitors (23, 24). Class II mutants, including K601, L597, G464,
and G469 mutations, are located in the activation segment or P-
loop and signal as RAS-independent dimers (24, 25).

Class III mutants that occur in the P-loop, catalytic loop, or
DFG motif have impaired BRAF kinase activity; however, the
activity of MAPK pathway signaling is enhanced via Raf-1 proto-
oncogene CRAF activation (Figure 2) (24). All the class IT and I1I
mutations are non-V600 mutations, and BRAF mutations are
usually classified as V600 mutations and non-V600 mutations in
routine clinical practice. Actually, approximately 50% of BRAF
mutations in NSCLC are non-V600 mutations (26-28). In
addition, class II and III BRAF mutations are sensitive to
current BRAF inhibitors; hence, novel-generation BRAF
inhibitors warrant being developed.

BRAF DELETION MUTATIONS

Several previous studies have demonstrated that BRAF deletion
mutations can occur in melanoma, pancreatic cancer, and thyroid
cancer; in addition, activating BRAF deletion mutations might
serve as a type of resistance mechanism to BRAF inhibitors plus
MEK inhibitors (29-31). Generally, deletion mutations happen
adjacent to the oC helix in the kinase domain of BRAF, resulting
in enhanced kinase activity by suppressing the o.C helix in its
active conformation (29). This type of BRAF mutation is similar to
class I mutants functioning as RAS-independent monomers (31).

BRAF FUSIONS

At least 18 different 5° fusion partners have been found across
different cancer types including NSCLC, and the most common
fusion partner is AGK in NSCLC (13, 32). The occurrence rate of
BRAF fusions is smaller than 1% in NSCLC, and all NSCLCs with
BRAF fusions were adenocarcinomas or NSCLC with
adenocarcinoma features. Most BRAF fusion patterns are in-
frame with breakpoints on the BRAF kinase domain (13, 32). In
addition, remarkably, conserved fusions have been reported to
occur in 85% of astrocytic pilocytomas (33). Activating BRAF
fusions occur in truncation of the N-terminal CR1 auto-inhibitory
domain, leading to the constitutive activation of BRAF pathway
that resembles class II BRAF mutants (34). Up to now, limited
data have revealed the activities of BRAF inhibitors and MEK
inhibitors in treating BRAF fusion mutations.

DETECTION OF BRAF MUTATIONS

Single-gene assays for BRAF mutations are extensively used across
other cancer types including melanoma. The most commonly used
assay is RT-PCR. So far, the cobas 4800 BRAF V600 Mutation Test
and THxID-BRAF kit are Food and Drug Administration (FDA)-
approved companion diagnostic tests (35-37). In addition,
laboratory-developed tests also could be applied to test a patient’s
BRAF mutation status, although confirmatory tests via other
methods are necessary. The major advantages of RT-PCR are
faster turnaround time, better reproducibility, higher specificity
and sensitivity, and lower cost compared with multiple gene
sequencing methods. However, most of these methods are merely
for BRAF V600E mutation located in exon 15. They lack the ability
to detect exon 11 mutations that also are seen in NSCLC (38). Hence,
next-generation sequencing (NGS) including a multiple gene panel
should be applied to evaluate V600OE mutation and non-V600E
mutations that could happen in exon 11 and exon 15 (15, 26).

The other kind of single-gene test is immunohistochemistry
(IHC) for BRAF mutations. However, the only available antibody
used in IHC for mutant BRAF protein is monoclonal antibody VEI.
The advantage of this method is to identify a qualitative change (i.e.,
the presence or absence of the protein), but the accuracy is limited in
quantitating changes in expression than other antibody-based
assays, such as the enzyme-linked immunosorbent assay (39). The
limitation of this test is similar to RT-PCR that only can test BRAF-
V600E mutation. In addition, only a few cases of lung cancer have
shown that VEI clone has the potential to stain between 90% and
100% of p.V60OE-mutant adenocarcinomas (40). It was previously
reported that IHC using VEI antibody is incapable of testing non-
V600E mutation (41). However, another study has demonstrated
that 599T insertion mutation in 1/21 cases stained with VEI is
positive for VE1 antibody. Hence, no standard recommendation or
consensus was obtained for using BRAF p.V600E IHC (VE1) testing
in NSCLGC; extension validation must be deployed when THC is used
to test BRAF-V600E mutation.

NEXT-GENERATION SEQUENCING

As mentioned above, single-gene tests for BRAF mutation are
unable to identify mutations occurring in exon 11; hence, a
multiple-gene panel including BRAF mutations is more practical.
In addition, with more novel rare driver genes discovered, there is
an increased need for multigene testing compared to single-gene

RBD CRD

CR1

CR2

PKD
V600

CR3

FIGURE 2 | The structure of BRAF gene. N, C, amino and carboxyl end; RBD, Ras-binding domain; CR, conserved region; CRD, cysteine-rich domain; PKD,
protein kinase domain; CR1/2/3; conserved region-1/2/3, CR1 contains RBD and CRD, V600E mutation occurs in CR3.
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approaches. Current guidelines for gene testing in NSCLC should
include BRAF, mesenchymal epithelial transition factor receptor
(MET), rearranged during transfection (RET), Human Epidermal
Growth Factor Receptor 2 (HER2), neurotrophic tropomyosin
receptor kinase (NTRK), and Kirsten Rat Sarcoma Viral Oncogene
Homolog (KRAS) for cases in which the common oncogenic drivers
(EGFR, anaplastic lymphoma kinase (ALK), and ROS proto-
oncogene 1 (ROSI) are negative and whenever an adequate
technique is available (42). The advantages of NGS are as follows:
1) fewer tumor tissue; 2) facilitates testing of multiple biomarkers;
3) includes emerging biomarkers for clinical trial enrollment.
Generally, it is more economical than sequential testing (43, 44).
However, because of more data, interpreting the NGS reports
becomes complex and its availability in the community or rural
region is poor. Besides, the turnaround time of NGS is longer than
those of RT-PCR and IHC assay. Hence, multiple-gene RT-PCR kit
might be a more reasonable choice for gene tests.

CURRENT TREATMENT LANDSCAPE
Chemotherapy

The activities of chemotherapy have been fully explored in patients
with BRAF V600E mutation advanced NSCLC. Documented
studies have revealed that advanced NSCLC patients harboring
BRAF V600E mutations present poor prognosis when
administered with chemotherapy; in addition, patients with
BRAF V600E mutations appear to be insensitive to platinum-
based chemotherapy (45-47). However, several reports showed
that NSCLC patients harboring BRAF V600E mutations seemed to
have extended survival compared with patients without oncogenic
drivers (47, 48). Additionally, Claire Tissot et al. (49) have reported
that patients’ survival is not connected with BRAF mutation status.
Another French study also observed similar results that BRAF
mutation was not prognostic of overall survival (50). In addition, a
recent study suggested that class I BRAF V600E mutations have the
potential to be less aggressive than class II and III non-V600E
mutations, which present more possibilities to occur in brain
metastases and RAS co-alterations; hence, this specific behavior
made non-V600E patients have shorter progression free survival
(PFS) and overall survival (OS) to chemotherapy, although the
difference might be driven by fewer extrathoracic metastases and
higher use of targeted therapies in class I patients (51). However,

because of limited cases included in these studies, the results
presented here should be interpreted with caution. Hence, future
larger randomized trials are urgently warranted.

