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Abstract Lung cancer is the leading cause of cancer-related deaths in the United
States and the 5-year overall survival outlook for a patient has not improved in sev-
eral decades. Recently, however, molecular and genomic profiling of the lung
tumors has revealed recurring somatic mutations. As a result the therapeutic land-
scape of lung cancer is undergoing a paradigm shift from a purely histology-based
understanding of the disease to subtype distinctions based on tumor genetics, which
has launched cancer-specific, mechanism-based targeted therapies with clear bene-
fit to patients. While targeted therapy advancements are being made at an ever
increasing rate, a new challenge in the form of drug resistance has also emerged.
This review summarizes the current literature for these issues.
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1 Oncogenes, Tumor Suppressors and Targeted
Therapeutics

Carcinogenesis and the course of the disease for each patient are influenced by
many factors including ancestral genetics or germ-line polymorphisms and behav-
ioral or life-style issues. But ultimately cancer is a disease dictated by somatic
mutations. Decades of research has contributed to the understanding that cancer
initiation and progression are governed by the activation of cancer driver genes,
termed oncogenes, and inactivation of key tumor suppressor genes. The importance
of oncogenes is underscored by the progress made in developing molecularly tar-
geted drugs to block the function of oncogenes, often proteins with kinase function
such as the epidermal growth factor receptors EGFR and HER2 [1].
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There is a fundamental distinction for activating mutations arising in onco-
genes compared to other mutations that are termed passenger mutations. If the
mutations confer a selective growth advantage to the cancer cells they are consid-
ered to be driver oncogene mutations. Molecularly targeted therapy exploits tumor
dependence on activation of driver oncogenes. Although tumor suppressors are
not as directly amenable to targeted therapy, other therapeutic avenues are being
explored. There are occasions where tumor suppressor gene inactivation by muta-
tion results in the activation of kinases downstream the signaling pathway [2]. For
example, the inactivation of the tumor suppressor gene PTEN activates the AKT
kinase thus giving the hope in targeted therapy [3, 4]. Also, an active line of
research explores mechanisms and drugs with potential to re-activate tumor sup-
pressor pathways [5, 6].

Recently, the therapeutic landscape of Non-Small Cell Lung Cancer (NSCLC)
underwent a paradigm shift from a purely histology based approach to a treatment
of molecular subtypes driven by distinct genetic alterations. The evolution of this
new direction started with the discovery that gain-of-function somatic mutations in
epidermal growth factor receptor (EGFR) recurring in NSCLC are sensitive to
EGEFR tyrosine kinase inhibitors like gefitinib [7-9]. This led to the finding of a
number of other genes with driver mutations in lung cancer such as HER2, KRAS,
BRAFE, NRAS, PIK3CA, AKT [10]. In 2007, Soda et al. discovered an EMIL4-ALK
fusion gene, a product of a chromosomal rearrangement and a transforming agent of
NSCLC [11]. After this pioneering work, the list of tumorigenic fusion genes in
lung cancer is ever increasing. Therefore, this cause and effect based genomic
research now links specific oncogenes and recurring mutations to the disease and
provides rationale for biomarkers and molecularly targeted treatments that are
improving lung cancer patient outcomes [12].

With in-depth mechanistic understanding it is appreciated that there are various
ways to aberrantly or constitutively activate a proto-oncogene, but fundamentally
and chief among them are genomic aberrations in the form of somatic coding muta-
tions, copy number changes and genomic rearrangements leading to tumorigenic
gene fusions. It is often straightforward to appreciate how genome aberrations in the
form of coding mutations or somatic copy number alterations (SCNAs) contribute
to cancer. DNA coding mutations can activate an oncogene directly or disrupt pro-
tein regulatory domains, and disruption of tumor suppressor function occurs when
mutations translate to missense or truncated protein sequence. In SCNA, the opera-
tive effect of DNA imbalance disrupts the gene expression levels and thus the proper
availability of the protein to function normally.

Knowledge of lung cancer molecular biology and mutation drivers has rapidly
increased in recent years largely due to advancements made in high-throughput
technologies that allow for genomic and transcriptomic-scale analyses. This review
captures the present state of molecular genomics research of lung cancer. The diver-
sity of oncogenic somatic mutations in lung cancer subtypes, the heightened status
of fusion genes in lung cancer, and how the information is translating to the clinic
are major topics.
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2 Somatic Copy Number Alterations and Coding Mutation
Frequencies According to Lung Cancer Subtype

Lung cancers are a heterogeneous group of tumors that are traditionally categorized
by histology. By far the majority of lung cancers are categorized as non-small cell
lung cancer (NSCLC) and about 15 % minority are small cell lung cancer. NSCLCs
are further subdivided into adenocarcinomas (~45 %), squamous cell lung cancer
(~23 %), and large cell lung cancer (~3 %), with other subtypes representing the
remaining approximate 28 % [13]. During the last decade there has been a shift in
classification of lung cancer based on tumor genetics. This attempt not only provided
the actionable targets for the effective therapy but highlighted the importance of
reconsidering the tumor reclassification, from histology based to molecular based.
For example, in a recent genomic study of lung cancer classification, existence of the
large cell lung cancer subtype was brought into question when these specimens
were discovered to fit with adenocarcinomas or squamous cell lung cancer [12].
Moreover, the genomics approach used in this study recognized adenocarcinoma and
squamous cell lung cancer cases that were not classifiable by histology.

