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INTRODUCTION

Lung cancer continues to be the leading cause of cancer-related death in both men and women
in the United States (1). The majority of lung cancers are non-small cell lung cancers (NSCLCSs)
that include squamous cell carcinomas (SCCs) and adenocarcinomas (2). Lung cancer mortality
is high in part because most cancers are diagnosed after regional or distant spread of the
disease had already occurred and due to the lack of reliable biomarkers for early detection and
risk assessment (2). The identification of new effective early biomarkers will improve clinical
management of lung cancer and is linked to better understanding of the molecular events
associated with the development and progression of the disease.

It has been suggested that histologically normal-appearing tissue adjacent to neoplastic lesions
display molecular abnormalities some of which are in common with those in the tumors (3).
This phenomenon, termed field of cancerization, was later shown to be evident in various
epithelial cell malignancies, including lung cancer (4-7). Loss of heterozygosity (LOH) events
are frequent in cells obtained from bronchial brushings of normal and abnormal lungs from
patients undergoing diagnostic bronchoscopy and were detected in cells from the ipsilateral and
contralateral lungs (8). More recently, global mRNA expression profiles have been described in
the normal-appearing bronchial epithelium of healthy smokers (9) including those that were
diagnostic of lung cancer (10). In addition, modulation of global gene expression in the normal
epithelium in health smokers is similar in the large and small airways and the smoking-induced
alterations are mirrored in the epithelia of the mainstem bronchus, buccal and nasal cavities
(11).

In this program, in Specific Aim 1, we interrogated the molecular temporal and spatial field of
injury in definitively treated NSCLC patients after curative surgery (12). We identified aberrant
oncogenic pathways that were temporally modulated following curative surgery in the field of
injury of smoker early-stage NSCLC patients (12). In this Aim, we also performed high-
throughput microarray mRNA expression analyses of cytologically controlled lung tumors,
airways with varying distances from corresponding tumors and normal lung tissues obtained at
lobectomy procedures and characterized transcriptomic architecture of the adjacent-to-tumor
field of cancerization with respect to spatial proximity from tumors (13). Moreover, and in
collaboration with the Initiating Pl (Dr. Steve Dubinett) and other Partnering Pls (Dr. Avrum
Spira and Dr. Pierre Massion) we performed RNA-sequencing and microarray profiling of nasal
epithelia and airway epithelial cells collected from both bronchoscopy and lobectomy specimens
as well as of corresponding tumors (NSCLC patients) or benign lesions (cancer-free
individuals). In this analysis, we interrogated airway-wide genomic field of injury effects that
transverse the normal-appearing bronchus adjacent to lesions up to the nasal epithelium. This
analysis showed that the airway field of injury comprises gradient profiles that are mainly
localized as well as field profiles that may serve as airway-based biomarkers capable of
diagnosing lung cancer in current or former smokers using minimally invasive sites.

This final report summarizes findings obtained during the entire four year funding period. This
report will also be included in the comprehensive report to be prepared and submitted by Dr.
Steven Dubinett (UCLA) as the Initiating PI.
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MD Anderson Cancer Center (Dr. | Wistuba) PROGRESS REPORT

Molecular Profiles for Lung Cancer Pathogenesis and Detection in U.S. Veterans

Specific Aim 1:

To increase our understanding of the molecular basis of the
pathogenesis of lung cancer in the “field cancerization”

that

develops in current and former smokers.

A. Gene expression analysis of the field cancerization in early-stage NSCLC patients

Spatiotemporal field of cancerization expression profiles

Analysis of SITE-dependent
gene expression patterns (ADJ,
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Analysis of TIME-dependent
gene expression patterns
(baseline, 12, 24 and 36
months.

Figure 1. Schematic illustrating sampling and collection of
bronchial brushes from different airway sites at different time
points following resective surgery from early stage smoker
NSCLC patients enrolled in the phase Il cancer surveillance
Vanauard studv.

FTUN b
Resected lumow-% 4

Gene expression alterations in response to
cigarette smoke have been characterized in
normal-appearing bronchial epithelium of
healthy smokers, and it has been suggested
that adjacent histologically normal tissue
displays tumor-associated molecular
abnormalities (4, 5). We sought to delineate
how the field of injury evolves in space and in
time in NSCLC patients following curative
surgery. In Years 01-02 of this program, we
performed expression profiling of samples from
smoker patients who were accrued into a

surveillance clinical trial for annual follow-up and bronchoscopies within 1 year after definitive
surgery. Bronchial brushings and biopsies were obtained from six different sites in the lung at
the time of inclusion in the study and at 12, 24, and 36 months after the first time point (Figure
1) (12). Our study pinpointed spatial and temporal cancer-associated expression alterations in
the molecular field of injury of patients with early-stage NSCLCs after definitive surgery that
enrich the molecular definition of the airway field of cancerization and establish new paradigms
for the patient at risk for lung cancer (12, 14) (see Reportable Outcomes and Appendix).

