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Abstract
Purpose of Review Lung cancer remains the leading cause of cancer-related mortality worldwide. Genetic and molecular
profiling of non-small cell lung cancer (NSCLC) has led to the discovery of actionable oncogenic driver alterations, which
has revolutionized treatment for this disease. This review will move beyond traditional mutational drivers such as EGFR and
ALK and will instead focus on emerging targets and the efficacy of new precision therapies.
Recent Findings Here, we discuss both established and emerging targeted therapy approaches, as well as ongoing challenges for
the treatment of NSCLC patients harboring oncogenic alterations of the following types—gene fusions (ROS1, RET, NTRK),
receptor tyrosine kinases (METamplification and exon 14mutations and EGFR/HER2 exon 20 insertion mutations), andMAPK
signaling (SHP2 and altered BRAF and NF1).
Summary The treatment of lung cancer is increasingly biomarker-driven, as patients are selected for targeted agents based on the
identification of genetic alterations amenable to inhibition. Our ability to further improve patient outcomes with this precision
medicine approach will require continued efforts to identify, characterize, and target lesions driving lung cancer tumorigenesis
and progression.
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Introduction

The discovery of molecular alterations that drive tumor initi-
ation and progression in NSCLC has revolutionized clinical
management of the disease. Treatment decisions for this dis-
ease are primarily based upon the presence or absence of mo-
lecular targets. This precision medicine approach has led to
meaningful improvements in patient outcomes and quality of
life when compared to traditional chemotherapy.

Perhaps the best example of how biomarker-driven targeted
therapy has shifted the paradigm of lung cancer treatment is the
management ofEGFR-mutant NSCLC. Activatingmutations of
EGFR are the most prevalent targetable mutations in lung ade-
nocarcinoma, for which there are currently four FDA-approved
tyrosine kinase inhibitors (TKIs) in use. Watershed trials testing
gefitinib (first generation), erlotinib (first generation), afatinib
(second generation), and osimertinib (third generation) demon-
strated superior progression-free survival (PFS), objective re-
sponse rate (ORR), and quality of life compared to standard
chemotherapy in patients whose tumors harbored canonical ac-
tivating EGFR mutations [1–5]. Most recently, osimertinib was
approved as first-line therapy for EGFR-mutant NSCLC, reduc-
ing the risk of progression or death by 54% compared to earlier-
generation TKIs (erlotinib, gefitinib) [6••]. These data cemented
the use of EGFR TKIs as standard therapy for patients with
EGFR-mutant NSCLC, and provide a paradigm for the devel-
opment of novel targeted therapy approaches in NSCLC.

The EML4-ALK gene rearrangement in lung adenocarcino-
ma is another prime example of how discovery of a targetable
tumor genetic alteration can lead to improved NSCLC treat-
ment [7]. The first-generation multikinase inhibitor crizotinib
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was adopted as standard therapy shortly after demonstrating
superiority over chemotherapy in the front-line setting [8].
Compared with crizotinib, the second-generation inhibitors,
ceritinib, alectinib, and brigatinib, and the third-generation
ALK inhibitor lorlatinib, exhibit enhanced activity against
central nervous system (CNS) lesions and resistance-
conferring secondary mutations in ALK that arise during cri-
zotinib treatment [9–11, 12•, 13]. Alectinib is now the stan-
dard first-line therapy in ALK-positive NSCLC given its su-
periority over crizotinib in the ALEX trial, both in terms of
PFS and control of CNS disease [14••]. With the successes
and limitations of EGFR and ALK inhibitors already well
characterized in the literature, this review will instead focus
on actionable genetic alterations less commonly discussed in
the lung cancer literature, as well as emerging therapies to
target these lesions.

Oncogenic Gene Fusions

ROS1

ROS1 gene rearrangements are present in 1–2% of advanced-
stage NSCLC patients [15]. The gene belongs to a family of
insulin receptor tyrosine kinases and becomes constitutively
activated by chromosomal rearrangement, leading to down-
stream activation of canonical PI3K-AKT, RAS-MAPK, and
STAT3 signaling. These oncogenic fusions join the ROS1 ki-
nase domain with several known fusion partners, which forces
aberrant ROS1 localization to different subcellular compart-
ments leading to downstream signaling [16]. Patients with
ROS1-rearranged lung cancer are similar demographically to
those with ALK gene fusions, in that they tend to be younger
(median age 49.8 years), female, non-smokers, and with lung
adenocarcinoma [15].