2.1 Lung Adenocarcinoma

Of the three major subtypes of lung cancers, patients with adenocarcinoma benefit
the most from molecular genomic based cancer therapeutics today. While 25-30 %
of patients receive targeted therapies like gefitinib and erlotinib, another 25-30 %
can enroll in clinical trials targeting other known oncogenic drivers [14]. The major
oncogenic drivers in lung adenocarcinoma include activating mutations in EGFR,
KRAS, BRAF, HER2, MET or translocations of ALK, ROS1 and RET [15, 16]; and all
of these targets have drugs that are approved or in clinical trials. Tumor suppressor
loss-of-function mutations occurring in lung adenocarcinoma include 7P53,
CDKN2A, PTEN, STKI11, RBI, NF1, KEAPI and SMARCA4 [16-18]. Targeting
these tumor suppressor alterations is therapeutically challenging at the moment [16],
but their presence may be highly informative such as in the case of 7P53 mutation
association with lack of response to EGFR inhibitors and recurrence [12, 19]. The
key genes that are targets for treatment or that hold therapeutic potential for adeno-
carcinoma are discussed in greater detail below; focusing on EGFR as the model
gene for lung cancer targeted therapy.

2.1.1 EGFR

The epidermal growth factor receptor is a transmembrane tyrosine kinase that has
an extracellular ligand-binding domain and an intracellular tyrosine kinase domain
(Fig. 1a). EGFR belongs to the ErbB/HER family of growth factors and these
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Fig. 1 Oncogenic EGFR, targeted therapy and drug resistance. (a) The EGFR proto-oncogene
encodes a tansmembrane protein (EGFR) containing an extracellular ligand-binding domain and an
intracellular component with a catalytic tyrosine kinase domain. Under normal physiology, binding
of a ligand (e.g. EGF) causes homodimerization of EGFR or heterodimerization with other ERBB
family members to activate kinase function and induce phosphorylation. (b) With the transversion
(T>G) point mutation at nucleotide position 2573, EGFR becomes oncogenic and this genetic
change substitutes an arginine (R) for leucine (L) at codon 858 in exon 21. This L858R amino acid
change leads to ligand-independent, constitutive activation of EGFR signaling. While this alteration
disrupts the autoinhibitory interactions it also sensitizes the protein to inhibition by tyrosine kinase
inhibitors like erlotinib and gefitinib. (¢) More than half of the patients acquire resistance to revers-
ible tyrosine kinase inhibitors erlotinib or gefitinib through a second mutation at T790M. This threo-
nine to methionine amino acid change markedly decreased drug binding affinity. Afatinib is an
irreversible ERBB family blocker shown to inhibit the effects of T790M mutation

proteins play a pivotal role in cell proliferation, adhesion, migration and invasion
[20]. When the reversible tyrosine kinase inhibitors erlotinib and gefitinib were first
used in early clinical trials in an unselected patient cohort, it showed only a modest
efficacy (a response rate of about 10 %) over placebo [21]. Then in 2004 an underly-
ing connection between EGFR activating mutations and improved lung cancer
response to tyrosine kinase inhibitors laid the groundwork for molecularly informed
targeted therapy [7-9]. In lung cancer, the key EGFR mutations occur in exons 18
through 21 and alter the ATP binding pocket of the kinase domain. Most mutations
detected are exon 19 deletions of which there are over 20 variants (most common
delE746-A750). The next most common are missense mutations in exon 21—the most



Lung Cancer Genomics in the Era of Accelerated Targeted Drug Development 5

frequent point mutation is the L858R (Fig. 1b). Biochemical studies later showed
how these EGFR mutants preferentially bind the tyrosine kinase inhibitors like erlo-
tinib or gefitinib over ATP [22, 23]. Therefore, these mutations are the cause of
ligand-independent activation of the EGFR signaling and confer sensitivity to tyro-
sine kinase inhibitors. A range of less frequent in-frame insertions and duplication
mutations in exon 20 have also been reported [24, 25]. As research continues, less
frequent novel EGFR mutations with biologically plausible activating function
are likely to be discovered. For example, a recent high-throughput whole genome
and exome sequencing study using 183 lung adenocarcinoma and matched normal
pairs detected two novel exon 25 and 26 deletions truncating C-terminus of the
EGFR [16].

Having understood the association between gain-of-function mutations of EGFR
and sensitivity to EGFR tyrosine kinase inhibitors, studies demonstrated the superi-
ority of EGFR tyrosine kinase inhibitors over chemotherapy in terms of progression-
free survival, response and quality of life [26, 27]. Currently, gefitinib has been
approved in Europe to treat NSCLC harboring EGFR mutations. Erlotinib was
approved by the United States Food and Drug Administration (FDA) for the first
line treatment of NSCLC with detected sensitizing mutations.