Immune Checkpoint Inhibitor Monotherapy
Previous retrospective small-sample studies have found that
BRAF-mutated NSCLC patients tend to display positive
programmed cell death ligand 1 (PD-L1) expression (52-56);
however, because of limited cases, no clear correlation between
PD-L1 and BRAF mutations were found. Recently, a study
including 29 NSCLC patients harboring BRAF mutations
showed us that approximately 69% (20/29) of patients were PD-
L1 positive; among them, over 40% (13/29) of patients presented
higher PD-L1 expression (PD-L1 >50%). In addition, BRAF-
mutated NSCLC patients were correlated with low/intermediate
tumor mutation burden (TMB) and microsatellite-stable status
(57). In this study, researchers have reported that patients
harboring BRAF mutations displayed limited response to IClIs.
Additionally, several retrospective studies also observed a similar
phenomenon. The objective response rate (ORR) to single anti-
PD-(L)1 agent in BRAF-mutant patients is about 10%-30%, with a
median PFS of 2-4 months, which is equal to that of a second-line
ICI monotherapy in wild-type NSCLC (57-61) (Table 1).
Combining these data, we can conclude that ORR and PES of
patients with BRAF non-V600E are higher than those in patients
harboring BRAF V600E mutations, but OS results seem
paradoxical, potential exploration might be that BRAF V600E
mutations could benefit from targeted therapy. On the other hand,
non-V600E mutations usually happen in smokers, and smoking
status was found to be related to response to immunotherapy (62).
In summary, these data indicated limited efficacy of ICIs in BRAF-
mutant NSCLC. Recently, a case with BRAF V600E mutation
presented durable response to ICI combined chemotherapy with
PFS of 20 months (63). This is the first evidence of patients with
BRAF V600E alteration treated with ICI combination regimens.
This case provided evidence that the ICI combined regimens
might be a promising choice for BRAF V600E-mutated NSCLC.
Further prospective clinical trials are eagerly needed.

Targeted Therapy

Sorafenib, an early-generation BRAF inhibitor, was developed as a
targeted therapy against BRAF mutant kinase. Sorafenib is an oral
multikinase inhibitor that displays activities to target B/C-RAF,

TABLE 1 | ICl monotherapy for BRAF-mutated NSCLC.

Trial Mutation type Numbers objective response rate progression free survival overall survival
(ORR) (PFS) (0S)
Immunotarget VB0OE 17 NA 1.8 8.2
Non-V600E 18 NA 41 17.2
Memorial Sloan Kettering Cancer center V600E 10 10 1.4 26
(MSKCC) Non-V600E 36 22 3.2 24
Isarel lung cancer group (ICLG) VB00E 12 25 3.7 NA
Non-V600E 10 33 44
Expanded Access Program (EAP) Nivolumab  BRAF 11 9 NA 10.3
French Lung Cancer Group (GFPC) 01-2018 VB00E 26 26 5.3 225
Non-V600E 18 35 4.9 12
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Vascular Endothelial Growth Factor Receptor (VEGFR2/3),
platelet-derived growth factor receptor (PDGFR-B), and c-Kit
(64, 65). Preclinical models suggested that sorafenib could
suppress various cancer cell proliferation and tumor growth via
inhibiting MEK and ERK phosphorylation (64). These studies
provide a theoretical basis for sorafenib as a BRAF inhibitor.
However, a previous study showed that the antitumor activities of
sorafenib are correlated with EGFR mutation status but not K-ras
mutation status (67). Carter et al. (68) have demonstrated that
concurrent administration of sorafenib with chemotherapeutics
could effectively delay tumor growth without increasing toxicity.
These data promoted some researchers who have designed clinical
trials to testify the value of sorafenib in NSCLC; however, these
trials have not tested the patients’ BRAF mutation status (69, 70).
Hence, whether sorafenib could serve as a BRAF inhibitor remains
to be explored.

Dabrafenib and vemurafenib, novel-generation BRAF inhibitors,
are ATP-competitive inhibitors of BRAF kinase. Both agents are
specific in targeting BRAF V600E mutations. Vemurafenib was
initially tested in a “basket” study including multiple non-melanoma
cancers with BRAF V600 mutants. In the NSCLC cohort, 20
pretreated NSCLC patients were included and achieved a 42%
ORR and 7.3 months of PES (Table 2) (71). Gautschi et al. (72)
also found that vemurafenib showed promising antitumor activities
in BRAF V600-mutated NSCLC patients. Additionally, a recent
research revealed that vemurafenib was specifically targeting BRAF-
V600 mutants but was ineffective in patients with BRAF non-V600
mutants (73). Combining these data, current lung cancer guidelines
recommended that vemurafenib could serve as an optional regimen
in certain circumstances. A prospective trial showed that dabrafenib
had clinical activity in BRAF V600-mutant NSCLC, and dabrafenib
might act as a promising treatment choice for patients harboring
BRAF V600E-mutant NSCLC, which lacks effective treatment
options (74). In addition, a recent study has reported that BGB-
283, a novel inhibitor of key RAF family kinases, showed promising
antitumor activity with acceptable toxicity in patients with BRAF
V600-mutated solid tumors including NSCLC (75). However, the
activity of single BRAF inhibitors is limited; hence, researchers
began to explore combination therapy. Several studies are ongoing
to investigate the novel BRAF inhibitors in BRAF-mutated
NSCLC patients.

Dabrafenib plus trametinib, a type of MEK inhibitor, was the first
explored combination regimen focusing on BRAF pathway

TABLE 2 | Targeted therapy for BRAF-mutated NSCLC.

Trial Treatment Agents ORR PFS OS
lines

NCT01524978 >2 Vemurafenib 42% 7.3 NA
EURAF >2 Vemurafenib, dabrafenib, or  563% 5.0 10.8
Cohort sorafenib

AcSe >2 Vemurafenib 449% 52 10

NCT01336634 >2 Dabrafenib 33% 55 NA
NCTO02610361 >2 BGB-283 20% NA NA
NCT01336634 >2 Dabrafenib+Trametinib 63% 102 18.2
NCT01336634 1 Dabrafenib+Trametinib 64% 10.9 24.6
NCT02974725 >2 LXH254+LTT462 66.7% NA NA

inhibition. A previous phase 2, multicohort, multicenter, non-
randomized, open-label study included 36 patients harboring
BRAF V600E mutant who were treated with first-line dabrafenib
plus trametinib. The ORR was 64% and PFS was 14.6 months, as
assessed by an independent review committee; in addition, an OS of
24.6 months was achieved (76, 77). This study indicated that dual
blockade of the BRAF pathway with BRAF inhibitors and MEK
inhibitors could produce a much stronger efficacy. Besides,
dabrafenib plus trametinib combination as second-line or later
setting was also evaluated (76, 77). Surprisingly, dual blockade of
the BRAF pathway achieved similar results compared to that in first-
line setting, with 63.2% ORR and almost 10 months of PFS. This
study further confirmed the survival advantage of dabrafenib plus
trametinib combination compared to single agents. Furthermore,
LXH254, a novel BRAF/CRAF inhibitor, plus LTT462, an ERK1/2
inhibitor, was explored to evaluate its activity in patients with
advanced/metastatic K-ras- or BRAF-mutant NSCLC in a phase Ib
dose escalation study; preliminary analysis showed signs of efficacy in
patients with BRAF-mutant NSCLC (78). Dose expansion is
ongoing, and further efficacy analysis remains to be seen.