ROS1 and ALK ATP-binding sites share 77% amino acid
homology [17]. Given this structural similarity, traditional
ALK inhibitors such as ceritinib and crizotinib have demon-
strated efficacy in treating ROS1-mutant NSCLC. Crizotinib
was tested in a trial of 50 ROS1 fusion-positive NSCLC pa-
tients. The ORR was 72%, and the median PFS was
19.2 months, with a safety profile similar to that observed in
ALK-rearranged NSCLC patients [18]. The success of this
trial led the FDA to approve the use of crizotinib as front-
line therapy for ROS1-rearranged NSCLC in 2016.
However, as is the case with many TKIs, both innate and
acquired resistance limits the efficacy of crizotinib. The most
common mechanism of resistance in ROS1-positive NSCLC
is the G2032R solvent-front mutation, which is structurally
analogous to the G1202R solvent-front mutation that arises
in ALK-rearranged NSCLC [19]. Solvent-front substitutions
are on-target mutations of the solvent-exposed region of the
kinase domain that sterically hinder drug binding, thereby
conferring resistance to therapy.

Other ALK inhibitors have been investigated in ROS1-
rearranged NSCLC. The second-generation ALK inhibitor
ceritinib was studied in a phase II trial of 32 patients and
demonstrated a similar efficacy to crizotinib among TKI-
naïve individuals, with an ORR of 62% and PFS of
19.3 months, but with greater GI toxicities [20]. However,
there has yet to be a trial examining the use of crizotinib and
ceritinib head to head. Additionally, there are no data to sup-
port that crizotinib resistance can be overcome by the use of
ceritinib. Lorlatinib, a third-generation ALK/ROS1 inhibitor,
is being studied in an ongoing phase I/II study of ROS1-
rearranged advanced-stage NSCLC. Among 13 TKI-naïve pa-
tients, the ORR was 76.9%, whereas crizotinib pre-exposed
patients showed an ORR of 29.4% [21]. Entrectinib is a small
molecule TKI that inhibits NTRK, ROS1, and ALK fusions. A
recent integrated efficacy analysis of phase I/II studies of
entrectinib in 53 treatment-naïve ROS1-rearranged patients
yielded an impressive ORR of 77.4%, PFS of 19.0 months,
and intracranial ORR of 55% in those individuals with base-
line CNS disease [22]. With the exception of lorlatinib, none
of the drugs previously mentioned have demonstrated signif-
icant efficacy in the crizotinib-resistant setting. Alternatively,
cabozantinib, a multikinase inhibitor, has demonstrated activ-
ity against ROS1 solvent-front resistance mutations, including
G2032R, and could be a potential option for crizotinib-
resistant patients, in particular those harboring a G2032R mu-
tation [23]. A phase II trial of cabozantinib in NSCLC patients
with RET/ROS/NTRK fusion or increased MET/AXL activity
is ongoing (NCT01639508) and may shed light on the effica-
cy of this drug among ROS1-rearranged NSCLC patients
(Table 1).

RET

The RET gene encodes a receptor tyrosine kinase that signals
through the RAS/MAPK, PI3K/AKT, and JAK/STAT signal-
ing pathways upon binding of native ligands [39]. Oncogenic
RET gene rearrangements were first discovered in papillary
thyroid cancer, primarily among patients exposed to ionizing
radiation treatment or environmental radiation [40]. The first
RET gene fusion to be detected in lung cancer involved the 3′
end of RET and the 5′ end of the kinesin family member 5B
gene (KIF5B) [41]. KIF5B-RET and its variants are the best
characterized RET fusions in NSCLC, but at least 12 other
fusion partners have been identified to date [42]. Similar to
ROS1 fusions, the prevalence of RET rearrangements in
NSCLC is approximately 1%, and RET rearrangement–
positive patients tend to be young and never smokers [43].

While no RET-selective inhibitors are currently FDA ap-
proved, numerous multikinase inhibitors have been studied in
patients with RET-rearranged lung cancer (Table 2). The
GLORY study was a worldwide retrospective analysis that
included 165 patients with RET+ NSCLC, of which 72%
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Table 1 Clinical trials for the treatment of lung cancers with select targetable oncogenic drivers

Target Agent Trial identifier Phase Patient population Results

BRAF V600E Dabrafenib NCT01336634 II Treated and untreated BRAFV600E+
advanced NSCLC

ORR 33%, median PFS 5.5 months
(previously treated) [24]

Dabrafenib +
trametinib

NCT01336634 II Untreated BRAFV600E+ advanced
NSCLC

ORR 64%, median PFS 10.9 months,
median OS 24.6 months [25••]

EGFR exon
20 insertion

Poziotinib NCT03066206 II Treated and untreated metastatic EGFR
exon20ins + NSCLC