Although patients with EGFR mutations respond to tyrosine kinase inhibitor
drugs initially, all eventually develop resistance due to the secondary mutations or
other mechanisms. The most common secondary point mutation is the EGFR
T790M activating mutation in exon 20 (Fig. 1c). This amino acid substitution intro-
duces a bulky methionine at the wild-type threonine [28]. Presumably this gate-
keeper mutation alters the ATP binding pocket of EGFR to reduce inhibitor binding
capacity and increase affinity for ATP [23]. The second-generation irreversible
EGFR tyrosine kinase inhibitor, afatinib was recently given FDA approval as a first-
line therapy. When gefitinib, erlotinib or afatinib are administered as the first-line
therapy for the patients with sensitization EGFR mutations, 60-80 % of the patients
responded with median progression-free survival of 9—12 months and median sur-
vival in excess of 2 years [27].

Finally, it is of note that EGFR alterations are primarily in adenocarcinoma sub-
type and present in approximately 10 % of patients of European or African descent
[29-31] though there is some dispute in the literature [32—34], while 40 % Asian
patients harbor an EGFR mutation [35-37]. The majority of them are never smoker,
younger, female patients [24, 36-38]. EGFR mutations are very rare in histologically
pure squamous cell lung cancer [39, 40].

2.1.2 KRAS

KRAS belongs to the RAS family of proto-oncogenes and it plays a central role in
downstream signal transduction induced by an array of growth factor receptors includ-
ing EGFR [41]. The KRAS encoded G-protein acts as an on or off switch depending
on whether the binding partner is GTP (guanosine triphosphate) or GDP (guanosine
diphosphate). Mutated KRAS codes for a protein lacking GTPase activity; thus,
binding of GTP locks in constitutive activation of downstream RAF/MEK/ERK and
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PI3K/AKT/mTOR signaling pathways [42, 43]. The most common activating
mutations for KRAS include those in codon 12 and less frequently in codons 13 and
61. KRAS mutation is the most frequent oncogenic alteration in lung adenocarcinoma
representing between 25 and 40 % of cases [38, 44, 45]. In general KRAS mutations
do not co-occur with EGFR mutations hence it can be used as a potential negative
predictive marker for the efficacy of EGFR tyrosine kinase inhibitors [24, 38].
Moreover, if KRAS is mutated it is logical that such tumors are resistant to EGFR
tyrosine kinase inhibitors since KRAS acts on molecules downstream in the EGFR
signaling pathway [46]. MEK1/MEK?2 inhibitor selumetinib (in combination with
docetaxel) was recently used in a randomized phase II study using 87 patients with
advanced NSCLC having KRAS mutations [47]. In this study the combination arm,
selumetinib plus docetaxel compared to placebo plus docetaxel, showed superior
overall survival, though results did not reach statistical significance. Therefore, a
phase III trial with a larger group of patients is needed to confirm the above results
[27]. Ongoing clinical trials to inhibit KRAS mutations by targeting downstream path-
ways in NSCLC are studying the effects of a variety of drugs and targets, including
the MEK inhibitors trametinib; tivantinib with erlotinib; or the hsp90 inhibitor IPI504
plus the mTOR inhibitor everolimus [27].

2.1.3 BRAF

The proto-oncogene BRAF encodes a serine/threonine protein kinase. This is the
downstream effector protein of KRAS that activates the MAPK pathway regulating
cell proliferation and survival [48]. BRAF mutations are very common in melanomas
(approximately 66 % [48]) and they represent about 3 % of NSCLC [49]. Of all BRAF
mutations in lung adenocarcinoma the V60OE codon mutation accounts for 50 % [50].
V600E is within exon 15 and is an activating point mutation resulting in increased
kinase activity, while most other BRAF codon mutations identified in lung adenocarci-
noma, including G469A in exon 11 and D594G in exon 15, show low or intermediate
kinase activity [48-50]. A recent case report showed the clinical benefit of the drug
vemurafenib in treating a NSCLC patient with a tumor V60OE mutation [51]. The on-
going clinical trials targeting either BRAF or its downstream effectors are studying out-
comes for BRAF inhibitor dabrafenib on NSCLC patients with BRAF V600E mutation,
the MEK inhibitor, trametinib for patients with non-V600E mutations and the drug
dasatinib for the NSCLC patients with uncharacterized BRAF mutations [27].

2.14 HER2

Like EGFR, HER? is also a member of the ErbB family of epidermal growth factor
receptor tyrosine kinases. HER?2 is activated in 25-30 % of breast cancers due to
focal amplification of the chromosome region 17q12 comprising the HER2 gene.
The contribution of HER?2 amplification in lung adenocarcinoma has been estimated
to be 35 % based on immunohistochemistry studies [52]. Although not found in
breast cancer, HER? is also observed to be activated in approximately 2 % of lung
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adenocarcinomas due to an in-frame insertion [53]. These activating mutations
occur in exon 20 as in-frame insertions of 3 to 12 base pairs [54]. A clinical trial
investigating outcomes of monoclonal antibody trastuzumab targeting HER?2 over-
expression in NSCLC showed no benefit alone [55] or in combination with chemo-
therapy [56]. However, individual clinical case reports support the potential for
patients with HER2 amplification in lung cancer [57]. Moreover, studies of HER2
binding tyrosine kinase inhibitors including afatinib [58], dacomitinib and neratinib
[59] have yielded promising preliminary results against HER2 mutants in NSCLC.

