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The identification of molecular subtypes of non-small-cell lung cancer has transformed
the clinical management of this disease. This is best exemplified by the clinical success
of targeting the EGFR or ALK with tyrosine kinase inhibitors in the front-line setting.
Our ability to further improve patient outcomes with biomarker-based targeted
therapies will depend on a more comprehensive genetic platform that can rationally
interrogate the cancer genome of an individual patient. Novel technologies, including
multiplex genotyping and next-generation sequencing are rapidly evolving and will
soon challenge the oncologist with a wealth of genetic information for each patient.
Although there are many barriers to overcome, the integration of these genetic
platforms into clinical care has the potential to transform the management of lung
cancer through improved molecular categorization, patient stratification, and drug
development, thereby, improving clinical outcomes through personalized lung cancer
medicine.
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The discovery of genetic alterations that drive
tumor progression in subsets of non-small-
cell lung cancer (NSCLC) has transformed
the clinical management of this disease. In
particular, recent therapeutic advances in
NSCLC have been established by focus-
ing on unique somatic genetic variations
between patients that predict response to
targeted therapies. This biomarker-driven
paradigm in NSCLC has not only revealed
significant interpatient tumor heterogeneity,
but also extensive intratumor heterogeneity
(1. While this biological variability poses sig-
nificant challenges to identify clinically rel-
evant driver genes, our ability to molecularly
dissect individual tumor types and classify
them based on their genetic profile provides
tremendous opportunity to rationally design
and therapeutically target these genetic events
to improve patient care.

The prototypical example of how genotype-
directed, biomarker-driven lung cancer care
can dramatically change an entire treatment

paradigm is exemplified through the dis-
covery of EGFR mutations in NSCLC that
predict tumor responsiveness and improve
progression-free survival (PES) during ther-
apy with EGFR tyrosine kinase inhibitors
(TKIs) compared with standard chemother-
apy [2]. More recently, the identification of the
EML4-ALK gene rearrangement is yet another
example of a therapeutic biomarker that has
demonstrated tremendous clinical success as
a predictive marker of effective ALK inhibitor
(crizotinib) treatment [3]. These two clinically
validated oncogenic drivers exemplify the
unique benefits of genotype-directed targeted
therapy and demonstrate the importance of
patient stratification to enrich and enhance
treatment responses in drug development and
clinical trials.

As the list of potential oncogenic drivers in
lung cancer continues to grow, our ability to
match an individual patient’s tumor profile
to a specific targeted therapy hinges upon a
comprehensive molecular diagnostic platform
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that can not only rapidly screen for known targetable
genes, but also identify novel actionable drug targets
that can be therapeutically exploited to improve clini-
cal outcomes. In this review, we will outline the cur-
rent genomic landscape of targetable oncogenic driver
mutations in lung adenocarcinoma and explore the cur-
rent and future molecular diagnostics tools to detect
and therapeutically guide the treatment of patients
with NSCLC.

Current landscape of targetable oncogenic
drivers in lung adenocarcinoma

The identification of actionable oncogenic EGFR
mutations has transformed the clinical management of
NSCLC from a predominantly clinicopathologic to a
genotype-directed therapeutic approach. Accompany-
ing this transition, however, is an increasing awareness
of the genetic complexity that will ultimately challenge
the practicing oncologist to correctly identify and cat-
egorize patients into molecular subsets that will drive
the clinical decision-making process. Here, we out-
line the landscape of targetable oncogenic drivers in
lung adenocarcinoma, with an emphasis on currently
approved targeted agents and novel small molecule
inhibitors in clinical development (Table 1).

Targetable genetic mutations

EGFR

The INTACT-1 and INTACT-2 trials were random-
ized, Phase III trials that evaluated the therapeutic
efficacy of the EGFR inhibitor gefinitib plus standard
platinum-based chemotherapy in treatment-naive
patients with advanced NSCLC [4,5]. These trials dem-
onstrated no significant difference in overall survival,
time to progression or response rate, with the addi-
tion of gefitinib to standard platinum doublet therapy.
Similar results were reported in the erlotinib-based
TALENT and TRIBUTE trials, suggesting that, in an
unselected population, the addition of an EGFR small
molecule inhibitor to systemic chemotherapy provided
no significant improvement in clinical outcomes [6,7].
Despite these modest results, astute clinical observa-
tion defined a clinical subset of NSCLC patients with
dramatic clinical and radiographic responses during
therapy with gefitinib or erlotinib. This subpopula-
tion of patients comprised approximately 10-15% of
unselected patients and were retrospectively identi-
fied to be East Asian, female never-smokers, with a
high frequency of adenocarcinoma histology [s]. The
clinical responses to EGFR TKIs observed in these
patients led to the sequencing of the EGFR gene and
subsequent identification of somatic activating muta-
tions in the EGFR kinase domain that drive the malig-
nant phenotype [2]. Both retrospective and prospective