Immune Checkpoint Inhibitor Combined
Therapy

ICIs have transformed the treatment pattern of advanced NSCLC
without oncogenic driver mutations. However, the activity of ICIs in
NSCLC with oncogenic driver mutations remains limited. Recently,
Lu et al. reported a case diagnosed with stage IV NSCLC with BRAF
V600E mutation that achieved a longer response after being treated
with atezolizumab plus chemotherapy (63). This study suggested
that ICI combined therapy might be a promising regimen for
NSCLC with BRAF V600E mutations. In addition, preclinical data
revealed that selumetinib and trametinib could improve T-cell
activation and increase CTLA-4 expression. Besides, anti-Cytotoxic
T lymphocyte associate protein-4 (CTLA-4) antibody plus
selumetinib and trametinib presented a survival benefit in mice
bearing tumors with K-ras mutation (79, 80). Based on the
preclinical data, Hellmann et al. (81) have designed a study to

TABLE 3 | Several ongoing trials of ICIs combined with targeted therapy.

Trial Phase Treatment Experimental Enrolled Status
lines arm population
NCT03600701 Il >2 Atezolizumab Metastatic, Recruiting
+combimetinib  Recurrent,
or
Refractory
non-small
cell lung
cancer
NCT03299088 b >2 Pembrolizumab  Stage IV Active
+trametinib non-small
cell lung
cancer with
K-ras gene
mutations
NCT03225664 Ib/Il >2 Pembrolizumab Recurrent  Active
+trametinib non-small
cell lung

cancer
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investigate the safety and clinical activity of combining a MEK
inhibitor, cobimetinib, and a PD-L1 inhibitor, atezolizumab, in
patients with solid tumors (n = 152). Among them, 28 NSCLC
patients were recruited. For NSCLC patients, the median OS was
13.2 months, and the ORR was 18% (81). Additionally, another
phase I/II trial was designed to evaluate the safety and efficacy of
durvalumab plus tremelimumab with continuous or intermittent
administration of selumetinib in advanced NSCLC patients (82)
(Table 3). Up to now, clinical trials in melanoma have demonstrated
the activities of ICI plus BRAF-targeted therapy; notably, the safety
profile of this combination regimen warranted more attention. In
addition, for NSCLC, data about ICI-combined BRAF-targeted

therapies remained limited. The safety and clinical efficacy of this
pattern warrant further investigation.

Mechanisms of Resistance to BRAF
Tyrosine Kinase Inhibitors
Exactly as other targeted therapies in NSCLC, resistance to BRAF
pathway inhibitors would inevitably occur, leading to disease
progression. However, information about resistance mechanisms
of BRAF pathway inhibitors is poorly defined.

Currently, bypass activation is the main cause of secondary
resistance of targeted therapy. However, there is limited report
thus far that has revealed the resistance mechanisms of BRAF

PTEN loss
PI3K mutation

FIGURE 3 | Resistance mechanisms of targeted therapies.
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inhibitors in BRAF V600E NSCLC. In melanoma, other isoforms of
RAF proteins (CRAF and A-Raf proto-oncogene (ARAF)) could
also activate the MAPK pathway when BRAF was inhibited, which
leads to resistance to BRAF pathway inhibitors (83). Several studies
have also demonstrated that MAPK pathway stimulation by
MAP3K8 or COT is associated with BRAF inhibitor resistance
(83, 84) (Figure 3). However, the combination of BRAF inhibitors
and MEK inhibitors could effectively reverse the resistance to
monotherapy in BRAF-mutant NSCLC.

Additionally, Rudin et al. (85) have reported that acquired K-ras
G12D mutation might be contributing to secondary resistance to
dabrafenib. Coincidentally, K-ras G12V was also considered as
mediating resistance to BRAF inhibitors (86). Besides, in a previous
case report, researchers presented a case that was treated with
dabrafenib and trametinib that developed N-ras Q61K mutation
(87). These reports revealed that RAS gene might a critical gene
modulator in resistance mechanisms to BRAF/MEK inhibitors. The
last European Society For Medical Oncology (ESMO) congress
reported a novel combination of LXH254 and LTT462 that might
overcome RAS-related resistance to BRAF/MEK inhibitors (78). This
regimen has shown antitumor activity in BRAF-mutant and K-ras-
mutated patients. However, further investigation remains warranted.

Inactivation of phosphatase and tensin homolog (PTEN), a tumor
suppressor, was also found to be involved in resistance to BRAF
inhibitors in melanoma (88-90). A previous study has suggested that
shorter PFS to anti-BRAF drugs was found in PTEN-deficient
patients, further supporting the role of PTEN in resistance to BRAF
inhibitors (91). Notably, PTEN lack-of-function alterations may be
resistant to dabrafenib-trametinib combinations, the current
standard of care, which lacks effective resolutions to this resistance.

CONCLUSIONS

Targeted therapy in driver gene-positive NSCLC has obtained
significant progress and greatly revolutionized the landscape of
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NSCLC. However, the current treatment choice for BRAF-
mutated NSCLC patients is not satisfactory because of lower
incidence. Current guidelines recommend dabrafenib plus
tremetinib as the only one standard targeted therapy option for
BRAF-mutated NSCLC. However, the underlying resistance
mechanisms of this combination regimen have not been clearly
defined; in addition, current targeted therapy specifically targeted
to BRAF V600E mutation exhibited poorer efficacy against non-
V600E mutation.

Furthermore, clinical investigations will be also confronted
with ongoing challenges. Firstly, randomized prospective phase
III trials are difficult to conduct owing to the low incidence of
BRAF mutant-positive NSCLC. Secondly, the utility and ethics of
randomizing patients to a control arm with poorer efficacy and
shorter survival durations are controversial. In addition, several
studies have demonstrated that ICIs could show efficacy in this
population; the problem that lies ahead is which regimen should
be given first.

In the future, the activity of chemoimmunotherapy and
combinations of TKIs with chemotherapy, anti VEGF/VEGFR
agents, and/or immunotherapy in patients with BRAF-mutated
cancers needs to be determined. In addition, the development of
agents targeting non-V600E mutations should speed up.

AUTHOR CONTRIBUTIONS

(I) Conception and design: Ningning Yan, Shujing Shen, and
Xingya Li. (IT) Article writing: All authors. (IIT) Final approval of
article: All authors.

FUNDING

This work was funded by the joint construction project of Henan
Province and Ministry (No. LHGJ20190013).

oo

. Planchard D, Johnson BE. BRAF Adds an Additional Piece of the Puzzle to
Precision Oncology-Based Treatment Strategies in Lung Cancer. Arch Pathol
Lab Med (2018) 142:796-7. doi: 10.5858/arpa.2018-0088-ED
9. Li S, Li L, Zhu Y, Huang C C, Qin Y, Liu H, et al. Coexistence of EGFR With
KRAS, or BRAF, or PIK3CA Somatic Mutations in Lung Cancer: A
Comprehensive Mutation Profiling From 5125 Chinese Cohorts. Br ]
Cancer (2014) 110:2812-20. doi: 10.1038/bjc.2014.210
10. Barlesi F, Mazieres ], Merlio JP, Debieuvre D, Mosser J, Lena H, 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) 387:1415-26. doi: 10.1016/S0140-6736(16)00004-0

11. Leonetti A, Facchinetti F, Rossi G, Minari R, Conti A, Friboulet L, et al. BRAF
in Non-Small Cell Lung Cancer (NSCLC): Pickaxing Another Brick in the
Wall. Cancer Treat Rev (2018) 66:82-94. doi: 10.1016/j.ctrv.2018.04.006