2.1.5 MET

The proto-oncogene MET codes for the transmembrane receptor tyrosine kinase also
known as hepatocyte growth factor receptor. The binding of hepatocyte growth factor
(HGF ligand) to the MET receptor activates the downstream RAS/RAF/MEK/
MAPK; PI3K/AKT and c-SRC kinase pathways [60]. Mutations in MET are rare and
it is most often gene copy number increase that leads to overexpression of the MET
protein [61, 62]. A key observation for this mutation is that the amplification of MET
gene is associated with developing secondary resistance to EGFR tyrosine kinase
inhibitors. Evidence suggests that 5 % of the patients with EGFR mutations who
initially responded to gefitinib or erlotinib acquire resistance due to MET amplifica-
tion [63—65]. Here, the increased MET kinase activity drives the PI3K/AKT pathway
bypassing the EGFR-directed tyrosine kinase inhibition [65]. The findings indicate
the importance of blocking both EGFR and MET as a means of treating patients with
acquired resistance. A recent randomized double blind phase II study investigating
the effect of the MET receptor-targeted monoclonal antibody onartuzumab plus erlo-
tinib compared to placebo plus erlotinib showed significant improvements in clinical
outcomes with respect to progression-free survival and overall survival [66].
Moreover, this study illustrated the importance of parallel diagnostic testing after
seeing worse outcomes with MET amplification negative patients. Therefore, the
MET immunohistochemisty assay developed in the phase II study was incorporated
as a diagnostic test for use of onartuzumab in the randomized phase III trial investi-
gating the effect of onartuzumab and erlotinib [67]. A number of MET inhibitors and
neutralizing antibodies are drugs presently in development. Some of the examples
are MET inhibitor cabozantinib [68], MET tyrosine kinase inhibitor crizotinib [69],
and hepatocyte growth factor neutralizing antibody rilotumumab [70, 71]. It has been
noted that MET amplifications and KRAS mutations are mutually exclusive, meaning
they are not co-expressed in lung cancer specimens [72].

2.2 Squamous Cell Lung Cancer

Of the major subtypes of lung cancers, squamous cell lung cancer shows the strongest
association with cigarette smoking [73]. Furthermore unlike lung adenocarcinoma,
presently there are no targeted therapies used in treatment of squamous cell lung
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cancer patients. Past trials to treat squamous cell lung cancer with chemotherapy and
EGFR tyrosine kinase inhibitors showed the ineffectiveness of such treatments
[74, 75]. This puts increased emphasis on the need for genomic analyses to find
potential oncogenes that may present druggable targets for this cancer subtype.
The earliest genomic aberrations found in squamous cell lung cancer included allelic
loses at chromosome 3p (3p21, 3p22-24, 3p25), 8p21-23, 9p21 [76]; followed by
loses at 17p13 comprising the TP53 tumor suppressor gene and 13q14 containing
tumor suppressor RB1 [77]. Using whole-exome sequencing to identify new somatic
mutations in this lung cancer subtype, Zheng et al. reported 7P53, EP300, LPHN2,
C100rf137, MYH2, TGM?2 and MS4A3 as mutated genes with oncogenic potential
[78]. Comprehensive analyses by The Cancer Genome Atlas (TCGA) shed more
light on squamous cell lung cancer in 2012. The project used 178 histopathologically
reviewed samples to detect on average 323 SCNAs, 360 exonic mutations and 165
genomic rearrangements per tumor [3]. The study identified statistically significant,
recurring mutations in 11 genes, including 7P53 mutations in nearly all the speci-
mens. The mutation frequencies of the genes in TCGA data were compatible with
the study carried out by Paik et al. that examined specimens from 52 patients [79]. In
this study 60 % of the patients harbored functionally relevant mutations in druggable
oncogene targets including FGFRI, DDR2, PIK3CA in addition to tumor suppressor
PTEN. Research has continued and the evolving knowledge on the specifics of onco-
genic drivers of squamous cell lung cancer is further discussed below. Moreover,
results from clinical studies are necessary to appreciate if these findings will translate
to improve the overall survival of squamous cell lung cancer patients.