ORR 58%, median PFS 5.6 months
(abstract) [26]

Osimertinib NCT03191149 II Stage IIIb–IVor recurrent EGFR
exon20ins + NSCLC

Ongoing

Afatinib +
cetuximab

NCT03727724 II Advanced EGFR exon20ins + NSCLC Ongoing

HER2
alterations

Trastuzumab
emtansine

NCT02289833* II HER2-overexpressing metastatic NSCLC
previous tx w/ platinum-based chemo

ORR 20%, median PFS 2.7 months
(high HER2 expression only) [27]

Gemcitabine and
cisplatin ±
trastuzumab

NCT00016367* II Untreated advanced HER2-positive
NSCLC

No clinical benefit [28]

Neratinib ±
temsirolimus

NCT01827267* II Stage IIIB/IV HER2-mutant NSCLC ORR 19%, median PFS 4.1 months,
median OS 15.8 months
(neratinb + temsirolimus only) [29]

Trastuzumab
deruxtecan
(DS-8201a)

NCT03505710 II HER2-overexpressing or mutated,
unresectable, and/or metastatic NSCLC

Ongoing

Afatinib NCT01542437 II Advanced HER2-positive NSCLC
progressive on chemotherapy

Ongoing

Poziotinib NCT03066206 II Treated and untreated metastatic HER2
exon20ins + NSCLC

ORR 50%, DCR 83% (abstract) [26]

MET
alterations

Crizotinib NCT00585195 I MET-amplified advanced NSCLC ORR 40%, median PFS 6.7 months
(high MET amp only) [30]

Crizotinib NCT00585195 I MET exon 14-positive NSCLC ORR 32%, median PFS 7.3 months
(abstract) [31]

Tepotinib NCT02864992 II Advanced NSCLC w/ MET exon 14 exon
skipping mutation or MET amp

ORR 35%—independent review, ORR
57.5%—investigator assessment
(abstract) [32]

Capmatinib NCT02414139 II Advanced NSCLC w/ MET exon 14 exon
skipping mutations

ORR 39.1%—pre-treated, ORR 72%—
treatment-naïve (abstract) [33]

NF1 Trametinib NCT03232892 II Advanced NF1+ NSCLC, KRAS
wildtype

Ongoing

NTRK
fusions

Entrectinib NCT02568267 II Solid tumors that harbor an NTRK1/2/3,
ROS1, or ALK gene fusion

Ongoing

Larotrectinib
(LOXO-101)

NCT02576431 II Advanced solid tumors harboring a fusion
of NTRK1, NTRK2, or NTRK3

Confirmed PR in three of four pre-treated
NSCLC patients, no CNS progression
(abstract) [34••]

LOXO-195 NCT03215511 I/II NTRK fusion cancers treated with a prior
TRK inhibitor

Ongoing

RET fusions Vandetanib NCT01823068 II Advanced NSCLC with RET
rearrangement

ORR 18%, median PFS 4.5 months,
median OS 11.6 months [35]

Alectinib NCT03131206 I/II Advanced RET-rearranged NSCLC Ongoing

Ponatinib NCT01813734* II Advanced RET-rearranged NSCLC Not reported

Lenvatinib NCT01877083* II RET-rearranged NSCLC ORR 16%, median PFS 7.3 months
(abstract) [36]

Sunitinib NCT01829217* II RET-rearranged NSCLC, non-smokers,
WT for EGFR, KRAS, ALK

Not reported

Cabozantinib NCT01639508 II Advanced RET-rearranged NSCLC ORR 28%, median PFS 5.5 months,
median OS 9.9 months [37]

LOXO-292 NCT03157128 I/II RET-fusion solid tumors, medullary
thyroid cancer, and other RET fusion
tumors

ORR 74%—20/27 NSCLC patients
(abstract) [38•]

ROS1 fusions Crizotinib NCT00585195 I ROS1-fusion positive advanced NSCLC ORR 72%, median PFS 19.2 months [18]
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harbored the KIF5B-RET rearrangement. In that cohort, 53
patients received at least one multikinase inhibitor that dem-
onstrated anti-RET activity in preclinical models or in vitro
studies. Participants received carbozantinib (21 patients), van-
detanib (11 patients), sunitinib (10 patients), sorafenib (2 pa-
tients), alectinib (2 patients), lenvatinib, (2 patients),
nintedanib (2 patients), ponatinib (2 patients), and regorafenib
(1 patient). Outcomes were modest when compared to the
efficacy of TKIs targeting other NSCLC oncogenic
drivers—median PFS was 2.3 months, and median OS was
6.8 months. Responding patients received cabozantinib (32%
ORR), vandetanib (18% ORR), or sunitinib (22% ORR). No
responses were reported with sorafenib, alectinib, ponatinib,
or regorafenib [44]. There remains a pressing need to develop
novel RET-targeted agents. LOXO-292 is a highly selective