12. Amaral T, Sinnberg T, Meier F, Krepler C, Levesque M, Niessner H, et al. The
Mitogen-Activated Protein Kinase Pathway in Melanoma Part I - Activation
and Primary Resistance Mechanisms to BRAF Inhibition. Eur ] Cancer (2017)
73:85-92. doi: 10.1016/j.¢jca.2016.12.010

13. Ross JS, Wang K, Chmielecki ], Gay L, Johnson A, Chudnovsky J, et al. The

Distribution of BRAF Gene Fusions in Solid Tumors and Response to

Targeted Therapy. Int ] Cancer (2016) 138:881-90. doi: 10.1002/ijc.29825

Frontiers in Oncology | www.frontiersin.org

March 2022 | Volume 12 | Article 863043


https://doi.org/10.3322/caac.21338
https://doi.org/10.3322/caac.21338
https://doi.org/10.21037/jtd.2017.06.102
https://doi.org/10.21037/jtd.2017.06.102
https://doi.org/10.21037/tlcr.2018.05.14
https://doi.org/10.1038/nrm1498
https://doi.org/10.1200/JCO.2005.08.036
https://doi.org/10.1200/JCO.2005.08.036
https://doi.org/10.1007/s001090050143
https://doi.org/10.1097/JTO.0000000000000644
https://doi.org/10.5858/arpa.2018-0088-ED
https://doi.org/10.1038/bjc.2014.210
https://doi.org/10.1016/S0140-6736(16)00004-0
https://doi.org/10.1016/j.ctrv.2018.04.006
https://doi.org/10.1016/j.ejca.2016.12.010
https://doi.org/10.1002/ijc.29825
https://www.frontiersin.org/journals/oncology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/oncology#articles

Yan et al.

BRAF-Mutated NSCLC

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

Maitre E, Cornet E, Troussard X. Hairy Cell Leukemia: 2020 Update on
Diagnosis, Risk Stratification, and Treatment. Am J Hematol (2019) 94:1413—
22. doi: 10.1002/ajh.25653

Davies H, Bignell GR, Cox C, Stephens P, Edkins S, Clegg S, et al. Mutations of
the BRAF Gene in Human Cancer. Nature (2002) 417:949-54. doi: 10.1038/
nature00766

Curtin JA, Fridlyand J, Kageshita T, Patel HN, Busam K], Kutzner H, et al.
Distinct Sets of Genetic Alterations in Melanoma. N Engl ] Med (2005)
353:2135-47. doi: 10.1056/NEJM0a050092

Jakob JA, Bassett RL Jr, Ng CS, Curry JL, Joseph RW, Alvarado GC, et al.
NRAS Mutation Status Is an Independent Prognostic Factor in Metastatic
Melanoma. Cancer (2012) 118:4014-23. doi: 10.1002/cncr.26724

Yarchoan M, LiVolsi VA, Brose MS. BRAF Mutation and Thyroid Cancer
Recurrence. ] Clin Oncol (2015) 33:7-8. doi: 10.1200/JC0.2014.59.3657
Lassalle S, Hofman V, Ilie M, Butori C, Bozec A, Santini J, et al. Clinical
Impact of the Detection of BRAF Mutations in Thyroid Pathology: Potential
Usefulness as Diagnostic, Prognostic and Theragnostic Applications. Curr
Med Chem (2010) 17:1839-50. doi: 10.2174/092986710791111189

French AJ, Sargent DJ, Burgart L], Foster NR, Kabat BF, Goldberg R, et al.
Prognostic Significance of Defective Mismatch Repair and BRAF V600E in
Patients With Colon Cancer. Clin Cancer Res (2008) 14:3408-15. doi: 10.1158/
1078-0432.CCR-07-1489

Lochhead P, Kuchiba A, Imamura Y, Liao XY, Yamauchi M, Nishihara R, et al.
Microsatellite Instability and BRAF Mutation Testing in Colorectal Cancer
Prognostication. ] Natl Cancer Inst (2013) 105:1151-6. doi: 10.1093/jnci/
djt173

Caparica R, de Castro G Jr, Gil-Bazo I, Caglevic C, Calogero R, Giallombardo
M, et al. BRAF Mutations in Non-Small Cell Lung Cancer: Has Finally Janus
Opened the Door? Crit Rev Oncol Hematol (2016) 101:32-9. doi: 10.1016/
j.critrevonc.2016.02.012

Dankner M, Rose AAN, Rajkumar S, Siegel PM, Watson IR. Classifying BRAF
Alterations in Cancer: New Rational Therapeutic Strategies for Actionable
Mutations. Oncogene (2018) 37:3183-99. doi: 10.1038/s41388-018-0171-x
Yao Z, Torres NM, Tao A, Gao YJ, Luo LS, Li LQ, et al. BRAF Mutants Evade
ERK-Dependent Feedback by Different Mechanisms That Determine Their
Sensitivity to Pharmacologic Inhibition. Cancer Cell (2015) 28:370-83. doi:
10.1016/j.ccell.2015.08.001

Yao Z, Yaeger R, Rodrik-Outmezguine VS, Tao A, Torres NM, Chang MT,
et al. Tumours With Class 3 BRAF Mutants are Sensitive to the Inhibition of
Activated RAS. Nature (2017) 548:234-8. doi: 10.1038/nature23291

Paik PK, Arcila ME, Fara M, Sima CS, Miller VA, Kris MG, et al. Clinical
Characteristics of Patients With Lung Adenocarcinomas Harboring BRAF
Mutations. J Clin Oncol (2011) 29:2046-51. doi: 10.1200/JC0O.2010.33.1280
Litvak AM, Paik PK, Woo KM, Sima CS, Hellmann MD, Arcila ME, et al.
Clinical Characteristics and Course of 63 Patients With BRAF Mutant
Lung Cancers. ] Thorac Oncol (2014) 9:1669-74. doi: 10.1097/JTO.
0000000000000344

Cancer Genome Atlas Research NetworkComprehensive Molecular Profiling
of Lung Adenocarcinoma. Nature (2014) 511:543-50. doi: 10.1038/
naturel3385

Foster SA, Whalen DM, Ozen A, Wongchenko MJ, Yin JP, Yen I, et al.
Activation Mechanism of Oncogenic Deletion Mutations in BRAF, EGFR, and
HER2. Cancer Cell (2016) 29:477-93. doi: 10.1016/j.ccell.2016.02.010
Johnson DB, Childress MA, Chalmers ZR, Frampton GM, Ali SM, Rubinstein
SM, et al. BRAF Internal Deletions and Resistance to BRAF/MEK Inhibitor
Therapy. Pigment Cell Melanoma Res (2018) 31:432-6. doi: 10.1111/
pcmr.12674

Chen SH, Zhang Y, Van Horn RD, Yin TG, Buchanan S, Yadav V, et al.
Oncogenic BRAF Deletions That Function as Homodimers and Are Sensitive
to Inhibition by RAF Dimer Inhibitor Ly3009120. Cancer Discov (2016)
6:300-15. doi: 10.1158/2159-8290.CD-15-0896

Zehir A, Benayed R, Shah RH, Syed A, Middha S, Kim HR, et al. Mutational
Landscape of Metastatic Cancer Revealed From Prospective Clinical
Sequencing of 10,000 Patients. Nat Med (2017) 23:703-13. doi: 10.1038/
nm.4333

Jones DT, Hutter B, Jager N, Korshunov A, Kool M, Warnatz HJ, et al.
Recurrent Somatic Alterations of FGFRI and NTRK2 in Pilocytic
Astrocytoma. Nat Genet (2013) 45:927-32. doi: 10.1038/ng.2682