2.2.1 Somatic Copy Number Alterations in Squamous Cell Lung Cancer

FGFRI (Fibroblast growth factor receptor 1) is a transmembrane tyrosine kinase
and is one of the promising drug targets in squamous cell lung cancer. The amplifi-
cation of the chromosome region 8p12 was detected in 2010 and focal amplification
of FGFRI was validated in 15 of 155 squamous cell tumors [80]. The amplification
was confirmed in an independent cohort of squamous cell lung cancer samples with
22 % cases being positive by fluorescence in situ hybridization (FISH) analysis
[80]. According to TCGA analysis amplification of FGFRI is observed in 7 % of
squamous cell lung cancer [3]. Clinical trials employing small molecule inhibitors
that block FGFR1 are on-going, these include molecules specific to FGFR1 kinase,
multi-kinase inhibitors and pan-FGFR inhibitors [80-82]. FGFRI amplification
and MET amplification frequency (reported at about 6 % in lung squamous cell lung
cancer) are both considered to be more prevalent in lung squamous cell lung cancer
than in adenocarcinoma [83].

SOX2 is a transcription factor that regulates pluripotency of embryonic stem cells
as well as morphogenesis of trachea-bronchial epithelia [73]. This lineage-survival
oncogene was discovered using comparative genomic hybridization with probes
targeting the 3q26 region [84]. About 60—80 % of squamous cell lung cancers show
amplifications in this region of chromosome 3 and approximately 20 % harbor a
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focal amplification that includes the SOX2 gene [85, 86]. According to the TCGA
study, SOX2 was amplified in 21 % of the samples analyzed [3]. Although it was
demonstrated that the inhibition of SOX2 suppresses cancer cell growth, research
also suggests that SOX2 amplification is not sufficient for carcinogenesis in the
absence of other oncogenic mutations [84].

At a lower frequency than those estimated above, PDGFRA (platelet-derived
growth factor receptor) tyrosine kinase, located in chromosomal region 4ql2, is
shown to be amplified in 4-8 % of squamous cell lung cancers [3, 87]. There are a
number of multi-targeted tyrosine kinase inhibitors against PDGFRA that are in
clinical development at this time; including sunitinib, pazopanib, cediranib and
nintedanib [88]. HER2 amplifications are also observed in about 4 % of squamous
cell lung cancers [89]; evaluation of HER2-directed therapy needs to be done.

2.2.2 Somatic Coding Mutations in Squamous Cell Lung Cancer

Well-documented oncogene mutations recurring at significant frequency in squamous
cell lung cancer include the AKTI codon E17K somatic mutation, which causes
constitutive activation of the kinase [90]. Malanga et al. found this mutation in a
subset of squamous cell lung cancer (2/36 lung squamous cell lung cancer and 0/53
lung adenocarcinoma) [91]. AKT kinase inhibitors such as MK2206 and GDC-
0068 are in clinical trials [92]. BRAF mutations are present in about 4 % of squa-
mous cell lung cancers [50]. A clinical trial is underway to test BRAF-specific
kinase inhibitor GSK2118436 on patients with squamous cell lung cancer with
BRAF mutations [82]; and other existing data point to MEK inhibition as poten-
tially effective target for non-V600E BRAF mutations in this lung cancer subcate-
gory [93]. DDR?2 (Discoidin domain receptor 2) tyrosine kinase is described as an
oncogene that promotes cell proliferation and cell survival [94], and mutations in
the DDR?2 gene render cells sensitive to the small molecule kinase inhibitor dasat-
inib [95]. A clinical trial is underway to find out the efficacy of dasatinib on the
squamous cell lung cancer with activating DDR2 mutations, which are observed at
arate of close to 4 %.

PIK3CA is one of the most common sequence mutated oncogenes in cancer and
it is reported to present more frequently in squamous cell lung cancer than in lung
adenocarcinoma [96]. In accordance with previous studies missense mutations at
codon positions 545 and 1047 were found in 48 % of the samples in the TCGA
study [3, 97]. PIK3CA encodes the catalytic subunit of the PI3K lipid kinases and a
number of clinical trials are presently underway to examine the impact of targeted
therapies and combination PI3K inhibitors and chemotherapy in lung cancer [98].
The PI3K inhibitors in clinical development include XL-147, XL-765, BEZ235,
BKM120, GDC-0941, early evidence indicates the response rate to these single
agents are low [10, 98, 99].

Other genes reported to show recurring mutations in squamous cell lung cancer
include the MLL2 gene encoding a histone methyltranferase that plays a key role in
epigenetic programming and embryonic development. The therapeutic strategies to
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target epigenetic pathways; for example histone methyltransferase inhibitors are
also emerging and mutation activated MLL2 holds promise as a novel target [100,
101]. PTEN is a tumor suppressor gene often sequence mutated and inactivated in
many types of cancer. The mutation frequency of PTEN reported at 15 % in squa-
mous cell lung cancer is higher than compared to lung adenocarcinoma [3, 102].
Also, how loss of function mutations in the HLA_A class I Major Histocompatibility
(MHCI) gene may help cancer cells avoid immune responses as has been proposed
and raises the promise of immunotherapy [103, 104].