genotyping of the EGFR kinase domain in patients
with NSCLC have revealed conserved mutations that
clinically correlate with EGFR kinase activation and
inhibitor sensitivity [9]. These mutations target four
exons (18-21) that cluster around the ATP-binding
pocket of EGFR and are classified as in-frame dele-
tions in exon 19 that involve the conserved LREA
motif (~50% of all EGFR-sensitizing mutations), mis-
sense mutations in exon 18 that affect the G719 residue
(~5% of all sensitizing mutations) and exon 21 that
results in the L858R substitution (~45% of EGFR-
sensitizing mutations; Figure 1). Crystallographic
studies showed that EGFR-TKI sensitizing mutations
destabilize the inactive state of the kinase and shift the
equilibrium to favor the active conformation, which
imparts decreased ATP affinity and renders the kinase
more susceptible to quinazoline-based EGFR inhibi-
tors that selectively compete for the ATP-binding site
in the active conformation [10,11]. Moreover, because
they destabilize the inactive state of the kinase, EGFR
kinase domain mutations lead to increased catalytic
activity and oncogenic potential by activating down-
stream prosurvival pathways [12]. [z vitro studies in
NSCLC cell lines that harbor EGFR-sensitizing muta-
tions invariably identify hyperactive EGFR signaling
outputs through the RaFMEK-ERK, PI3K-AKT and
STAT pathways, which drive the proliferative and anti-
apoptotic signals on which these tumor cells are depen-
dent on for survival. This dependency on mutated
EGEFR is therapeutically exploited by the EGFR TKIs,
gefitinib, erlotinib and afatinib, which each interfere
and ablate the EGFR-driven prosurvival signals and
promote cell death.

The molecular and structural mechanisms that
underlie the EGFR TKI response has had a rapid
and profound clinical impact in the way we select
and treat patients with EGFR-mutant NSCLC. Spe-
cifically, the exquisite dependence on EGFR signaling
in this subset of NSCLC provides a uniquely suscep-
tible therapeutic target that leads to dramatic tumor
regression and durable clinical responses when treated
with EGFR TKIs. Recent randomized Phase III clini-
cal trials utilizing upfront genotype-directed patient
stratification to identify mutant EGFR in patients
with NSCLC has unequivocally demonstrated an
improvement in PES with the reversible EGFR TKIs,
gefinitib and erlotinib when compared with standard
platinum doublet chemotherapy. This data empha-
sizes the importance of identifying molecular sub-
sets of NSCLC in the frontline setting. Specifically,
among the patients who harbor an EGFR TKI-sen-
sitizing mutation and receive first-line TKI therapy,
there was a significant improvement in PFS observed
when gefitinib was compared with carboplatin and

310

Personalized Medicine (2014) 11(3)

fsg

future science group



Recent advances in personalized lung cancer medicine

Table 1. Targetable oncogenic drivers in non-small-cell lung cancer.

Gene Alteration Frequency (%)
EGFR Mutation 10-15

BRAF Mutation 3-4

PI3KCA Mutation 1-3

HER2 Mutation 1-4
EML4-ALK, Fusion 3-5
KIF5B-ALK,

TFG-ALK

ROS1 Fusion 1-2
RET Fusion 1-2

Trials can be accessed via the ClinicalTrials.gov website.

Targeted therapies

Erlotinib, gefitinib,
afatinib, CO-1686,
AZD9291

Dabrafenib,
trametinib,
dasatinib

BKM120, XL147

Afatinib, neratinib,
dacomitinib

Crizotinib, LDK378,
CH5424802

Crizotinib
Cabozantinib,
vandetanib

Current clinical trials*

NCT01836341, NCT01542437,
NCT01953913, NCT01931306,
NCT01526928, NCT01802632

NCT01336634, NCT01362296
NCT01514864

NCT01297452, NCT01570296,
NCT01297491, NCT01723800,
NCT01390818

NCT01542437, NCT01827267,
NCT01858389, NCT00818441

NCT00932451, NCT01639001,
NCT01685060, NCT01685138,
NCT01828112, NCT01828099,
NCT01579994, NCT01871805

NCT01945021
NCT01639508, NCT01823068

paclitaxel (10.8 vs 5.4 months; hazard ratio [HR]:
0.30; 95% CI: 0.22-0.41; p < 0.001) or cisplatin and
docetaxel (9.2 vs 6.3 months; HR: 0.49; 95% CI:
0.34-0.71; p < 0.001) [13-16]. Further evidence of the
superiority of genotype-directed therapeutic selection
was recently demonstrated in a Phase 111, randomized
trial comparing afatinib, a potent irreversible inhibitor

EGF binding
/\

of EGFR, with standard platinum doublet chemother-
apy. In the LUX-Lung 3 trial, afatinib demonstrated
prolonged PFS when compared with cisplatin and
pemetrexed (11.1 vs 6.9 months; HR: 0.58; 95% CI:
0.43-0.78; p < 0.001) in patients with advanced lung
adenocarcinoma whose tumors harbored an activating
mutation in £GFR [17].

Autophosphorylation
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Figure 1. Schematic representation of EGF receptor mutations associated with tyrosine kinase inhibitor sensitivity.
EGFR: EGF receptor; TKI: Tyrosine kinase inhibitor; TM: Transmembrane domain.
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The overall superior efficacy of EGFR TKIs in the
front-line setting in patients whose tumors harbor acti-
vating EGFR mutations has validated the importance
of comprehensively profiling an individual patient’s
tumor to genetically classify and rapidly direct the
selection of molecularly targeted therapies.