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

Jones DT, Kocialkowski S, Liu L, Pearson DM, Bicklund LM, Ichimura K,
et al. Tandem Duplication Producing a Novel Oncogenic BRAF Fusion Gene
Defines the Majority of Pilocytic Astrocytomas. Cancer Res (2008) 68:8673-7.
doi: 10.1158/0008-5472.CAN-08-2097

Slominski A, Wortsman J, Nickoloff B, McClatchey K, Mihm MC, Ross JS.
Molecular Pathology of Malignant Melanoma. Am ] Clin Pathol (1998)
110:788-94. doi: 10.1093/ajcp/110.6.788

Bradish JR, Cheng L. Molecular Pathology of Malignant Melanoma: Changing
the Clinical Practice Paradigm Toward a Personalized Approach. Hum Pathol
(2014) 45:1315-26. doi: 10.1016/j.humpath.2014.04.001

Sholl LM, Andea A, Bridge JA, Cheng L, Davies MA, Ehteshami M, et al.
Template for Reporting Results of Biomarker Testing of Specimens From
Patients With Melanoma. Arch Pathol Lab Med (2016) 140:355-7. doi:
10.5858/arpa.2015-0278-CP

Lindeman NI, Cagle PT, Aisner DL, Arcila ME, Beasley MB, Bernicker
EH, et al. Updated Molecular Testing Guideline for the Selection of Lung
Cancer Patients for Treatment With Targeted Tyrosine Kinase Inhibitors:
Guideline From the College of American Pathologists, the International
Association for the Study of Lung Cancer, and the Association for
Molecular Pathology. Arch Pathol Lab Med (2018) 142:321-46. doi:
10.5858/arpa.2017-0388-CP

Dunstan RW, Wharton KA Jr, Quigley C, Lowe A. The Use of
Immunohistochemistry for Biomarker Assessment-Can it Compete With
Other Technologies? Toxicol Pathol (2011) 39:988-1002. doi: 10.1177/
0192623311419163

Ilie M, Long E, Hofman V, Dadone B, Marquette CH, Mouroux J, et al.
Diagnostic Value of Immunohistochemistry for the Detection of the
BRAFV600E Mutation in Primary Lung Adenocarcinoma Caucasian
Patients. Ann Oncol (2013) 24:742-8. doi: 10.1093/annonc/mds534

Sasaki H, Shimizu S, Tani Y, Shitara M, Okuda K, Hikosaka Y, et al.
Usefulness of Immunohistochemistry for the Detection of the BRAF V600E
Mutation in Japanese Lung Adenocarcinoma. Lung Cancer (2013) 82:51-4.
doi: 10.1016/j.lungcan.2013.06.014

Calles A, Riess JW, Brahmer JR. Checkpoint Blockade in Lung Cancer With
Driver Mutation: Choose the Road Wisely. Am Soc Clin Oncol Educ Book
(2020) 40:372-84. doi: 10.1200/EDBK_280795

Hirsch FR, Kerr KM, Bunn PA Jr, Kim ES, Obasaju C, Péerol M, et al.
Molecular and Immune Biomarker Testing in Squamous-Cell Lung Cancer:
Effect of Current and Future Therapies and Technologies. Clin Lung Cancer
(2018) 19:331-9. doi: 10.1016/j.cllc.2018.03.014

Yu TM, Morrison C, Gold EJ, Tradonsky A, Layton AJ. Multiple Biomarker
Testing Tissue Consumption and Completion Rates With Single-Gene Tests
and Investigational Use of Oncomine Dx Target Test for Advanced Non-
Small-Cell Lung Cancer: A Single-Center Analysis. Clin Lung Cancer (2019)
20:20-29.€28. doi: 10.1016/j.cllc.2018.08.010

Cardarella S, Ogino A, Nishino M, Butaney M, Shen J, Lydon C, et al. Clinical,
Pathologic, and Biologic Features Associated With BRAF Mutations in Non-
Small Cell Lung Cancer. Clin Cancer Res (2013) 19:4532-40. doi: 10.1158/
1078-0432.CCR-13-0657

Marchetti A, Felicioni L, Malatesta S, Sciarrotta MG, Guetti L, Chella A, et al.
Clinical Features and Outcome of Patients With Non-Small-Cell Lung Cancer
Harboring BRAF Mutations. J Clin Oncol (2011) 29:3574-9. doi: 10.1200/
JCO.2011.35.9638

Ding X, Zhang Z, Jiang T, Li XF, Zhao C, Su B, et al. Clinicopathologic
Characteristics and Outcomes of Chinese Patients With Non-Small-Cell Lung
Cancer and BRAF Mutation. Cancer Med (2017) 6:555-62. doi: 10.1002/
cam4.1014

Kris MG, Johnson BE, Berry LD, Kwiatkowski D], Iafrate AJ, Wistuba II, et al.
Using Multiplexed Assays of Oncogenic Drivers in Lung Cancers to Select
Targeted Drugs. Jama (2014) 311:1998-2006. doi: 10.1001/jama.2014.3741
Tissot C, Couraud S, Tanguy R, Bringuier PP, Girard N, Souquet PJ. Clinical
Characteristics and Outcome of Patients With Lung Cancer Harboring BRAF
Mutations. Lung Cancer (2016) 91:23-8.

Couraud S, Barlesi F, Fontaine-Deraluelle C, Debieuvre D, Merlio JP, Moreau
L, et al. Clinical Outcomes of Non-Small-Cell Lung Cancer Patients With
BRAF Mutations: Results From the French Cooperative Thoracic Intergroup
Biomarkers France Study. Eur J Cancer (2019) 116:86-97. doi: 10.1016/
j.jca.2019.04.016

Frontiers in Oncology | www.frontiersin.org

March 2022 | Volume 12 | Article 863043


https://doi.org/10.1002/ajh.25653
https://doi.org/10.1038/nature00766
https://doi.org/10.1038/nature00766
https://doi.org/10.1056/NEJMoa050092
https://doi.org/10.1002/cncr.26724
https://doi.org/10.1200/JCO.2014.59.3657
https://doi.org/10.2174/092986710791111189
https://doi.org/10.1158/1078-0432.CCR-07-1489
https://doi.org/10.1158/1078-0432.CCR-07-1489
https://doi.org/10.1093/jnci/djt173
https://doi.org/10.1093/jnci/djt173
https://doi.org/10.1016/j.critrevonc.2016.02.012
https://doi.org/10.1016/j.critrevonc.2016.02.012
https://doi.org/10.1038/s41388-018-0171-x
https://doi.org/10.1016/j.ccell.2015.08.001
https://doi.org/10.1038/nature23291
https://doi.org/10.1200/JCO.2010.33.1280
https://doi.org/10.1097/JTO.0000000000000344
https://doi.org/10.1097/JTO.0000000000000344
https://doi.org/10.1038/nature13385
https://doi.org/10.1038/nature13385
https://doi.org/10.1016/j.ccell.2016.02.010
https://doi.org/10.1111/pcmr.12674
https://doi.org/10.1111/pcmr.12674
https://doi.org/10.1158/2159-8290.CD-15-0896
https://doi.org/10.1038/nm.4333
https://doi.org/10.1038/nm.4333
https://doi.org/10.1038/ng.2682
https://doi.org/10.1158/0008-5472.CAN-08-2097
https://doi.org/10.1093/ajcp/110.6.788
https://doi.org/10.1016/j.humpath.2014.04.001
https://doi.org/10.5858/arpa.2015-0278-CP
https://doi.org/10.5858/arpa.2017-0388-CP
https://doi.org/10.1177/0192623311419163
https://doi.org/10.1177/0192623311419163
https://doi.org/10.1093/annonc/mds534
https://doi.org/10.1016/j.lungcan.2013.06.014
https://doi.org/10.1200/EDBK_280795
https://doi.org/10.1016/j.cllc.2018.03.014
https://doi.org/10.1016/j.cllc.2018.08.010
https://doi.org/10.1158/1078-0432.CCR-13-0657
https://doi.org/10.1158/1078-0432.CCR-13-0657
https://doi.org/10.1200/JCO.2011.35.9638
https://doi.org/10.1200/JCO.2011.35.9638
https://doi.org/10.1002/cam4.1014
https://doi.org/10.1002/cam4.1014
https://doi.org/10.1001/jama.2014.3741
https://doi.org/10.1016/j.ejca.2019.04.016
https://doi.org/10.1016/j.ejca.2019.04.016
https://www.frontiersin.org/journals/oncology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/oncology#articles

Yan et al.