RET inhibitor that has shown preclinical activity against a
variety of RET fusions, as well as the RET V804M gatekeeper
resistance mutation [45]. The drug is currently being tested in
a global phase I/II study of 82 RET-rearranged solid tumor
patients, including 38 with NSCLC. Among the NSCLC pa-
tients, the ORR was 68%, with responses occurring irrespec-
tive of upstream fusion partner [38•].

NTRK

Neurotrophic receptor tyrosine kinase (NTRK) genes NTRK1,
NTRK2, and NTRK3 encode three tropomyosin receptor ki-
nase (TRK) proteins, TrkA, TrkB, and TrkC, respectively. Trk
proteins play a vital role in the growth, differentiation, and
apoptosis of neurons in the peripheral and central nervous

Table 2 FDA-approved and investigational targeted therapies for the treatment of lung cancers with targetable oncogenic drivers

Target % NSCLC
patients

FDA-approved agents FDA-approved agents
(off-label use)

Investigational only

ALK fusions 3–7% Crizotinib, ceritnib, brigatinib, alectinib,
lorlatinib

Entrectinib, ensartinib

BRAF V600E 2–4% dabrafenib/trametinib Vemurafinib

EGFR 10–20% Afatinib, erlotinib, dacomitinib, gefitinib,
osimertinib

Poziotinib, olmutinib,
nazartinib

HER2
alterations

2–4% Afatinib, ado-trastuzumab
emtansine,
neratinib, dacomitinib

Poziotinib, DS-8201a

KRAS 15–30% Trametinib Selumetinib

MET
alterations

4–6% Crizotinib, cabozantinib Tepotinib, capmatinib

NF1 8–10% Trametinib

NTRK fusions 1–4% Larotrectinib Entrectinib, LOXO-195

RET fusions 1–2% Cabozantinib, vandetanib,
sunitinib

LOXO-292

ROS1 fusions 1–2% Crizotinib Ceritinib, lorlatinib,
carbozantinib

Entrectinib

SHP2 Unknown RMC-4630

Table 1 (continued)

Target Agent Trial identifier Phase Patient population Results

Ceritinib NCT01964157 II ROS1-fusion positive advanced NSCLC ORR 62%, median PFS 19.3
months [20]

Lorlatinib NCT01970865 I/II ROS1-fusion positive advanced NSCLC ORR 76.9% crizotinib naïve,
ORR 29.4% crizotinib pre-exposed
(abstract) [21]

Entrectinib NCT02568267 II Solid tumors that harbor an NTRK1/2/3,
ROS1, or ALK gene fusion

ORR 77.4%, PFS 26.3 months,
intracranial ORR of 55%

(abstract) [22]

Cabozantinib NCT01639508 II Advanced ROS1-rearranged NSCLC Ongoing

SHP2 RMC-4630 NCT03634982 I Adult patients with relapsed/refractory
solid tumors

Ongoing

*Completed trial
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systems [46]. Chromosomal rearrangements of NTRK1 and
NTRK 2 are known drivers of oncogenesis in a diverse mix
of over 20 pediatric and adult malignancies, including
NSCLC, where the incidence is 3–4% [47, 48]. In NSCLC,
NTRK1 and NTRK2 are known to form 5′ fusion partners with
CD74, MPRIP, SQSTM1, and TRIM24 [49].

Larotrectinib is a highly selective pan-TRK inhibitor that
provided the first evidence of clinical benefit from TRK inhi-
bition, in a patient with TRK fusion-positive metastatic soft
tissue sarcoma [50]. Its efficacy was recently reported in a
cohort of 55 adult and pediatric patients with a variety of
NTRK fusion-positive cancers. The outcomes were promising
with an ORR of 75% (median PFS had not yet been reached)
[34••]. Four study participants are NSCLC patients, whose
outcomes were reported separately at the 2018 World
Conference on Lung Cancer. At the time of analysis, three
of the four patients continued to have ongoing responses to
the drug (ranging from 5.7 to 12 months), whereas one patient
had stable disease that eventually progressed after 300 days of
treatment [51]. These data highlight larotrectinib’s potent anti-
tumor activity in NTRK fusion-positive patients, regardless of
age or tumor type. These findings led the FDA to grant accel-
erated approval of the drug for adult and pediatric patients
with solid tumors harboring an NTRK fusion without a known
resistance mutation, making this the first pan-cancer approval
of a TKI [52]. The second-generation, TRK-selective inhibitor
LOXO-195 has been used in two patients with NTRK fusion-
positive cancer (colon and infantile fibrosarcoma) that devel-
oped resistance to larotrectinib. Both patients derived clear
clinical benefit from the therapy [53]. A phase I study of
LOXO-195 is now underway in patients with NTRK fusion-
positive cancers who have progressed on a prior TRK inhib-
itor (NCT03215511).

