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binations are in early phases of development and demonstrate the
importance of molecular testing and ongoing research in this field.

Abstract
The discovery of epithelial growth factor receptor (EGFR)
mutations in non-small cell lung cancer (NSCLC) and the
success of tyrosine kinase inhibitors in treating these patients have led to increased molecular screening and the
identification of additional oncogenic driver mutations.
Despite this progress, there are no FDA-approved targeted treatments for most patients with an identified mutation or translocation. Clinical trials are currently under
way to find new targeted treatment options for NSCLC,
and this review focuses on therapeutic strategies targeting ROS1, KRAS, BRAF, RET, and PI3K.
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Introduction
The identification of molecular oncogenic driver mutations and the
development of targeted therapies have significantly changed the
management of patients with metastatic non-small cell lung cancer
(NSCLC). Tyrosine kinase inhibitors (TKIs) have demonstrated
increased efficacy and tolerability compared with cytotoxic chemotherapy in the treatment of patients with EGFR mutations and
ALK translocations, and are now the standard of care for first-line
treatment.1,2 This has led to increased efforts to identify additional
oncogenic drivers and to match molecular alterations with effective
targeted therapies.
Molecular profiling has revealed significant heterogeneity in
NSCLC, and has led to the identification of molecular driver mutations in more than 50% of patients with NSCLC (Figure). Most
identified molecular driver mutations are found in only a small percentage of patients, but these molecular abnormalities are clinically
significant in the setting of 1.8 million people being diagnosed with
NSCLC worldwide each year.3 This review will focus on the current
therapeutic strategies targeting ROS1, KRAS, BRAF, RET, and PI3K
in the treatment of NSCLC. Most of these drugs and treatment com-
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ROS1
The ROS1 oncogene encodes for a receptor tyrosine kinase (RTK)
that is a member of the insulin-receptor family and is related to
ALK. Rearrangements or translocations of ROS1 result in increased
kinase activation and can be identified with fluorescence in situ hybridization (FISH). They are found in approximately 1% of patients
with lung adenocarcinoma.4 These rearrangements are mutually exclusive of other oncogenic driver mutations and tend to be found in
younger patients with little or no smoking history. ALK and ROS1
share 77% amino acid identity at the ATP-binding site, and crizotinib is able to bind with high affinity to both.
Crizotinib has been shown to have significant antitumor activity in patients with advanced ROS1-rearranged NSCLC, with a response rate of 72% and median progression-free survival (PFS) of
19.2 months, although 25 patients (50%) were still in follow-up at
the time of data publication.5 While not yet approved by the US
Food and Drug Administration (FDA) for this indication, crizotinib is a promising therapeutic option for patients found to have
a ROS1 translocation, and should be considered as an alternative
to chemotherapy. Studies are now ongoing to identify additional
therapies that may be effective in targeting ROS1, including ceritinib, a second-generation ALK inhibitor (ClinicalTrials.gov Identifier: NCT02186821), and cabozantinib, a multi-TKI with effects
on VEGF receptor 2 (ClinicalTrials.gov Identifier: NCT01639508).
Efficacy data for these strategies are not yet available.
KRAS
The most frequently mutated oncogene in NSCLC is KRAS, which
is found in approximately 25% of lung adenocarcinomas.6 The RAS
genes encode for membrane-bound GTP binding proteins, which
are part of the RAS/MAPK signaling pathway linking EGFR activation to cell proliferation and survival.7 Mutations in the KRAS
gene tend to be mutually exclusive from EGFR mutations and ALK
translocations, and are believed to be a negative prognostic factor
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for survival.
Research efforts to identify effective treatment strategies have
mainly focused on downstream targets of KRAS. Selumetinib, a selective inhibitor of MEK1/2, has been evaluated in a phase II study
in which patients with advanced KRAS-mutated NSCLC who had
progressed on prior therapy were randomized to selumetinib 75
mg daily and docetaxel 75 mg/m2 every 21 days versus placebo and
docetaxel administered at the same dosage. There was a statistically
significant improvement in PFS and a trend toward improvement in
overall survival (OS) in those treated with the combination therapy.8
Although the study failed to meet its primary endpoint of OS, results were promising enough to proceed with a randomized phase III
study of selumetinib in combination with docetaxel with PFS as the
primary endpoint (ClinicalTrials.gov Identifier: NCT01933932). Efficacy data from this study are not yet available.
Development of effective targeted treatment strategies for patients
harboring a KRAS mutation is complicated by the heterogeneous
genetic profile of these patients. Response to a therapy may vary
based on the specific KRAS point mutation present. In a phase I/Ib
study, a total of 47 patients with both KRAS-mutant and wild-type
NSCLC were treated with a combination of docetaxel and tremetinib, a MEK 1/2 kinase inhibitor. The median overall response
rate (ORR) for all patients was 32% regardless of genotype; however,
patients with a G12C point mutation in KRAS had an increased response rate (40%) and a trend toward increased PFS.9 The presence
of other co-mutations in addition to the specific KRAS mutation
may also impact tumor response to therapy. Preclinical data have
shown that the presence of p53 or LKB1 in addition to KRAS mutations may impact tumor sensitivity to specific therapies.10 A greater
understanding of how specific KRAS mutations and co-mutations
impact drug sensitivity is needed before effective targeted treatment
strategies are likely to be identified.