BRAF mutations

The discovery that activating mutations in EGFR
predict responsiveness to EGFR TKIs and clinically
improve PFS with decreased overall toxicity compared
with standard chemotherapy led to large collabora-
tive efforts to comprehensively identify and catalog all
somatic mutations in histopathologically validated
lung adenocarcinoma tumor specimens [18]. These
large genomic studies have identified multiple candi-
date genes that are mutated at increased frequency in
lung adenocarcinoma, many of which are currently
being validated clinically as potential therapeutic tar-
gets. Considerable interest has been generated by these
sequencing efforts because some of these genes rep-
resent known driver mutations in other cancers and
are thus associated with increased sensitivity to clini-
cally approved targeted therapies. Specifically, BRAF,
PIK3CA and HER?2 all occur at low frequencies (<5%)
in lung adenocarcinoma; however, they serve as action-
able molecular targets in melanoma, glioblastoma and
breast cancer, respectively [19-21].

BRAF is a serine/threonine kinase that lies upstream
of MEK and ERK in the RAF-MEK-ERK signal-
ing cascade, a key molecular pathway that regulates
cell growth and proliferation [22]. Activating somatic
mutations in BRAF constitutively activate MEK and
ERK and leads to oncogenic cell proliferation [23]. In
approximately 50% of melanoma cases, the BRAF Val-
600Glu (V600E) mutation drives tumorigenesis and is
effectively targeted with the selective BRAF and MEK
inhibitors, vemurafenib and dabrafenib (BRAF inhibi-
tors), and trametinib (MEK inhibitor). BRAF muta-
tions have also been identified in 3-4% of patients
with NSCLC [24,25]. Unlike melanoma, however, where
80-90% of all BRAF mutant tumors harbor the V60OE
activating mutation, the BRAF mutational landscape in
NSCLC consists of 40-50% of non-V600E mutations
that can either active or inactivate the kinase. While
the pharmacologic responses to BRAF inhibitors in
patients with non-V600E BRAF mutations is an area
of active investigation, a recent Phase II study evaluat-
ing the therapeutic efficacy of dasatinib in 34 patients
with advanced NSCLC identified one patient with a
dramatic durable response [26]. Interestingly, through
comprehensive tumor profiling, this patient was found
to harbor a BRAF™¢ kinase-inactivating mutation
that drove sensitivity to dasatinib [27]. The complex

intragenic mutational diversity of BRAF in NSCLC has
important implications on clinical trial design. Specifi-
cally, clinical investigators recognize that, in order to
establish BRAF as a valid therapeutic target in NSCLC,
distinct therapeutic strategies will be required to treat
patients with BRAF V600E, non-V600E and inactivat-
ing mutations. Thus, current clinical trials in BRAF-
mutant NSCLC are prospectively stratifying patients to
receive the BRAF inhibitor, dabrafenib for patients with
V600E mutations; the MEK inhibitor, trametinib for
patients with non-V600E BRAF mutations; and dasat-
inib, a multitargeted TKI for patients with inactivating
or uncharacterized BRAF mutations (Table 1).

PI3K
PI3Ks are lipid kinases that regulate pathways impor-
tant for cellular proliferation, adhesion, motility and
survival [28]. In 2004, somatic mutations in PIK3CA,
the gene that encodes the pl10a catalytic subunit of
PI3K were identified in approximately 30% of colon
and gastric cancer, and glioblastomas, with a much
lower frequency in lung cancer (4%) [28]. Two sub-
sequent studies found that 1.6% (11/691) and 3.4%
(8/235) of NSCLC tissue specimens harbor mutations
in the PIK3CA gene, with the majority of mutations
clustering into two distinct hotspots, the helical (E542
and E545) and kinase (H1047) domains of PI3K [2930].
PIK3CA mutations in lung cancer cell lines are associ-
ated with increased enzymatic activity and oncogenic
potential, which is mediated, in part, through the
AKT/mTOR pathway [31). Furthermore, in vivo mouse
models have demonstrated that isolated expression of
mutant PIK3CA results in lung adenocarcinomas and
treatment with a dual pan-PI3K and mTOR inhibitor
led to marked tumor regression, suggesting that these
cancers are in part, dependent on oncogenic PI3K [32].
While the PI3K/AKT/mTOR pathway remains an
attractive therapeutic target in NSCLC, the clinical
efficacy of targeting the key regulators of this pathway
has been hampered by an inability to prospectively iden-
tify specific patient cohorts who are likely to respond
to PI3K inhibition. This is likely due, in large part, to
the recent finding that approximately 70% of PIK3CA
mutations in lung adenocarcinoma coexist with vali-
dated oncogenic driver mutations, including EGFR,
KRAS and ALK rearrangements [33]. Thus, the future
success of PI3K pathway inhibition will depend on the
prospective identification of these overlapping muta-
tions through comprehensive molecular profiling of
patient’s tumors that will genotypically direct combina-
tion therapies in clinical trials. To this end, PI3K, AKT
and dual PI3K-mTOR inhibitors are currently in early-
phase clinical trials, both as mono- and combination
therapy with standard chemotherapy protocols 34].
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HER2