Entrectinib is a first-generation pan-TRK inhibitor that also
has activity against ROS1 and ALK fusions. Preliminary safety
and efficacy data from two phase I trials of entrectinib in
NTRK-rearranged cancer (ALKA-372-001 and STARTRK-
1) have been reported, which included one NSCLC patient
with an SQSTM1-NTRK fusion, who experienced complete
resolution of brain metastases and a durable partial response
[54]. Recently, a pooled analysis of the ALKA-372-001,
STARTRK-1, and STARTRK-2 trials reported on the efficacy
of entrectinib in 54 patients with NTRK fusion-positive solid
tumors, revealing an ORR of 57.4%, median PFS of
11.2 months, and median OS of 20.9 months [55].

Receptor Tyrosine Kinase Alterations

MET

The MET gene encodes hepatocyte growth factor receptor
(HGFR), a receptor tyrosine kinase, which is activated by
binding to the ligand HGF. The activated homodimer signals

through downstream PI3K/AKT, Wnt/β-catenin, RAS/
MAPK, and JAK/STAT signaling pathways [56]. Oncogenic
MET activation in lung cancer occurs by either MET gene
amplification or MET exon 14 skipping mutations. MET am-
plifications are known to occur in about 1 to 5% of NSCLC,
whereas exon 14 skipping mutations are present in approxi-
mately 3% of cases [57, 58]. Patients with high-level MET
amplification (defined by the ratio ofMET gene copy number
to the centromere of chromosome 7—MET/CEP7) can derive
clinical benefit from crizotinib, whereas those with lower
levels of MET amplification respond less favorably. A recent
update from a phase I trial of crizotinib in MET-amplified
NSCLC (NCT00585195) showed an ORR of 40% (8/20) in
patients with high MET copy number (MET/CEP7 ≥ 4) [30].
In addition to being an oncogenic driver,MET amplification is
also an established cause of acquired resistance to EGFR-
targeted therapies in lung cancer [59, 60].

MET exon 14 skipping mutations result in a MET protein
lacking the E3 ubiquitin protein-ligase binding site. This mu-
tated form of MET shows impaired ubiquitination-mediated
degradation, contributing to sustained MET activation and
tumorigenesis [61]. Multikinase inhibitors such as crizotinib
and cabozantinib have demonstrated efficacy in advanced-
stage NSCLC patients withMET exon 14 skipping mutations
[62]. Most recently, an ongoing study (PROFILE 1001) of
crizotinib in patients with MET exon 14-altered NSCLC re-
ported an ORR of 32% in a cohort of 65 patients [31].
However, emerging mechanisms of resistance, such as the
MET D1228 and Y1230 mutations, may limit the response
to crizotinib in this population [63–65]. Furthermore, crizotin-
ib has poor CNS penetration and is relatively ineffective at
treating or preventing brain metastases in these patients.
There is a case report of a patient with aMETexon 14 skipping
mutation who experienced a rapid intracranial response to
cabozantinib after developing resistance to crizotinib [66].
An ongoing phase II study of tepotinib (MET-selective oral
inhibitor) in a similar patient population of 41 patients re-
vealed an ORR of 35% [32]. A separate study is evaluating
another MET-selective agent, capmatinib, in patients with
MET exon 14 mutant or MET amplified advanced-stage
NSCLC (NCT02414139). Results from 94 patients demon-
strated ORRs of 39.1% and 72% among pretreated and treat-
ment-naïve patients, respectively, highlighting that TKIs are
frequently more effective when used in the first-line treatment
setting. The drug also showed preliminary intracranial activity
in patients with brain metastases [33].