BRAF
BRAF is a downstream signaling mediator of KRAS and activates
the MAP kinase pathway. Mutations in BRAF are found in 1% to
4% of patients with lung adenocarcinoma and are usually associated
with a history of smoking.11,12 The BRAFV600E mutation makes up
only about 50% of the identified mutations within the gene.13 Given
the high response rate of BRAF-mutant melanoma to targeted TKIs,
studies are being done to identify effective targeted therapies for this
mutation in NSCLC.
Patients with NSCLC with a BRAFV600E mutation who progressed
on first-line therapy were enrolled in an open label, single-arm,
phase II study and were given dabrafenib 150 mg twice daily, with response rate as the primary endpoint. Data presented at the 2013 Annual Meeting of the American Society of Clinical Oncology (ASCO)
demonstrated an ORR of 54%, resulting in breakthrough designation from the FDA for its potential as a second-line treatment for
patients with this mutation.14 The safety profile was similar to that
reported in the treatment of melanoma. More efficacy data will be-
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come available as the study proceeds into the expansion phase, in
which dabrafenib will be given as monotherapy or in combination
with tremetinib (ClinicalTrials.gov Identifier: NCT01336634).

RET
The RET gene encodes a cell-surface RTK that activates downstream
signaling pathways that lead to cellular proliferation and migration.4 Germline mutations of RET are found in almost all inherited
forms of medullary thyroid cancer (MTC) and up to 50% of sporadic MTC cases, with most being point mutations within the gene.
Chromosomal rearrangements involving the RET gene have been
found in 1% to 2% of patients with NSCLC, and tend to occur
in younger patients with light-smoking history.4 Screening is most
commonly done with reverse transcription-polymerase chain reaction (RT-PCR), with fluorescence in situ hybridization (FISH) as an
alternative or confirmatory tool. These translocations are mutually
exclusive of EGFR, HER2, BRAF, KRAS, ALK, and ROS1 alterations.
Cabozantinib may be a potential targeted therapy for patients with
a RET mutation, and it has demonstrated efficacy in a case series
that included 3 patients.15 A phase II study is currently under way
in which patients with molecular alterations in RET, ROS1, NTRK,
or increased MET or AXL activity are treated with cabozantinib 60
mg daily to evaluate ORR, PFS, OS, and safety (ClinicalTrials.gov
Identifier: NCT01639508).
PI3K
Activation of the phosphatidylinositol 3-kinase (PI3K) signaling
cascade is initiated by stimulation of multiple transmembrane receptors, including EGFR, HER2, VEGFR, and insulin-like growth
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factor receptor, and is involved in the regulation of multiple cellular
processes, including growth and proliferation.16 There are multiple
activating mutations of this pathway, which are found in 2% to 5%
of lung adenocarcinomas and 8% to 10% of squamous cell lung cancers, and can occur with EGFR or KRAS mutations.17-20 Overactivation of AKT is detected in 30% to 75% of NSCLC and promotes resistance to chemotherapy and radiation.21,22 Preclinical studies have
demonstrated that agents targeting the PI3K/AKT/mTOR pathway
have little efficacy when given as monotherapy, and focus has turned
to combining these agents with either chemotherapy or other targeted agents.16,23 Preclinical data have demonstrated that by combining
PI3K inhibitors with either paclitaxel or gemcitabine, there is evidence of synergy with decreased tumor volume in cell lines.24 This
prompted several phase I studies in which patients with advanced
solid tumors were treated with combination PI3K inhibitors and paclitaxel or gemcitabine (ClinicalTrials.gov Identifier: NCT01411410,
ClinicalTrials.gov Identifier: NCT01460537), although results are
not yet available. Few studies have used biomarkers to select for patient inclusion, and there are currently no definitive biomarkers to
predict response to these treatment combinations. It remains unclear which patients are most likely to benefit from targeting this
pathway or which drug combinations are most likely to be efficacious.