HER2 (or ERBB2) is a membrane-bound tyrosine
kinase in the ERBB family of receptors. In contrast
to EGFR, ERBB3 and ERBB4, HER2 has no known
ligand but instead heterodimerizes with these recep-
tors upon ligand binding to mediate downstream
signaling [35]. HER2 amplification occurs in approxi-
mately 30% of breast cancer, where it is associated
with improved survival outcomes since the advent
of HER2-targeted therapies, such as traztuzumab.
While HER2 overexpression is observed in 13-20%
of NSCLC tumors, the predictive association of HER
expression with response to HER2-targeted agents has
not been demonstrated [36]. Importantly, these stud-
ies were performed in NSCLC patients unselected for
HER2 mutational status and thus were not designed to
detect a clinical benefit in patients with genomic acti-
vation of HER2, which has been identified in a subset
of NSCLC patients. In particular, genomic sequenc-
ing of NSCLC tumor specimens identified in-frame
insertions involving exon 20, which result in consti-
tutive kinase activation in a ligand-independent man-
ner [37]. Clinically, these mutations are associated with
never smoking status and are found in 1.2-4.2% of
resected NSCLC tumor specimens, with enrichment
in adenocarcinoma histology (38]. In a recent retro-
spective study dedicated to HER2-positive (insertion
exon 20) NSCLC patients (n = 65), the clinical efficacy
of HER2-directed targeted therapies, including trastu-
zumab and afatinib, were associated with a disease
control rate of 93% in the trastuzumab-based cohort
(n = 15) and 100% in the afatinib group (n = 3) [39].
These data suggest a potential therapeutic benefit for
HER2-targeted agents in this subpopulation and have
prompted further investigation and ongoing clinical
development of multiple TKIs, including the irrevers-
ible dual HER2 and EGFR TKIs, afatinib, neratinib
and dacomitinib [37]. A recent exploratory Phase II
trial of single agent afatinib evaluated five patients with
mutations in the HER2 kinase domain and objective
responses were observed in two of the five evaluable
patients, with clinical toxicity noted in the remaining
three patients [40]. In a prospective, Phase II study eval-
uating dacomitinib in HER2-amplified and -mutant
NSCLC, early response data from 16 patients identi-
fied two with partial clinical responses, both harbor-
ing HER2 mutations [41]. Larger trials are needed to
define the clinical activity and efficacy of targeting
HER2-dependent NSCLC.

Targetable genetic rearrangements

ALK rearrangements

ALK is a highly conserved receptor tyrosine kinase
that was first identified as a fusion protein in anaplastic

Recent advances in personalized lung cancer medicine

large-cell lymphoma [42]. Since this time, multiple
additional ALK chimeric variants have been identified
in several types of cancer, including neuroblastoma,
inflammatory myofibroblastic tumor and NSCLC 43].
In 2007, the identification of an inversion within the
short arm of chromosome 2, which results in the fusion
of the EML4 gene with the ALK gene, was identified in
a patient with NSCLC [44]. The resultant EML4-ALK
translocation encodes for a cytoplasmic chimeric pro-
tein with constitutive kinase activity [45]. Since this
initial discovery, multiple variants of EML-ALK have
been identified in NSCLC, all of which encode for
the cytoplasmic kinase domain of ALK but contain
different EML4 truncations [46]. Regardless of the
precise EML4 breakpoint, all identified EML4-ALK
fusion proteins to date contain a constitutively active
kinase with transforming capabilities in cell culture,
largely functioning through the MAPK, AKT and
JAK/STAT pathways [42]. In transgenic mouse models,
lung-specific expression of EML4-ALK results in the
development of lung adenocarcinomas, which regress
upon treatment with a TKI of ALK [47]. This preclini-
cal data suggested that ALK rearrangements are onco-
genic drivers that are susceptible to targeted therapies
in a subset of lung adenocarcinomas.

EML4-ALK rearrangements are present in approxi-
mately 3-5% of patients with lung adenocarcinoma,
with a much lower frequency observed for the other
known ALK fusion partners including K7F5B and
TFG [45]. Patients that harbor EML4-ALK fusions
share many of the clinical hallmarks, including
younger age of onset (median 50 years of age at diag-
nosis) and light or never-smoker status, as observed in
some other genetically defined lung cancers, including
EGFR-mutant NSCLC [48). EML4-ALK rearrange-
ments and EGFR mutations are mutually exclusive
with the exception of rare cases and thus, detailed
molecular characterization to isolate these popu-
lations becomes paramount in genotype-directed
clinical trial design. To this end, in order to directly
evaluate the effect of ALK inhibition in patients with
EML4-ALK rearrangements, a multicenter, single-
arm study of crizotinib was conducted in 2010, which
has already demonstrated impressive clinical efficacy,
with an objective response rate (ORR) of 61% and
median duration of response of 47 weeks [49]. These
findings served as the foundation for accelerated
approval of crizotinib by the US FDA in 2011 for the
treatment of advanced ALK-positive NSCLC. More
recently, a randomized, multicenter, Phase III study
of crizotinib versus standard of care chemotherapy in
ALK-positive NSCLC patients who had previously
received platinum doublet therapy demonstrated a
median PES of 7.7 versus 3.0 months in the crizotinib
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and chemotherapy (pemetrexed or docetaxel) groups,
respectively. Consistent with the PES results, ORR
greatly favored the crizotinib group (65%) over peme-
trexed (29%) or docetaxel (7%) [3]. In order to evalu-
ate the role of crizotinib in the frontline setting, a
randomized controlled trial of crizotinib versus stan-
dard platinum-based chemotherapy in patients with
advanced ALK-positive NSCLC is currently being
conducted.