BRAF-Mutated NSCLC

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

Dagogo-Jack I, Martinez P, Yeap BY, Ambrogio C, Ferris LA, Lydon C, et al.
Impact of BRAF Mutation Class on Disease Characteristics and Clinical
Outcomes in BRAF-Mutant Lung Cancer. Clin Cancer Res (2019) 25:158-65.
doi: 10.1158/1078-0432.CCR-18-2062

Yang CY, Lin MW, Chang YL, Wu CT, Yang PC. Programmed Cell Death-
Ligand 1 Expression in Surgically Resected Stage I Pulmonary
Adenocarcinoma and its Correlation With Driver Mutations and Clinical
Outcomes. Eur ] Cancer (2014) 50:1361-9. doi: 10.1016/j.¢jca.2014.01.018
Yang CY, Lin MW, Chang YL, Wu CT, Yang PC. Programmed Cell Death-
Ligand 1 Expression Is Associated With a Favourable Immune
Microenvironment and Better Overall Survival in Stage I Pulmonary
Squamous Cell Carcinoma. Eur ] Cancer (2016) 57:91-103. doi: 10.1016/
j.ejca.2015.12.033

Song Z, Yu X, Cheng G, Zhang Y. Programmed Death-Ligand 1 Expression
Associated With Molecular Characteristics in Surgically Resected Lung
Adenocarcinoma. J Transl Med (2016) 14:188. doi: 10.1186/s12967-016-
0943-4

Lan B, Ma C, Zhang C, Chai SJ, Wang PL, Ding L, et al. Association Between
PD-L1 Expression and Driver Gene Status in Non-Small-Cell Lung Cancer: A
Meta-Analysis. Oncotarget (2018) 9:7684-99. doi: 10.18632/oncotarget.23969
Tseng JS, Yang TY, Wu CY, Ku WH, Chen KC, Hsu KH, et al. Characteristics
and Predictive Value of PD-L1 Status in Real-World Non-Small Cell Lung
Cancer Patients. ] Immunother (2018) 41:292-9. doi: 10.1097/C]JL.
0000000000000226

Dudnik E, Peled N, Nechushtan H, Wollner M, Onn A, Agbarya A, et al.
BRAF Mutant Lung Cancer: Programmed Death Ligand 1 Expression, Tumor
Mutational Burden, Microsatellite Instability Status, and Response to Immune
Check-Point Inhibitors. ] Thorac Oncol (2018) 13:1128-37. doi: 10.1016/j.jtho.
2018.04.024

Mazieres ], Drilon A, Lusque A, Mhanna L, Cortot AB, Mezquita L, et al.
Immune Checkpoint Inhibitors for Patients With Advanced Lung Cancer and
Oncogenic Driver Alterations: Results From the IMMUNOTARGET Registry.
Ann Oncol (2019) 30:1321-8. doi: 10.1093/annonc/mdz167

Guisier F, Dubos-Arvis C, Vinas F, Doubre H, Ricordel C, Ropert S,
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) 15:628-36. doi:
10.1016/j.jtho.2019.12.129

Rihawi K, Giannarelli D, Galetta D, Delmonte A, Giavarra M, Turci D, et al.
BRAF Mutant NSCLC and Immune Checkpoint Inhibitors: Results From a
Real-World Experience. ] Thorac Oncol (2019) 14:e57-9. doi: 10.1016/j.jtho.
2018.11.036

Offin M, Pak T, Mondaca S, Montecalvo J, Rekhtman N, Halpenny D, et al.
P1.04-39 Molecular Characteristics, Immunophenotype, and Immune
Checkpoint Inhibitor Response in BRAF Non-V600 Mutant Lung Cancers.
J Thorac Oncol (2019) 14:5455. doi: 10.1016/j.jtho.2019.08.942

Gainor JF, Rizvi H, Jimenez Aguilar E, Skoulidis F, Yeap BY, Naidoo J, et al.
Clinical Activity of Programmed Cell Death 1 (PD-1) Blockade in Never,
Light, and Heavy Smokers With Non-Small-Cell Lung Cancer and PD-L1
Expression >50. Ann Oncol (2020) 31:404-11. doi: 10.1016/j.annonc.
2019.11.015

Niu X, Sun Y, Planchard D, Chiu LT, Bai J, Ai XH, et al. Durable Response to
the Combination of Atezolizumab With Platinum-Based Chemotherapy in an
Untreated Non-Smoking Lung Adenocarcinoma Patient With BRAF V600E
Mutation: A Case Report. Front Oncol (2021) 11:634920. doi: 10.3389/
fonc.2021.634920

Wilhelm SM, Carter C, Tang L, Wilkie D, McNabola A, Rong H, et al. BAY
43-9006 Exhibits Broad Spectrum Oral Antitumor Activity and Targets the
RAF/MEK/ERK Pathway and Receptor Tyrosine Kinases Involved in Tumor
Progression and Angiogenesis. Cancer Res (2004) 64:7099-109. doi: 10.1158/
0008-5472.CAN-04-1443

Blumenschein G Jr. Sorafenib in Lung Cancer: Clinical Developments and
Future Directions. J Thorac Oncol (2008) 3:5124-127. doi: 10.1097/JTO.
0b013e318174€085

Gollob JA, Wilhelm S, Carter C, Kelley SL. Role of Raf Kinase in Cancer:
Therapeutic Potential of Targeting the Raf/MEK/ERK Signal Transduction
Pathway. Semin Oncol (2006) 33:392-406. doi: 10.1053/j.seminoncol.
2006.04.002

67.

68.

69.

70.

71.

72.

73.

74.

75.

76.

77.

78.

79.

80.

81.

82.