2.3 Small Cell Lung Cancer

Small cell lung cancer is the third most frequent subtype of lung cancer diagnosis
representing around 200,000 cases worldwide annually. According to overall sur-
vival rates, patients with small cell lung cancer by far face the lowest probability of
survival [105]. The 5-year overall survival outlook for these patients is about 5 %
and this has not improved for the last four decades [106]. Efforts to study somatic
mutations in small cell lung cancer, which is rarely treated by surgery, trail behind
other histologic subtypes due to lack of specimens. However, very recent studies
present the first results of comprehensive profiling of small cell lung cancer speci-
mens. Rudin et al. characterized 80 small cell lung cancer specimens including
cancer-derived cell lines and 36 primary tumors and paired normal tissue [107]
A key finding was a significant SOX2 amplification frequency ~27 % and the dem-
onstration of decreased proliferation in a small cell lung cancer cell model using
shRNA knockdown of SOX2 [107]. Peifer et al., by accessing small cell lung tumor
specimens from a global genome research consortium, were able to sequence 29
exomes, 2 genomes and 15 transcriptomes [108]. Their SCNA algorithm identified
almost universal deletions at chromosome 3p and 13q (affecting RBI), 17p
(containing TP53) and frequent gains of 3q and 5p as well as for the FGFRI gene.

Iwakawa et al. used genome-wide copy number analysis and whole-transcriptome
sequencing to study the genome-wide amplifications and translocations in small cell
lung cancer [109]. Their copy number analysis found 34 genes to be frequently
amplified in small cell lung cancer. Among them three MYC family genes MYCLI
(1p34.2), MYCN (2p24.3) and MYC (8q24.21) were frequently amplified in concor-
dance with the previous small scale studies using [110-112]. This is an important
finding in small cell lung cancer as inhibitors against MYC family protein products
are gaining research traction [113—115]. In addition, the study identified the chro-
mosomal region 9p24.1 as demonstrating mutual exclusivity with MYC amplifica-
tions. Furthermore, mRNA expression of the gene KIAAI432 (from the 9p24.1
region) was strongly correlated with the KIAA 1432 amplification suggesting a novel
cancer gene activated in small cell lung cancer. Compared to prevalence of kinase
gene mutations in lung adenocarcinoma, targeting molecular markers of the small
cell lung cancer (e.g. SOX2) may be therapeutically challenging. However, extensive
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basic and clinical research on the genomic aberrations of small cell lung cancer will
enable efforts to understand and develop treatment options for this exceptionally
aggressive disease. Since lack of small cell lung cancer patient specimens is a major
problem, Sos et al. screened 267 compounds across 44 cell lines of this lung cancer
subcategory to establish a genomic characterization framework [115]. By comparing
SCNAs identified in 60 patient-derived small cell lung cancer cell lines with results
from 63 primary tumor specimens described above, the authors demonstrated the
comparable genomic landscape of small cell lung cancer between the two sample
types. Then they showed the effectiveness of the Aurora kinase inhibitors against
small cell lung cancer cell lines harboring MYC amplification.

3 Genomic Translocations and Expressed Fusion Genes

Compared to point mutations in oncogenes, a genomic translocation that gives rise
to an oncogenic fusion gene can have more deleterious effects on protein function
and on downstream cellular pathways (Fig. 2). Yet gene fusions are proving to be
excellent cancer-specific drug targets and oncogenic tyrosine kinase gene fusions
are the best examples. In 2007, Soda et al. discovered the first druggable
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Fig. 2 CD74-ROS1 translocation and expressed fusion genes. CD74 and ROSI genomic rear-
rangements (double stranded DNA) results in the mRNA expression of two different fusion vari-
ants. Left, depiction of CD74 exon 6 (red) fusion with either ROS1 exon 34 (light blue) or exon 35
(dark blue). Right, the predicted protein configuration of the two spliced forms and their plasma
membrane orientation are depicted. Of the two variants only the major spliced form CD74-ROS1
exon 34, which shows an additional transmembrane domain (/ight blue) that positions the ROS1
tyrosine kinase domain intracellularly, is considered to be oncogenic. The original patient with
lung cancer expressing this mutation initially responded to crizotinib, later the drug resistance was
developed due to the amino acid substitution G2032R
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EMLA4-ALK fusion protein—an oncokinase—in NSCLC [11]. The marked response
of patients with ALK positive NSCLC to the small-molecule tyrosine kinase inhibi-
tor crizotinib [116, 117] catalyzed the field to search for expression of other novel
oncogenic fusion genes. Application of high-throughput RNA sequencing analysis
has greatly contributed to the identification of additional fusion genes in lung cancer
involving kinases: ROSI[118], RET [119], FGFR1/2/3 [120, 121], NTRKI[122],
ERBB4 and BRAF [123], and AXL and PDGFRA [124]. Also, fusion genes involv-
ing the EGFR ligand NRG1 (CD74-NRG1, SLC3A2-NRGI) have been reported
[123]. The particular importance of ALK, ROSI and RET fusion genes in lung
cancer is expanded on below.