The preclinical development of second-generation
ALK inhibitors with increased potency and selectiv-
ity toward ALK has translated rapidly into clinical
success. Of these next-generation ALK inhibitors,
LDK378 demonstrated significant antitumor activity
in an EML4-ALK xenograft model and has since been
evaluated in a multicenter, Phase I study, where pre-
liminary results have demonstrated an ORR of 70%
in ALK-positive treatment-naive NSCLC and 73% in
ALK-positive patients who clinically acquired resis-
tance to crizotinib [50]. Given these results, LDK378
was designated as a ‘breakthrough therapy’ by the
FDA in March 2013 for treatment of both crizotinib-
naive and crizotinib-resistant ALK-positive NSCLC.
As a result, two Phase III randomized trials are cur-
rently underway to evaluate the clinical efficacy of
LDK378 in the up-front setting when compared with
standard platinum doublet therapy in patients with
ALK-positive NSCLC (Table 1).

ROS1 rearrangements

The initial identification of a ROS! rearrangement
was demonstrated in a human glioblastoma cell line,
in which a deletion on chromosome 6 resulted in a
ROSI-FIG gene fusion [51]. The transforming proper-
ties of the resultant ROSI-FIG chimeric protein has
since been demonstrated in a glioblastoma transgenic
mouse model [52]. Although ROSI rearrangements
have been identified in a diverse set of human cancers
(glioblastoma, angiosarcoma, gastric, colon and ovar-
ian cancers), its potential as a therapeutic target has
been unexplored due to its relatively low frequency
in these tumors. More recently, ROSI fusions have
been identified in a NSCLC tumor specimen (CD74-
ROS1) and cell line (SLC34A2-ROS1) through a
large phosphoproteomic screen [s3]. Additionally,
novel fusion partners for ROS! including EZR have
demonstrated oncogenic properties in transgenic
mouse models [54]. With these discoveries, a renewed
interest in ROS1 fusions has led to several studies
focused on the prevalence of ROSI rearrangements
in NSCLC. The largest and most comprehensive
study was a retrospective analysis that screened 1073
NSCLC patient samples using a break-apart FISH
probe, which identified 1.7% with ROSI fusions [s5].

The clinical characteristics of NSCLC patients with
ROSI rearrangements are similar to those that define
the ALK fusion-positive lung cancers, with a pre-
dominance of never-smokers, younger age (median
49 years of age at diagnosis) of onset and adenocar-
cinoma histology [s1]. The clinical efficacy of target-
ing ROS1-driven NSCLCs is actively being explored
with the adventitious finding that crizotinib, which
is now approved for the treatment of ALK-positive
NSCLGC, is also a potent ROSI inhibitor [s56]. More-
over, based on preclinical biochemical data demon-
strating decreased ROS1 phosphorylation in response
to crizotinib treatment and the rapid, near complete
resolution of a ROS1-driven tumor in a patient with
NSCLC, the clinical development of ROS1 inhibi-
tors including crizotinib could greatly and rapidly
benefit this subgroup of NSCLC patients. The recent
results of a genotype-directed Phase I trial of crizo-
tinib in patients with advanced NSCLC harboring a
ROSI gene rearrangement closely parallels the clini-
cal success for ALK-positive NSCLC, with an ORR
of 57% and a disease control rate at 8 weeks of 79%
(57]. While the early clinical effects of crizotinib in
patients with ROSI fusions is encouraging, further
clinical validation is warranted to clarify the spe-
cific target of crizotinib, given its ability to potently
inhibit multiple receptor kinases including MET and
ALK, both of which are validated oncogenic driv-
ers in lung cancer. To meet this need, Phase II trials
assessing the efficacy of crizotinib in ROSI-positive
patients are prospectively screening tumors for ALK
rearrangements and retrospective histological analy-
sis should be performed to assess the status of MET
in these patients.

RET rearrangements

RET is a well-studied receptor tyrosine kinase that
has oncogenic properties in several human cancers.
Both familial and sporadic gain-of-function muta-
tions have been identified in multiple endocrine neo-
plasia type 2 and medullary thyroid cancers, respec-
tively [s8]. RET gene fusions have also been observed
in up to 50% of sporadic papillary thyroid cancer
cases and, most recently, in 1.9% of lung adenocar-
cinomas [59-61]. The most common RET fusion in
lung adenocarcinoma involves an inversion in chro-
mosome 10 that leads to the fusion of the KI/F5B
and RET genes, resulting in constitutive RET kinase
activity [62]. Patients that harbor K/F5B-RET fusions
are young, light to never smokers with a predomi-
nance of adenocarcinoma histology [s8]. Precedence
for RET oncogenic dependence has already been
demonstrated in thyroid cancers, in which two FDA-

approved RET inhibitors, vandetanib (ZD6474) and
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cabozantinib (XL184), are in clinical use [¢2]. The
therapeutic potential of these inhibitors in patients
with RET fusion-positive NSCLC is currently being
addressed and the preliminary antitumor effects in
the first three patients treated with cabozantinib are
encouraging, demonstrating either partial responses
(n = 2) or stable disease (n = 1) [63]. While early, this
small cohort provides clinical validation that target-
ing the RET oncogene is a promising new therapeutic

approach in this molecular subset of NSCLC.