Paz-Ares L, Hirsh V, Zhang L, Marinis FD, Yang JCH, Wakelee HA, et al.
Monotherapy Administration of Sorafenib in Patients With Non-Small Cell
Lung Cancer (MISSION) Trial: A Phase III, Multicenter, Placebo-Controlled
Trial of Sorafenib in Patients With Relapsed or Refractory Predominantly
Nonsquamous Non-Small-Cell Lung Cancer After 2 or 3 Previous Treatment
Regimens. J Thorac Oncol (2015) 10:1745-53. doi: 10.1097/JTO.
0000000000000693

Carter CA, Chen C, Brink C, Vincent P, Maxuitenko YY, Gilbert KS, et al.
Sorafenib Is Efficacious and Tolerated in Combination With Cytotoxic or
Cytostatic Agents in Preclinical Models of Human Non-Small Cell Lung
Carcinoma. Cancer Chemother Pharmacol (2007) 59:183-95. doi: 10.1007/
500280-006-0257-y

Blumenschein GR Jr, Gatzemeier U, Fossella F, Stewart DJ, Cupit L, Cihon F,
et al. Phase II, Multicenter, Uncontrolled Trial of Single-Agent Sorafenib in
Patients With Relapsed or Refractory, Advanced Non-Small-Cell Lung
Cancer. ] Clin Oncol (2009) 27:4274-80. doi: 10.1200/JC0O.2009.22.0541
Wakelee HA, Lee JW, Hanna NH, Traynor AM, Carbone DP, Schiller JH. A
Double-Blind Randomized Discontinuation Phase-II Study of Sorafenib (BAY
43-9006) in Previously Treated Non-Small-Cell Lung Cancer Patients: Eastern
Cooperative Oncology Group Study E2501. J Thorac Oncol (2012) 7:1574-82.
doi: 10.1097/JTO.0b013e31826149ba

Hyman DM, Puzanov I, Subbiah V, Faris JE, Chau I, Blay JY, et al.
Vemurafenib in Multiple Nonmelanoma Cancers With BRAF V600
Mutations. N Engl ] Med (2015) 373:726-36. doi: 10.1056/NEJMoal1502309
Gautschi O, Milia J, Cabarrou B, Bluthgen MV, Besse B, Smit EF, et al.
Targeted Therapy for Patients With BRAF-Mutant Lung Cancer: Results
From the European EURAF Cohort. | Thorac Oncol (2015) 10:1451-7. doi:
10.1097/JT0.0000000000000625

Mazieres ], Cropet C, Montané L, Barlesi F, Souquet PJ, Quantin X, et al.
Vemurafenib in Non-Small-Cell Lung Cancer Patients With BRAF(V600) and
BRAF(nonV600) Mutations. Ann Oncol (2020) 31:289-94. doi: 10.1016/
j.annonc.2019.10.022

Planchard D, Kim TM, Mazieres J, Quoix E, Riely G, Barlesi F, et al.
Dabrafenib in Patients With BRAF(V600E)-Positive Advanced Non-Small-
Cell Lung Cancer: A Single-Arm, Multicentre, Open-Label, Phase 2 Trial.
Lancet Oncol (2016) 17:642-50. doi: 10.1016/S1470-2045(16)00077-2

Desai J, Gan H, Barrow C, Jameson M, Atkinson V, Haydon A, et al. Phase I,
Open-Label, Dose-Escalation/Dose-Expansion Study of Lifirafenib (BGB-
283), an RAF Family Kinase Inhibitor, in Patients With Solid Tumors.
J Clin Oncol (2020) 38:2140-50. doi: 10.1200/JCO.19.02654

Planchard D, Besse B, Groen HJM, Hashemi SMS, Mazieres J, Kim TM, 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. ] Thorac Oncol (2021) 17(1):103-15. doi: 10.1016/j.jth0.2021.08.011
Planchard D, Smit EF, Groen HJM, Mazieres J, Besse B, Helland A, et al.
Dabrafenib Plus Trametinib in Patients With Previously Untreated BRAF
(V600E)-Mutant Metastatic Non-Small-Cell Lung Cancer: An Open-Label,
Phase 2 Trial. Lancet Oncol (2017) 18:1307-16. doi: 10.1016/S1470-2045(17)
30679-4

Wolf J, Planchard D, Heist RS, Solomon B, Sebastian M, Santoro A, et al.
1387p Phase Ib Study of LXH254 + LTT462 in Patients With KRAS- or
BRAF-Mutant NSCLC. Ann Oncol (2020) 31:5881-2. doi: 10.1016/j.annonc.
2020.08.1701

Choi H, Deng J, Li S, Silk T, Dong L, Brea EJ, et al. Pulsatile MEK Inhibition
Improves Anti-Tumor Immunity and T Cell Function in Murine Kras Mutant
Lung Cancer. Cell Rep (2019) 27:806-19.e805. doi: 10.1016/j.celrep.
2019.03.066

Poon E, Mullins S, Watkins A, Williams GS, Koopmann JO, Genova GD, et al.
The MEK Inhibitor Selumetinib Complements CTLA-4 Blockade by
Reprogramming the Tumor Immune Microenvironment. ] Immunother
Cancer (2017) 5:63. doi: 10.1186/s40425-017-0268-8

Hellmann MD, Kim TW, Lee CB, Goh BC, Miller WH Jr, Oh DY, et al. Phase
Ib Study of Atezolizumab Combined With Cobimetinib in Patients With Solid
Tumors. Ann Oncol (2019) 30:1134-42. doi: 10.1093/annonc/mdz113
Gaudreau PO, Lee JJ, Heymach JV, Gibbons DL. Phase I/II Trial of
Immunotherapy With Durvalumab and Tremelimumab With Continuous
or Intermittent MEK Inhibitor Selumetinib in NSCLC: Early Trial Report.
Clin Lung Cancer (2020) 21:384-8. doi: 10.1016/j.cllc.2020.02.019

Frontiers in Oncology | www.frontiersin.org

March 2022 | Volume 12 | Article 863043


https://doi.org/10.1158/1078-0432.CCR-18-2062
https://doi.org/10.1016/j.ejca.2014.01.018
https://doi.org/10.1016/j.ejca.2015.12.033
https://doi.org/10.1016/j.ejca.2015.12.033
https://doi.org/10.1186/s12967-016-0943-4
https://doi.org/10.1186/s12967-016-0943-4
https://doi.org/10.18632/oncotarget.23969
https://doi.org/10.1097/CJI.0000000000000226
https://doi.org/10.1097/CJI.0000000000000226
https://doi.org/10.1016/j.jtho.2018.04.024
https://doi.org/10.1016/j.jtho.2018.04.024
https://doi.org/10.1093/annonc/mdz167
https://doi.org/10.1016/j.jtho.2019.12.129
https://doi.org/10.1016/j.jtho.2018.11.036
https://doi.org/10.1016/j.jtho.2018.11.036
https://doi.org/10.1016/j.jtho.2019.08.942
https://doi.org/10.1016/j.annonc.2019.11.015
https://doi.org/10.1016/j.annonc.2019.11.015
https://doi.org/10.3389/fonc.2021.634920
https://doi.org/10.3389/fonc.2021.634920
https://doi.org/10.1158/0008-5472.CAN-04-1443
https://doi.org/10.1158/0008-5472.CAN-04-1443
https://doi.org/10.1097/JTO.0b013e318174e085
https://doi.org/10.1097/JTO.0b013e318174e085
https://doi.org/10.1053/j.seminoncol.2006.04.002
https://doi.org/10.1053/j.seminoncol.2006.04.002
https://doi.org/10.1097/JTO.0000000000000693
https://doi.org/10.1097/JTO.0000000000000693
https://doi.org/10.1007/s00280-006-0257-y
https://doi.org/10.1007/s00280-006-0257-y
https://doi.org/10.1200/JCO.2009.22.0541
https://doi.org/10.1097/JTO.0b013e31826149ba
https://doi.org/10.1056/NEJMoa1502309
https://doi.org/10.1097/JTO.0000000000000625
https://doi.org/10.1016/j.annonc.2019.10.022
https://doi.org/10.1016/j.annonc.2019.10.022
https://doi.org/10.1016/S1470-2045(16)00077-2
https://doi.org/10.1200/JCO.19.02654
https://doi.org/10.1016/j.jtho.2021.08.011
https://doi.org/10.1016/S1470-2045(17)30679-4
https://doi.org/10.1016/S1470-2045(17)30679-4
https://doi.org/10.1016/j.annonc.2020.08.1701
https://doi.org/10.1016/j.annonc.2020.08.1701
https://doi.org/10.1016/j.celrep.2019.03.066
https://doi.org/10.1016/j.celrep.2019.03.066
https://doi.org/10.1186/s40425-017-0268-8
https://doi.org/10.1093/annonc/mdz113
https://doi.org/10.1016/j.cllc.2020.02.019
https://www.frontiersin.org/journals/oncology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/oncology#articles

Yan et al.