HER2 Alterations

Mutations of ERBB2 (HER2) occur in NSCLC and have been
studied as potential drivers of oncogenesis. Approximately 2–
4% of lung adenocarcinoma patients harbor HER2 mutations
[67, 68]. Nearly all of these mutations are small, kinase-
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activating insertions in exon 20 and are typically present as the
exclusive oncogenic driver in patient tumors [69, 70]. The
treatment of HER2-altered NSCLC has been largely unsuc-
cessful, and there is currently no approved targeted therapy for
these patients. A retrospective study of 101 patients with
HER2 exon 20 insertions revealed an ORR of 50.9% for those
who received trastuzumab or trastuzumab emtansine; ORR of
7.4% for those who received neratinib, lapatinib, or afatinib;
and ORR of 43.5% in those treated with conventional chemo-
therapy [71]. A trial of 51 patients comparing treatment with
trastuzumab and chemotherapy to chemotherapy alone did not
show any clinical benefit, except in a small subgroup of 3+/
FISH-positive patients [28]. Afatinib has previously shown
some activity in treating a small number of patients and was
more recently examined in a larger cohort of heavily
pretreated patients [72, 73]. Among those with exon 20 inser-
tions, the ORR was 33% and the DCR was 100% [74]. More
recently, poziotinib, a small molecule inhibitor of HER2 and
EGFR exon 20 insertions, demonstrated promising preclinical
and early clinical activity in one patient [75•]. A phase II study
of poziotinib is ongoing in both HER2 and EGFR exon 20-
mutant NSCLC (NCT03066206). Among 12 evaluable pa-
tients harboring HER2 exon 20 insertions, initial responses
were observed in 6 (50%), with a median PFS of 5.1 months
[26]. DS-8201a is another novel HER2-targeted agent
consisting of a HER2 antibody conjugated to a topoisomerase
I inhibitor. Preliminary results from an ongoing phase I study
show an ORR of 72.7% (8/11) [76]. A phase II study of this
agent recently began accrual (NCT03505710). Lastly, a recent
phase II basket trial of ado-trastuzumab emtansine (T-DM1) in
18 HER2-mutant NSCLC patients demonstrated a partial re-
sponse rate of 44% and a median PFS of 5 months, and ob-
served responses in patients with exon 20 insertions [77].

EGFR Exon 20 Insertions

The majority of patients with traditional EGFR-activating mu-
tations (e.g., exon 19 deletions and L858R) experience dra-
matic clinical responses to EGFR TKIs such as erlotinib, ge-
fitinib, and osimertinib [2, 6, 78]. However, a recent analysis
of 14,483 NSCLC cases found 263 to have EGFR exon 20
insertions, representing 12% of all EGFR-mutant cases and
1.8% of all NSCLC [79]. Unfortunately, these patients typi-
cally have remarkably poor responses to current EGFR TKIs.
In a compilation of clinical outcome data, the ORR with first-
generation TKIs was 17%, while the ORR with second-
generation TKIs was only 10% [80]. Even the third-
generation EGFR TKI osimertinib seems to have limited ac-
tivity in these patients. A retrospective study of osimertinib
treatment in 17 patients with exon 20 insertions demonstrated
an ORR of 6% and median PFS of 3.7 months [81]. However,
osimertinib has shown some in vitro efficacy against a rare
EGFR exon 20ins variant, D770_N771insNPG [82].

Additionally, a recent case report described an 80-year-old
never-smoking patient who experienced a rapid partial re-
sponse to osimertinib that was ongoing 5 months after starting
therapy [83]. Osimertinib also demonstrated efficacy in
exon20ins xenograft tumors in mice and in a single patient
who was treated at a dose of 160 mg daily [84]. Thus, there
may be a role for osimertinib in the treatment of EGFR exon
20ins NSCLC—however, additional study is needed to iden-
tify the subset(s) of patients that are likely to benefit from
therapy. An ongoing phase II trial is examining the efficacy
of high-dose osimertinib (160 mg daily) in patients with this
mutation (NCT03191149). Interestingly, dual blockade with
afatinib and cetuximab was effective in a small group of pa-
tients with EGFR exon 20 insertion advanced-stage NSCLC.
Three of four patients experienced a partial response to thera-
py, with a median PFS of 5.4 months [85]. A clinical trial will
soon be underway investigating this combination therapy in
EGFR exon 20ins NSCLC (NCT03727724). Tarloxitinib is a
prodrug that releases a HER2/EGFR TKI under hypoxic con-
ditions. A previous trial of this agent (NCT02454842) in
EGFR-mutant NSCLC was terminated due to lack of effica-
cy—however, the drug has shown promise in EGFR exon
20ins patient-derived tumor xenografts in mice and is set to
be studied in a phase II trial [86, 87].