Genotyping & whole-genome profiling to
guide clinical decision-making

While the genomic landscape of targetable onco-
genic drivers in lung adenocarcinoma has exponen-
tially increased within the past few years, we are only
beginning to understand the complexities that make
each individual tumor unique. As we continue to cat-
alog the genetic alterations that define NSCLC sub-
types, our ability to rapidly identify and treat patients
based on their mutational profile will require a more
high-throughput diagnostic platform to enhance
speed and sensitivity. Here we outline the current
clinical state of molecular diagnostics in lung cancer
medicine and provide a glimpse of next-generation
sequencing (NGS) technologies that can offer rapid
detection of standard-of-care mutations, while gen-
erating additional information through genome-
wide analysis that may lead to rationally designed
alternative therapies (Table 2).

Direct single gene analysis

Randomized controlled trials have demonstrated
that NSCLC patients with wild-type EGFR respond
better to systemic chemotherapy [13.14]. Therefore,
in most clinical circumstances, EGFR TKI therapy
should not be administered as first-line therapy
without documented evidence of a sensitizing EGFR

Recent advances in personalized lung cancer medicine

mutation. Based on these clinical findings, coupled
with the fact that patients with stage IV NSCLC
have a median survival of approximately 16 weeks if
left untreated, evidence-based guidelines have been
established that mandate the turnaround time for
EGFR molecular testing to be no longer than 10 days
(65]. To meet this need, the majority of Clinical Labo-
ratory Improvement Act-certified laboratories are
now implementing FDA-approved mutational detec-
tion assays to identify single gene alterations. These
detection methods are variable, but are all based on
sequencing, amplification or FISH analysis of the
mutant EGFR or KRAS allele or ALK rearrangements,
respectively. The current guidelines established by
three professional organizations (College of Ameri-
can Pathologists, Association for Molecular Pathol-
ogy and the International Association for the Study
of Lung Cancer) do not favor one testing platform
over the other, but do recommend that all methods
be able to detect mutations in clinical specimens with
at least 50% cancer cell content [65].

Multiplex genotyping

Given the relatively small number of actionable tar-
gets in NSCLC, single gene-based molecular tests
for EGFR, KRAS and EML4-ALK continue to be the
standard of care. As we continue to clinically validate
the growing list of potential driver mutations in lung
cancer, however, we will need to develop a more com-
prehensive, cost-effective tumor genotyping protocol
to rapidly screen patients for all actionable therapeu-
tic targets. Multiplex genotyping, a PCR-based assay
designed to simultaneously detect the expression of
known mutational hotspots in multiple target genes
in a single reaction, is currently being employed
throughout the cancer research community and
being validated in clinical trials [¢66]. The most well

known of these platforms are the SNaPShot (Applied

Table 2. Comparison of genotyping platforms.

Method Coverage
Single gene analysis Single gene (RT-PCR, FISH)

Multiplex
genotyping [64]

>50 hotspot mutation sites in
8-14 genes (SNaPshot, Applied
Biosystems). >200 hotspot
mutations in 19 genes
(Sequenom)

NGS >500 genes. Whole exon, copy
number, rearrangements,
methylation, transcriptome

FFPE: Formalin-fixed paraffin-embedded; NGS: Next-generation sequencing; RT-PCR: Real-time PCR.

Specimen Turnaround Cost (US$)
time (days)

~600 ng FFPE 10 200-800

tumor DNA

~500 ng FFPE  14-21 1500-2000

tumor DNA

100-3000ng 21 3500-5000

FFPE tumor

DNA
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Biosystems) and Sequenom (Seqeunom), the former
of which is currently being validated in a large pro-
spective trial by the Lung Cancer Mutational Con-
sortium. In order to assess the clinical feasibility
and applicability of a multiplex genotyping assay,
the Lung Cancer Mutational Consortium utilized
the SNaPShot platform to detect alterations in ten
genes (KRAS, EGFR, HER2, BRAF, PIK3CA, AKTI,
MEKI, NRAS mutations, ALK rearrangements and
MET amplifications) and subsequently employed
rationally based therapeutic approaches based on
an individual’s molecular subtype. To date, of the
1007 patients enrolled in the study, 64% of tumors
harbored an actionable genetic driver mutation,
and 28% of these patients were either treated with
a clinically approved targeted therapy or matched
to a clinical trial based on their genotype. The pre-
liminary results from this trial suggest that multiplex
genomic methodologies can enhance mutational
detection and lead to increased median survival rates
when patients are appropriately matched to a targeted
therapy or clinical trial based on their tumor genetic
profile [671. While promising, multiplex genotyping
has two major pitfalls. The first is the turnaround
time, which is currently 2-3 weeks given the labor-
intensive protocol involved, and the second is the
limited ability to discover new drug targets given
the predetermined genetic hotspots that are utilized
in these assays. In order to implement these multi-
plex genotyping platforms into widespread clinical
practice, we will first need to rigorously validate and
confirm that these approaches can improve clinical
outcomes in patients with NSCLC. Furthermore,
as the mutational spectrum continues to evolve and
new actionable drivers are identified, we will need to
rapidly addend the predefined mutational hotspots
profiled in these assays.