3.1 ALK

The inversion on chromosome 2p leads to the formation of the most commonly
expressed ALK fusion, EML4-ALK. As the genomic inversion does not occur at the
same location all the time, it results in expression of a number of EML4-ALK vari-
ants [11]. In all the variants, the intracellular tyrosine kinase domain of ALK starting
at exon 20 is present while the EML4 truncates at different points. The two most
common variants E13:A20 (33 %) and E6a/b:A20 (29 %), which are also referred
to as variant 1 and 3a/b respectively, represent approximately 60 % of detected
EML4-ALK variants [125]. The NSCLC cell lines H3122 and DFC1031 contain the
E13:A20 variant while H2228 harbors the E6a/b:A20 [126]. In NSCLC other ALK
fusion partners have also been discovered, including T7FG [118], KIF5B [127],
HIPI [128], KLCI1 [129], TPR [130]. Each of these fusion partners mediates the
ligand independent dimerization of ALK to constitutively activate ALK kinase func-
tion. The prevalence of the ALK rearrangements occurs in 3 to 7 % of unselected
patients with NSCLC [11, 126]. This amounts to an estimated 65,000 new patients
each year with ALK rearrangements [131] a number that is in the range of annual
total number of Chronic Myeloid Leukemia cases [132, 133]. Like EGFR muta-
tions, ALK rearrangements tend to occur in younger age patients with adenocarci-
noma histology and never or light smoking history [117, 134]. Also, ALK
rearrangements are the second genetic biomarker related to FDA-approved targeted
therapy for NSCLC. Small molecule tyrosine kinase inhibitor crizotinib (originally
developed for MET) was approved in 2011 along with the break apart FISH as the
diagnostic test to detect the ALK positive advanced NSCLC patients [27, 125, 135].
In a recent phase 1 trial enrolling patients with ALK rearrangement positive lung
cancer, the higher potency tyrosine kinase inhibitor ceritinib inhibited the resistance
developed by the crizotinib treatment exemplifying the power of mechanism based
rational drug design [136]. Mechanistically, the benefit of ceritinib over crizotinib is
that it is uniquely effective at inhibiting secondary ALK mutation L1196M. For the
first time in the history of targeted therapy, ceritinib received FDA approval just
after the phase I clinical trial [137].
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3.2 ROS1

The analysis of 41 cell lines and 150 NSCLC tumors led Rikova et al. to characterize
the first ROSI rearrangement in NSCLC [118]. In one of the cell lines (HCC78) the
authors identified the ROSI-SLC34A2 fusion and one of the tumor samples har-
bored the CD74-ROS1 fusion. Follow-up studies discovered a number of ROSI
fusion gene partners: TPM3 [138], SDC4 [138, 139], EZR [140], LRIG3 [138], FIG
[141], KDELR?2 [142], CCDC6 [124]. ROS1 is located on human chromosome 6
and with the exception of FIG and EZR all other fusion partners are coming from
different chromosomes [143]. In all the different fusion proteins, the ROS1 tyrosine
kinase domain remains intact [138]. For ROS! fusion genes the mechanism remains
unknown [119], but the likely oncogenic consequence is constitutive activation of
ROSI1 tyrosine kinase function. Furthermore, the expression of ROS1 fusion genes
both in vitro and in vivo leads to oncogenic transformation [138]. Emerging data
indicates that, ROSI fusion genes may preferentially activate downstream PI3K/
AKT/mTOR and MAPK/ERK pathways [144].

3.3 RET

In 2011, researchers discovered the first RET gene fusion partnered with the gene
KIF5B in NSCLC [145]. In 2012, three studies each added more variants to the list
of expressed KIFSB-RET fusion genes [138, 146, 147]. Although KIF5B is the
most common fusion partner of RET, other partners have also been reported such as
CCDC6, TRIM33 and NCOA4 [148, 149]. The RET tyrosine kinase domain is con-
served in all the fusions. In contrast to ROS1, RET fusion partners like ALK fusion
partners contain a coiled-coil domain. Positioned at the 5’ end of the fusion gene
this domain promotes ligand independent dimerization and hence constitutive acti-
vation of RET kinase function.

Although the prevalence of ROSI and RET fusion genes are about 1-2 % in an
unselected population of NSCLC [138, 150], there is great interest for these two
fusions as novel targets due to three main reasons. First, ROSI and RET fusions
tend to occur without the presence of other driver mutations and this knowledge of
mutual exclusivity can be used to strategize screening and detection [147]. Second,
NSCLC patients harboring ROSI or RET fusions show unique clinicopathologic
features [138, 150] (e.g. relatively younger age, never smoker with adenocarci-
noma histology) facilitating clinical enrollments [119]. Third, there are already
inhibitor drugs targeting ROSI and RET in clinical trials [148; 150]. It took only 4
years from the first identification of an ALK fusion gene in NSCLC for the FDA to
conditionally approve an ALK-targeted tyrosine kinase inhibitor [135]; and in less
than 6 months of publication on RET fusion genes, Drilon et al. initiated a clinical
trial with cabozantinib [148]. Again underscoring how the transition from genomic
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research to molecularly-defined therapy in lung cancer can advance at an incredibly
rapid rate.