Summary
Targeted therapies have greatly benefited patients with genetic alterations of EGFR and ALK, and have led to increased efforts to
identify additional driver mutations and targeted therapies. We now
have an increased understanding of the molecular heterogeneity of
NSCLC, and have successfully identified molecular driver mutations in more than 50% of patients with NSCLC. Despite this
progress, most patients with an identified mutation do not have a
targeted therapy that is known to be effective. There are many promising targeted treatment strategies being evaluated in clinical trials,
and ongoing molecular screening and patient enrollment in clinical
trials is essential for the development of new targeted strategies.
Affiliation: Megan Baumgart, MD, is assistant professor of Medicine and Oncology at University of Rochester, NY.
Disclosure: Dr Baumgart reports no relevant financial conflicts of
interest to disclose.
Address correspondence to: Megan Baumgart, MD, 601 Elmwood
Ave, Box 704, Rochester, NY 14642. Phone: (585) 275-5307; fax:
(585) 275-2914; email: megan_baumgart@urmc.rochester.edu.

References
1. Rosell R, Carcereny E, Gervais R, et al. Erlotinib versus standard
chemotherapy as first-line treatment for European patients with
advanced EGFR mutation-positive non-small-cell lung cancer (EURTAC): a multicentre, open-label, randomised phase 3 trial. Lancet