Next-generation sequencing

NGS technologies offer a rapid and comprehen-
sive approach to genome-wide analysis of an indi-
vidual genome, transcriptome or epigenome in a
cost-effective manner [1]. The increased sensitivity,
speed, and lower cost make NGS an attractive clini-
cal platform that will likely replace or, at the very
minimum, augment existing mutational detection
methodologies. Unlike current single gene or multi-
plex genotyping, NGS provides unbiased detection of
point mutations, copy number variations and com-
plex structural rearrangements, ultimately leading to
a more complete survey of a patient’s cancer genome.
Importantly, while this global assessment holds
unprecedented potential to personalize lung can-
cer medicine, the analytical complexity inherent in

whole-genome sequencing is a challenge that must be
overcome to ascertain clinically relevant and action-
able biomarkers. Thus, in order to effectively imple-
ment NGS into clinical practice, we must first solve
the issues that accompany comprehensive analysis,
including intratumor heterogeneity, quality of tumor
tissue, and the ethical issues surrounding the use of
whole-genome sequencing data as a diagnostic tool.
To begin to meet these challenges, a recent pilot study
evaluating the clinical applicability of NGS in vari-
ous tumor types, the Michigan Oncology Sequencing
Project, identified on average 150 genomic alterations
within each tumor specimen analyzed, reinforcing the
genetic complexity that will ultimately require rigor-
ous biological and clinical validation to distinguish
between actionable driver mutations from passenger
events [68]. The results of this study highlight both
the biological and clinical challenges that emerge
as a result of intratumor genetic heterogeneity. Spe-
cifically, we are now beginning to recognize that the
clinical utility of predictive biomarkers can be influ-
enced by low frequency subclones that evade detec-
tion by conventional molecular diagnostic approaches
and that emerge during therapy as a dominant drug-
resistant clone. Clinically, this manifests as mixed
tumor responses between primary and metastatic sites
or through the development of acquired drug resis-
tance [69.70]. In order to gain a deeper understanding
of the molecular complexities that drive intratumor
heterogeneity, we will need to obtain serial biopsy
specimens from patients to fully interrogate the real-
time genomic changes that arise during an individual
patient’s treatment course. The evolutionary dynam-
ics observed both within individual tumor biopsies
and between separate biopsies of the same tumor in
response to the selective pressures of systemic therapy
can ultimately provide a clinically relevant roadmap
to guide rational drug selection.

In addition to distinct clonal populations, stromal
and immune cell contamination poses a considerable
challenge for large-scale genome and transcriptome
analysis that can bias the molecular profile and poten-
tially lead to erroneous prognostic and therapeutic
outcomes. Bioinformatics and computational soft-
ware that have been extensively reviewed elsewhere
are now being employed to help navigate through
mixed cell populations and estimate tumor purity [71].
As these tools evolve, detailed histopathologic assess-
ment through tumor microdissection can be used in
parallel to minimize tissue contamination.

If we are able to overcome the technical hurdles that
currently impede our ability to implement NGS into
clinical practice, we will then be faced with the ethical
implications that accompany such a comprehensive
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genomic analysis. In particular, while current NGS
platforms are more accurate than traditional Sanger
sequencing methods, the massive quantity of data
produced translates into a significant number of false-
positive reads or variants of unknown significance or
variants of significance in other diseases [72]. For these
reasons, informed consent is imperative and patients
that elect to pursue NGS for a disease-specific diag-
nosis must be properly educated about the potential
of this technology to reveal information about their
risk for alternative, unrelated disease states. While
not currently implemented in routine clinical prac-
tice, the development of clinical protocols to delin-
eate genetic information that relates specifically to
a patient’s presenting disease or potential risk for an
unrelated disease will need to be explicitly reviewed
and individualized to each patient.

Finally, in order to bring this technology closer to
clinical mainstream, we will need to optimize the NGS
platform to be as efficient as the standard single gene
analysis. By scaling down the sequencing coverage to
identify specific cancer-associated genes, expense and
turnaround time can be reduced, ultimately leading
to a more clinically applicable and feasible diagnostic
tool that can guide therapeutic decision-making.

Diagnosis

Genotyping

ingle gene analysis
current
Multiplex
evolving

Next-generation

sequencing (future)
Bioinformatics
- platform -

Recent advances in personalized lung cancer medicine

Personalizing NSCLC treatment through
genotype-directed targeted therapy

The identification of targetable oncogenic drivers
that define molecular subsets in NSCLC has trans-
formed the clinical management of this disease. Ini-
tial clinical design based on large, unselected popula-
tions failed to show a significant benefit in clinical
outcomes in patients with NSCLC treated with tar-
geted therapies. Conversely, when patients are pro-
spectively selected based on their molecular profile
and rationally directed to an appropriate targeted
therapy, unprecedented results emerge as evidenced
by EGFR and EML4-ALK in NSCLC. The remark-
able efficacy of these molecularly targeted therapies
in selected patient populations has led to a significant
surge in the number of genotype-directed clinical tri-
als, heralding the beginning of personalized medicine
in lung cancer.