With high-throughput sequencing of greater numbers of lung cancer transcrip-
tomes across all histological subtypes, additional oncogenic variants of fusion genes
may be discovered. However, it is important that complementary work be done to
establish or refute if any one specific fusion gene event is tumorigenic and clinically
actionable. For example, although the ROS! gene fusions KDELR2-ROS! and
CCDC6-ROS]I have been discovered in NSCLC, their tumorigenic potential has not
been established [151]. In another example, a genomic translocation suggested to
give rise to expression of a CCDC6-RET fusion gene has been detected in two forms:
CCDC6 exon 1 fused to RET exon 12 (C1; R12) and CCDC6 intron 1 fused to RET
exon 11 (CI; R11). However, only CCDC6-RET (C1; R12) is expressed and contrib-
utes to malignancy while CCDC6-RET (C1; R11) represents a benign breakpoint in
the genome, therefore it is of no obvious clinical importance [152].

4 Challenges and Conclusions

The hallmarks of a cancer cell, distinct from normal cell biology, include the capac-
ity for unlimited and unmitigated proliferation; resistance to anti-proliferative and
apoptotic cues; and the ability to survive and proliferate in stressful conditions
[103]. Underlying these malignant phenotypes is aberrant molecular biology in the
form of deregulated signaling pathways or functional networks of genes that are
ultimately governed by a mutated genome [153]. Much progress has been made to
develop anti-cancer drugs that target the protein products of well-studied, recur-
rently mutated oncogenes. And to date the greatest clinical successes for molecu-
larly targeted treatments in lung cancer have come from efforts to target EGFR and
ALK kinases. Certainly more are on the horizon that will increasingly define and
include all lung cancer subtypes, as stories of rapid discovery and drug development
are unfolding in the literature.

Despite targeted treatment advances and marked improvements in patient outcomes
over traditional chemotherapies, targeted therapies often fail for patients due to de novo
or acquired drug resistance. A few examples of de novo resistance mechanisms in lung
cancer stem from the observation that nearly 30 % of patients with tumors positive for
EGFR mutations show no initial response [154—158]. EGFR mutations carrying exon
20 insertions are not sensitive to EGFR-tyrosine kinase inhibitor drugs. Unlike other
EGFR-activating mutations, the exon 20 insertion D770_N771insNPG promotes EGFR
function without increasing affinity for EGFR tyrosine kinase inhibitors [159, 160]. In
another example, the EGFR T790M mutation, which confers EGFR-targeted drug resis-
tance when it arises in a tumor, also exists as a heterozygous germ-line variant in 0.5 %
of lung adenocarcinoma patients [161, 162].

The most frequent mechanism of acquired resistance is the gain of second-site
EGFR mutations, which is estimated to occur in more than 50 % of the patients;
among them the T790M mutation contributes more than 90 % [163]. In EML4-ALK
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fusion-gene positive patients, the gatekeeper mutation L.1196M, analogous to EGFR
T790M, requires the contribution from additional mutations within the ALK
sequence and the net effect allows it to block crizotinib from its binding site [164,
165]. More recently, a second-site mutation was discovered within the ROS! fusion
gene CD74-ROS1I; it was causally linked to acquired resistance to crizotinib [166]
(Fig. 2). The single G2032R amino acid change provides sufficient steric bulk to
block inhibitor drug binding.

To better appreciate how acquired resistance arises, bear in mind that targeted ther-
apies can promote minority populations of tumor cells harboring another driver onco-
gene, or cause reversible growth inhibition or autophagy allowing subpopulations of
cancer cells the opportunity to evolve mechanisms for drug resistance leading to
recurrence. Moreover, current targeted therapies inhibit the oncogene directly, and by
default the proto-oncogene, thereby causing dose-limiting side effects. To overcome
drug resistance, an array of new drugs including second and third generation EGFR
and other tyrosine kinase inhibitors are being utilized and developed, as single and
combination agents. The recent success of ceritinib in overcoming crizotinib drug
resistance in ALK rearranged NSCLC is a milestone example [136].

A major challenge for research efforts to catalog the driver mutations in lung
cancer is the high mutation frequency in lung cancer compared to other cancers. For
example squamous cell lung carcinoma shows a median mutation frequency of 8.15
per megabase (Mb) while that of AML is only 0.28 mutations /Mb [167]. This poses
the difficulty of detecting oncogenic drivers among the vast majority of passive
mutations. Even the most comprehensive sequencing endeavors like the study of
183 lung adenocarcinomas raises gaps in our understanding [16]. In this study 15 %
of the patients did not show a single mutation in known oncogenes or genes with
known cancer function [103]. A recent saturation analysis across 21 tumor types
estimated the requirement of 600-5000 samples per lung tumor type to achieve
near-saturation [168]. The number of lung cancer samples necessary to detect a
mutation at 3 % frequency extrapolates to about 2000 samples.

To conclude, the end-goal of research is transfer of the accumulated knowledge and
evolution of knowledge of tumor biology to the clinic; here genomic technologies and
cancer type-specific, single-pass comprehensive mutation panels are poised to trans-
form clinical testing. The many complexities accompanying this paradigm shift should
not be underestimated and difficulties remain for even the most forward thinking insti-
tutes, but they are foreseeably overcome by expert collaborative teams made up of
health care professionals; basic and translational scientists; and regulatory agencies.
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