12

Oncol. 2012;13(3):239-246.
2. Solomon BJ, Mok T, Kim DW, et al. First-line crizotinib versus chemotherapy in ALK-positive lung cancer. N Engl J Med.
2014;371(23):2167-2177.
3. Torre LA, Bray F, Siegel RL, et al. Global Cancer Statistics, 2012.
Ca Cancer J Clin. 2015;65(2):87-108.
4. Gainor JF, Shaw AT. Novel targets in non-small cell lung cancer:
ROS1 and RET fusions. Oncologist. 2013;18(7):865-875.
5. Shaw AT, Ou SH, Bang YJ, et al. Crizotinib in ROS1-rearranged
non-small cell lung cancer. N Engl J Med. 2014;37:1963-1971.
6. Johnson BE, Kris MG, Kwiatkowski DJ, et al. Identification of
driver mutations in tumour specimens from 1000 patients with
lung adenocarcinoma for the Lung Cancer Mutation Consortium
(LCMC). Eur J Cancer. 2011;47:S597-S597.
7. Roberts PJ, Stinchcombe TE. KRAS mutation: should we test for
it, and does it matter? J Clin Oncol. 2013;31(8):1112-1121.
8. Janne PA, Shaw AT, Pereira JR, et al. Selumetinib plus docetaxel
for KRAS-mutant advanced non-small-cell lung cancer: a randomised, multicentre, placebo-controlled, phase 2 study. Lancet Oncol. 2013;14(1):38-47.
9. Bennouna J, Leighl NB, Kelly K, et al. Oral MEK1/MEK2 inhibitor trametinib (GSK1120212) in combination with docetaxel in
a phase 1/1b trial involving KRAS-mutant and wild-type (wt) advanced non-small cell lung cancer (NSCLC): efficacy and biomarker
results. J Thorac Oncol. 2013;8:S370-S371.
10. Chen Z, Cheng K, Walton Z, et al. A murine lung cancer co-clinical trial identifies genetic modifiers of therapeutic response. Nature.
2012;483(7391):613-617.
11. Sequist LV, Heist RS, Shaw AT, et al. Implementing multiplexed
genotyping of non-small-cell lung cancers into routine clinical practice. Ann Oncol. 2011;22(12):2616-2624.
12. Cardarella S, Ogino A, Nishino M, et al. Clinical, pathologic,
and biologic features associated with BRAF mutations in non-small
cell lung cancer. Clin Cancer Res. 2013;19(16):4532-4540.
13. Paik PK, Arcila ME, Fara M, et al. Clinical characteristics of
patients with lung adenocarcinomas harboring BRAF mutations.
J Clin Oncol. 2011;29(15):2046-2051.
14. Planchard D, Mazieres J, Riely GJ, et al. Interim results of phase
II study BRF113928 of dabrafenib in BRAF V600E mutation-positive non-small cell lung cancer (NSCLC) patients. J Clin Oncol.
2013;31(suppl; abstr 8009).
15. Drilon A, Wang L, Hasanovic A, et al. Response to cabozantinib
in patients with RET fusion-positive lung adenocarcinomas. Cancer
Discov. 2013;3(6):630-635.
16. Papadimitrakopoulou V. Development of PI3K/AKT/mTOR
pathway inhibitors and their application in personalized therapy for
non-small-cell lung cancer. J Thorac Oncol. 2012;7(8):1315-1326.
17. Spoerke JM, O’Brien C, Huw L, et al. Phosphoinositide 3-kinase
(PI3K) pathway alterations are associated with histologic subtypes
and are predictive of sensitivity to PI3K inhibitors in lung cancer
preclinical models. Clin Cancer Res. 2012;18(24):6771-6783.

www.ajho.com

JUNE 2015

New Molecul ar Targets on the Horizon in Non-Small Cell Lung Cancer

18. Pao W, Iafrate AJ, Su ZL. Genetically informed lung cancer medicine. J Pathol. 2011;223(2):230-240.
19. Wang L, Hu HC, Pan YJ, et al. PIK3CA mutations frequently
coexist with EGFR/KRAS mutations in non-small cell lung cancer
and suggest poor prognosis in EGFR/KRAS wildtype subgroup.
PLoS One. 2014;9(2):e88291.
20. Heist RS, Sequist LV, Engelman JA. genetic changes in squamous cell lung cancer a review. J Thorac Oncol. 2012;7(5):924-933.
21. Vara JAF, Casado E, de Castro J, et al. PI3K/Akt signalling pathway and cancer. Cancer Treat Rev. 2004;30(2):193-204.
22. Scrima M, De Marco C, Fabiani F, et al. Signaling networks associated with AKT activation in non-small cell lung cancer (NSCLC):
new insights on the role of phosphatydil-inositol-3 kinase. PLoS One.
2012;7(2). doi:10.1371/journal.pone.0030427.
23. Fumarola C, Bonelli MA, Petronini PG, Alfieri RR. Targeting
PI3K/AKT/mTOR pathway in non small cell lung cancer. Biochem
Pharmacol. 2014;90(3):197-207.
24. Liu NS, Rowley BR, Bull CO, et al. BAY 80-6946 is a highly selective intravenous PI3K inhibitor with potent p110 alpha and p110
delta activities in tumor cell lines and xenograft models. Mol Cancer
Ther. 2013;12(11):2319-2330.

VOL. 11, NO. 6

THE AMERICAN JOURNAL OF HEMATOLOGY/ONCOLOGY

13