Structurally, EGFR exon 20 insertions restrict the drug-
binding pocket, making it difficult for inhibitors to reach their
target. Osimertinib possesses a large, rigid terminal group that
likely limits its efficacy given the steric hindrance of exon 20
insertions. Conversely, the small molecule inhibitor,
poziotinib, was found to be a potent and effective inhibitor
of both EGFR and HER2 exon 20 insertions given its small
size and structural flexibility [75•]. A phase II trial of
poziotinib in EGFR and HER2 exon 20 insertions recently
completed accrual of 50 EGFR exon 20ins patients
(NCT03066206). Forty-four were evaluated for treatment re-
sponse, which yielded an ORR of 55% and median PFS of
5.5 months. Responses were even observed in 8/13 (62%) of
TKI-refractory patients; however, skin and GI toxicity associ-
ated with this drug are of potential concern [26].

MAPK Pathway Alterations

BRAF

Somatic mutations of BRAF occur in approximately 2–4% of
NSCLC and promote RAF/MAPK pathway signaling [88,
89]. The most common BRAF mutation in lung cancer is the
BRAF V600E mutation, accounting for 1–2% of lung adeno-
carcinomas and roughly 50% of BRAF-mutant NSCLC [90].
Unlike NSCLC patients with other molecular drivers such as
EGFR and ALK, which are often associated with little to no
smoking history, BRAF-mutant patients are more commonly
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current or former smokers, particularly those with non-V600E
mutations [91].

Treatment of BRAF-mutant NSCLC has closely mirrored
that of malignant melanoma harboring BRAF V600 muta-
tions. Two large phase II studies of dabrafenib/trametinib
and vemurafenib/cobimetinib among patients with untreated
BRAF-mutant melanoma achieved ORRs of 69% and 70%
and OS of 25.1 months and 22.3 months, respectively [92,
93]. The successes of these trials led to FDA approval, and
the adoption of combination Raf/MEK inhibition as the stan-
dard of care for these patients. Similarly, while monotherapy
with Raf inhibitors such as vermurafenib and dabrafenib show
efficacy in BRAF-mutant NSCLC, the addition of a MEK
inhibitor potentiates therapeutic response, diminishes certain
toxicities such as secondary hyperproliferative skin lesions,
and improves clinical outcomes [24, 94, 95]. The combination
of dabrafenib and trametinib was examined in a phase II study
of previously untreated metastatic BRAF V600E-mutant
NSCLC. The ORR of this cohort was 64%, and the median
OSwas 24.6months [25••]. These results led to the 2017 FDA
approval of the combination of dabrafenib and trametinib for
advanced NSCLC harboring the BRAFV600E mutation, irre-
spective of prior therapy [96]. Unlike in melanoma, the com-
bination of vemurafenib and cobimetinib has not been inves-
tigated in NSCLC.

Nearly half of all BRAF-mutant lung cancers harbor non-
V600E mutations. Unlike the BRAF-V600E mutation, which
confers constitutive BRAF activation as a monomer, most
non-V600E mutations signal as dimers (similar to wild-type
BRAF). While current Raf inhibitors potently inhibit mutant
monomers, their binding at one site on a mutant dimer de-
creases binding affinity at the second, rendering therapy inef-
fective [97]. Thus, there is a pressing need to develop better
therapeutic approaches for these patients. There are currently
three approaches that are being pursued to meet this need. The
first is to block downstream MEK signaling, for which
trametinib has demonstrated in vitro efficacy in non-V600E
NSCLC cell lines, as well as in melanoma patients with non-
V600E mutations [98–100]. A second approach is to develop
Raf inhibitors capable of targeting the oncogenic dimers of
non-V600E mutants. There are several next-generation Raf
inhibitors in development that may succeed in this purpose
[101–103]. The third is to block RAS-mediated BRAF dimer-
ization by inhibiting SHP2 signaling, which was recently
shown to be an effective strategy for BRAF class III mutations
(e.g., BRAFD594) that depend onRAS nucleotide cycling for
growth [104].

NF1

NF1 is a tumor suppressor gene that encodes the protein
neurofibromin and is a negative regulator of Ras activation
and downstream signaling [105, 106]. Somatic loss-of-