While this brings great optimism, there are still
many hurdles that we must overcome in order to
systematically tailor drugs to each patient’s tumor
(Figure 2). We will first need to empower and educate
our patients about the importance of routine molec-
ular testing to guide therapeutic decision-making.
The need for patient participation in clinical trials

Treatment

Prospective

Monitoring

Conventional
imaging

Review

genotype-
directed
clinical trial

Biopsy
on relapse

HER2 2% -, ALK4%
. ROS 12%
PIKC3A 3% I fRET 29,
BRAF 4%—\ Molecularly
targeted
therapy

Genotype-
directed
clinical trial

Figure 2. Personalizing non-small-cell lung cancer treatment through genotype-directed therapy.
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to assess the predictive and prognostic value of novel
biomarkers and to establish the efficacy of molecu-
larly targeted therapies is paramount. Patients, cli-
nicians and translational scientists need to collabo-
rate effectively to ensure routine biopsy specimens
are obtained at the time of diagnosis and relapse
to maximize therapeutic efficacy. Second, we will
need to enhance our bioinformatics and computa-
tional biology platforms to optimize our current high
throughput genotyping assays. While NGS technolo-
gies in cancer patients is providing an unprecedented
amount of genomic information, the ability of clini-
cal oncologists to rapidly digest the massive amounts
of sequencing data and translate these unique blue-
prints into patient care is a significant barrier that
could limit its full potential to improve clinical care.
To this end, we will likely need to narrow the spec-
trum of coverage of NGS to include the most bio-
logically relevant cancer-associated genes. This will
increase speed and sensitivity while decreasing over-
all costs, at least until NGS technologies improve to
enable democratization of the assays, analysis and
interpretation. Third, as we continue to refine these
state-of-the-art genomic sequencing technologies, we
will need to understand the biological relevance of
the multiple genomic alterations both as isolated enti-
ties and within the context of an evolving tumor over

time. This will allow us to more effectively translate
this information into biomarker-driven clinical tri-
als to improve patient outcomes and personalize lung
cancer therapy.

Conclusion

The identification of targetable oncogenic drivers
in NSCLC has led to a new understanding of the
genetic complexity of these tumors. These advance-
ments provide the foundation to uniquely character-
ize molecular subsets of lung cancer and allow for
the development of rationally designed clinical trials
to evaluate novel molecularly targeted therapeutics.
Despite early success with biomarker-driven lung
cancer trials, however, our ability to personalize lung
cancer medicine will depend on the parallel develop-
ment of genomic technologies to identify and monitor
in real-time the evolution of an individual patient’s
cancer genome. To meet this need, many oncologists
are implementing multiplex genotyping platforms of
actionable mutational hotspots into clinical practice.
As the list of actionable targets continues to grow,
however, we will need to transition to a more rapid,
sensitive and cost-effective genomic approach. NGS
technology offers a comprehensive genome-wide sur-
vey that holds great promise for the advancement
of genotype-directed lung cancer care. Our ability

Executive summary

Background

trial design.

patient stratification.

oncogenic drivers in NSCLC.

clinical trial.

* The discovery of genetic alterations that drive tumor progression in subsets of non-small-cell lung cancer
(NSCLC) has transformed the clinical management of this disease.

e Molecular characterization of NSCLC tumors has revealed a new layer of genetic complexity.

e Advancements in genotyping technologies are needed to guide molecularly targeted therapies and clinical

Targetable oncogenic drivers in lung adenocarcinoma

e Biomarker-driven lung cancer medicine is the new paradigm.

e Targeting mutant EGFR or the EML4-ALK rearrangement with tyrosine kinase inhibitors in the front-line
setting has translated into improved patient outcomes.

e The identification of novel oncogenic drivers in lung adenocarcinoma, including mutations in BRAF, PIK3CA,
HER2, and fusions in ROST and RET are currently being validated as therapeutic targets in clinical trials.

Genotyping platforms to guide clinical decision-making

e The most widely used genotyping platform in clinical lung cancer medicine relies on single gene analysis of
EGFR mutations, ALK rearrangements and KRAS mutations.

e Multiplex genotyping is currently being implemented in select academic centers to guide biomarker-driven

¢ Next-generation sequencing has led to an unprecedented understanding of the lung cancer genome.
Personalizing NSCLC treatment through genotype-directed targeted therapy
e Biomarker-driven clinical trial design will become increasingly complex due to the growing number of novel

e The continued success of genotype-directed molecularly targeted therapy will depend on the optimization
and implementation of a more rapid and comprehensive genotyping platform.

e Clinical application of next-generation sequencing will require the parallel development of computational
methodologies that can guide clinicians to the most appropriate, biologically relevant targeted therapy or
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to effectively utilize this technology in the clinic
will depend on the development of a bioinformatics
platform that can rapidly digest and reveal the most
biologically relevant alterations to ultimately guide
clinical decision-making.

Future perspective

Genotype-directed clinical trial design has trans-
formed the clinical management of NSCLC. Our
ability to systematically categorize NSCLC by molec-
ular subtype optimizes patient selection and enables
rational selection of patients for the most appropriate
molecularly targeted therapy. While there are still
many obstacles to overcome before genome-wide
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