BRAF-Mutated NSCLC

83.

84.

85.

86.

87.

88.

89.

Villanueva J, Vultur A, Herlyn M. Resistance to BRAF Inhibitors: Unraveling
Mechanisms and Future Treatment Options. Cancer Res (2011) 71:7137-40.
doi: 10.1158/0008-5472.CAN-11-1243

Johannessen CM, Boehm ]S, Kim SY, Thomas SR, Wardwell L, Johnson LA,
et al. COT Drives Resistance to RAF Inhibition Through MAP Kinase
Pathway Reactivation. Nature (2010) 468:968-72. doi: 10.1038/nature09627
Rudin CM, 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:e41-42. doi:
10.1097/JTO.0b013e31828bb1b3

Niemantsverdriet M, Schuuring E, Elst AT, Wekken AJ, Kempen LC, Berg
AV, et al. KRAS Mutation as a Resistance Mechanism to BRAF/MEK
Inhibition in NSCLC. ] Thorac Oncol (2018) 13:249-51. doi: 10.1016/
jjtho.2018.07.103

Abravanel DL, Nishino M, Sholl LM, Ambrogio C, Awad MM. An Acquired
NRAS Q61K Mutation in BRAF V600E-Mutant Lung Adenocarcinoma
Resistant to Dabrafenib Plus Trametinib. ] Thorac Oncol (2018) 13:e131-3.
doi: 10.1016/j.jth0.2018.03.026

Wee S, Jagani Z, Xiang KX, Loo A, Dorsch M, Yao YM, et al. PI3K Pathway
Activation Mediates Resistance to MEK Inhibitors in KRAS Mutant Cancers.
Cancer Res (2009) 69:4286-93. doi: 10.1158/0008-5472.CAN-08-4765

Shi H, Hugo W, Kong X, Hong A, Koya RC, Moriceau G, et al. Acquired
Resistance and Clonal Evolution in Melanoma During BRAF Inhibitor
Therapy. Cancer Discovery (2014) 4:80-93. doi: 10.1158/2159-8290.CD-13-
0642

90. Obaid NM, Bedard K, Huang WY. Strategies for Overcoming Resistance in
Tumours Harboring BRAF Mutations. Int ] Mol Sci (2017) 18(3):585. doi:
10.3390/ijms18030585

Nathanson KL, Martin AM, Wubbenhorst B, Greshock J, Letrero R, D'Andrea
K, et al. Tumor Genetic Analyses of Patients With Metastatic Melanoma
Treated With the BRAF Inhibitor Dabrafenib (GSK2118436). Clin Cancer Res
(2013) 19:4868-78. doi: 10.1158/1078-0432.CCR-13-0827

91.

Conflict of Interest: The authors declare that the research was conducted in the
absence of any commercial or financial relationships that could be construed as a
potential conflict of interest.

Publisher’s Note: All claims expressed in this article are solely those of the authors
and do not necessarily represent those of their affiliated organizations, or those of
the publisher, the editors and the reviewers. Any product that may be evaluated in
this article, or claim that may be made by its manufacturer, is not guaranteed or
endorsed by the publisher.

Copyright © 2022 Yan, Guo, Zhang, Zhang, Shen and Li. This is an open-access
article distributed under the terms of the Creative Commons Attribution License
(CC BY). The use, distribution or reproduction in other forums is permitted, provided
the original author(s) and the copyright owner(s) are credited and that the original
publication in this journal is cited, in accordance with accepted academic practice. No
use, distribution or reproduction is permitted which does not comply with these terms.

Frontiers in Oncology | www.frontiersin.org

March 2022 | Volume 12 | Article 863043


https://doi.org/10.1158/0008-5472.CAN-11-1243
https://doi.org/10.1038/nature09627
https://doi.org/10.1097/JTO.0b013e31828bb1b3
https://doi.org/10.1016/j.jtho.2018.07.103
https://doi.org/10.1016/j.jtho.2018.07.103
https://doi.org/10.1016/j.jtho.2018.03.026
https://doi.org/10.1158/0008-5472.CAN-08-4765
https://doi.org/10.1158/2159-8290.CD-13-0642
https://doi.org/10.1158/2159-8290.CD-13-0642
https://doi.org/10.3390/ijms18030585
https://doi.org/10.1158/1078-0432.CCR-13-0827
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/oncology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/oncology#articles

	BRAF-Mutated Non-Small Cell Lung Cancer: Current Treatment Status and Future Perspective
	Introduction
	BRAF Mutations in Cancer
	BRAF Deletion Mutations
	BRAF Fusions
	Detection of BRAF Mutations
	Next-Generation Sequencing
	Current Treatment Landscape
	Chemotherapy
	Immune Checkpoint Inhibitor Monotherapy
	Targeted Therapy
	Immune Checkpoint Inhibitor Combined Therapy
	Mechanisms of Resistance to BRAF Tyrosine Kinase Inhibitors

	Conclusions
	Author Contributions
	Funding
	References



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /PageByPage
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages false
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 1
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness false
  /PreserveHalftoneInfo false
  /PreserveOPIComments true
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages false
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages false
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages false
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages false
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages false
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages false
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /Description <<
    /ENU (T&F settings for black and white printer PDFs 20081208)
  >>
  /ExportLayers /ExportVisibleLayers
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /BleedOffset [
        0
        0
        0
        0
      ]
      /ConvertColors /NoConversion
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /ClipComplexRegions true
        /ConvertStrokesToOutlines false
        /ConvertTextToOutlines false
        /GradientResolution 300
        /LineArtTextResolution 1200
        /PresetName ([High Resolution])
        /PresetSelector /HighResolution
        /RasterVectorBalance 1
      >>
      /FormElements false
      /GenerateStructure true
      /IncludeBookmarks true
      /IncludeHyperlinks true
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MarksOffset 6
      /MarksWeight 0.250000
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PageMarksFile /RomanDefault
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
    <<
      /AllowImageBreaks true
      /AllowTableBreaks true
      /ExpandPage false
      /HonorBaseURL true
      /HonorRolloverEffect false
      /IgnoreHTMLPageBreaks false
      /IncludeHeaderFooter false
      /MarginOffset [
        0
        0
        0
        0
      ]
      /MetadataAuthor ()
      /MetadataKeywords ()
      /MetadataSubject ()
      /MetadataTitle ()
      /MetricPageSize [
        0
        0
      ]
      /MetricUnit /inch
      /MobileCompatible 0
      /Namespace [
        (Adobe)
        (GoLive)
        (8.0)
      ]
      /OpenZoomToHTMLFontSize false
      /PageOrientation /Portrait
      /RemoveBackground false
      /ShrinkContent true
      /TreatColorsAs /MainMonitorColors
      /UseEmbeddedProfiles false
      /UseHTMLTitleAsMetadata true
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