function (LOF) mutations of NF1 occur in approximately
10% of NSCLC patients, and NF1 mutations in this popula-
tion of patients are highly heterogeneous, and the majority
(75%) exist independently of other known oncogenic muta-
tions [107]. The consequences and role of LOF mutations of
NF1 as a possible driver of oncogenesis has yet to be fully
defined in NSCLC. TheNF1 gene has been well characterized
in the setting of neurofibromatosis type 1, an autosomal dom-
inant genetic disease that is characterized, in part, by the
growth of tumors along nerves and elsewhere in the body
[108, 109]. Interestingly, there is increasing evidence
supporting the use of MEK inhibitors in patients with neuro-
fibromatosis type 1. A phase I trial of the MEK1/2 inhibitor,
selumetinib, was conducted in 24 children with neurofibroma-
tosis type 1, resulting in confirmed partial responses in 71%
(17/24) [110••]. More recently, the phase II study of
selumetinib in this population of patients (NCT01362803)
reported a similar response rate of 72% (36/50), with most
responses sustained for beyond 6 months [111]. Given these
findings, the FDA recently granted orphan drug status to
selumetinib for the treatment of NF1. However, it remains to
be determined whether MEK inhibition is effective in treating
NF1-mutant NSCLC. An ongoing phase II trial examining the
use of theMEK inhibitor trametinib in patients withmetastatic
or locally advanced NSCLC harboring NF1mutations aims to
answer this question (NCT03232892). Intriguingly, a recent
study described a novel subclass of NSCLC defined by con-
current RASA1 (a Ras-GTPase-activating protein) and NF1
loss. Cell lines harboring these twomutations were exquisitely
sensitive to MEK inhibitors, providing rationale for clinical
investigation of MEK inhibitors in this patient subset [112].
Recently, NSCLC cell lines and xenografts with NF1 LOF
mutations were shown to be sensitive to SHP2 inhibition,
making this an attractive target for NSCLC patients whose
tumors harbor these mutations [104].

SHP2

SHP2 (encoded byPTPN11) is a non-receptor protein tyrosine
phosphatase that facilitates GTP loading and activation of
RAS and downstream signaling [113, 114]. SHP2 is thought
to play an oncogenic role in several malignancies, perhaps due
to its putative function as a common signaling node, and par-
allel survival input for a diverse set of upstream driver muta-
tions [115, 116]. Recently, preclinical studies have begun to
shed light on the role SHP2may play in lung adenocarcinoma.
Among KRAS-mutant NSCLC cell lines, inhibition or silenc-
ing of SHP2 delayed tumor progression, whereas dual inhibi-
tion of SHP2 and MEK had a synergistic anti-tumor effect
[117]. A separate study identified SHP2 signaling as a com-
mon mechanism of resistance in cell lines derived from pa-
tients whose tumors had grown resistant to ALK inhibition.
This work demonstrated that co-treatment with SHP009, a
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recently discovered small molecule SHP2 inhibitor, and the
ALK TKI ceritinib restores sensitivity to ALK inhibition, sug-
gesting that SHP2 might play a functional role in the devel-
opment of TKI resistance in these patients [118•, 119]. The
activity of the SHP2 inhibitor, RMC-4550, was studied in
cancer models that are dependent on RAS nucleotide cycling
for growth—such as those with NF1 LOF, class 3 mutants of
BRAF, and KRAS G12C mutations. In these models, inhibi-
tion of SHP2 limits GTP loading of RAS, thereby suppressing
RAS/MAPK signaling and halting tumor cell proliferation
and tumor growth [104]. A phase I study of the clinical
SHP2 inhibitor, RMC-4630, is underway in patients with re-
lapsed or refractory solid tumors dependent on RAS/MAPK
signaling (NCT0364982). It remains to be seen whether SHP2
inhibition will have efficacy in NSCLC patients. The preclin-
ical data provide a rationale for future clinical investigation in
these patient subsets, which currently lack an effective
targeted therapy.

Conclusion

In 2004, erlotinib became the first FDA-approved molecular
targeted therapy for the treatment of advanced-stage NSCLC
in patients whose cancer had progressed on prior chemother-
apy [120]. Notably, this approval was based on a 2-month PFS
advantage compared to placebo, and no specific biomarker
was required for its use. In the last 15 years, we have come
to recognize the necessity of understanding the disease at a
molecular level in order to identify specific molecular targets
for which drugs can be identified or engineered to inhibit. This
approach has proven to be remarkably successful, as there are
now five molecular targets in advanced-stage NSCLC and
over a dozen FDA-approved drugs for treatment with ORRs
ranging from approximately 60 to 80%. In spite of this suc-
cess, major challenges remain. Paramount among these in-
clude (1) targeting the “undruggable” oncogenic drivers such
asmutant KRAS, (2) moving beyondRTK targets tomodulate
epigenetic alterations and transcriptional programs that drive
cancer progression and resistance to therapy, and (3) under-
standing why responses to molecular targeted therapies in
NSCLC are almost always incomplete and transient. With
continued research, there is great promise for continued ad-
vances in the biomarker-driven treatment of patients with
NSCLC.
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