Transcriptomic architecture of the adjacent airway field of cancerization

We also sought to characterize the yet
unknown global molecular and adjacent
airway field cancerization in early-stage
NSCLC. In Years 01-03 of this program,
we performed  whole-transcriptome
expression profiling of resected early-
stage (I-1IA) NSCLC specimens (n=20)
with matched tumors, multiple
cytologically controlled normal airways
with varying distances from tumors and
uninvolved normal lung tissues (n=194
samples) using the Affymetrix Human
Gene 1.0 ST platform. A schematic of
the recently published (13) study’s

Analysis of adjacent
FC profiles in a
dataset comprised of
large airways from
129 smokers with
and without lung

Figure 2. Schematic of the transcriptomic analysis of the airway
Field cancerization in NSCLC.
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Characterization of FC profiles Expression profiling analysis of
in the airway adjacent to airways alone (m=81) to

NSCLC by expression profiling delineate FC profiles that are
of matched NSCLCs, airways modulated with respect to

and normal lung tissues (20

cases, 194 samples)

spatial proximity from
corresponding NSCLCs.

cancer

Confirmation of the differential expression of
select airway FC markers by quantitative
real-time PCR

design is represented in Figure 2. We
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identified differentially expressed gene features (n = 1661) between NSCLCs and airways
compared with normal lung tissues, a subset of which (n = 299), after gene set enrichment
analysis, statistically significantly (P < .001) distinguished large airways in lung cancer patients
from airways in cancer-free smokers. In addition, we identified genes (n = 422) statistically
significantly and progressively differentially expressed in airways by distance from tumors that
were found to be congruently modulated between NSCLCs and normal lung tissues.
Furthermore, LAPTMA4B, with statistically significantly increased expression (P < .05) in airways
with shorter distance from tumors, was up-regulated in human immortalized cells compared with
normal bronchial epithelial cells (P < .001) and promoted anchorage-dependent and -
independent lung cancer cell growth. Our studies demonstrate that the adjacent airway field of
cancerization comprises both site-independent profiles as well as gradient and localized airway
expression patterns (13). Profiling of the airway field of cancerization may provide new insights
into NSCLC oncogenesis and molecular tools for detection of the disease (13) (see Reportable
Outcomes and Appendix).

Our microarray analysis also pinpointed to a decreased expression of the lung-specific tumor
suppressor gene G-protein coupled receptor family C, group 5, member A (GPRC5A) in tumors
and airways compared to uninvolved normal lung tissue. GPRC5A was identified as a lung-
specific tumor suppressor gene evidenced by spontaneous and tobacco-driven adenocarcinoma
formation in mice with knockout of both of the gene’s alleles (15-19). GPRC5A was shown to
exert its tumor suppressive function, in part, by inhibition of nuclear factor-kappa B (NF«B) and
downstream inflammation (16). In Year 02 of this program, we analyzed GPRC5A expression in
the molecular field cancerization associated with chronic obstructive pulmonary disease
(COPD), a risk factor for lung cancer that is typically associated with inflammation (20).
Quantitative real-time PCR (QRTPCR) in an independent set of samples demonstrated that
GPRCD5A expression was significantly decreased in the molecular localized field cancerization
(20). GPRCH5A airway expression was highest in airways from cancer- and COPD-free smokers,
decreased in airways of COPD patients (p = 0.004) and lowest in airway epithelia of COPD
patients with adenocarcinoma and SCC (P < 0.0001) (20) see Reportable Outcomes and
Appendix).

Somatic point mutations and allelic imbalance in the airway field of cancerization

Our findings on the transcriptomic architecture of the airway field of cancerization in this DoD-
funded program prompted us to perform preliminary studies in Year 04 to investigate somatic
genomic alterations in the airway field. In a pilot study, we performed deep sequencing of a
panel of 409 cancer-associated genes using the lon Proton sequencing platform (Life
Technologies), in samples from several lung adenocarcinoma (LUAD) patients consisting of
multi-region tumor core needle biopsies (CNBs), normal-appearing small airways (SA) adjacent
to the LUADSs, normal large airways (LA), nasal epithelia and white blood cells. We achieved an
average depth of 900X and 80% of the samples achieved >500X across 80% of the capture
region. We applied the Genome Analysis Toolkit (GATK)-based workflow (21), running MuTect
(22) to infer acquired mutations with the white blood cell-derived DNA as the paired normal
sample. We obtained counts of somatic variants for each non-blood sample. We found that
there were some mutations were shared between the tumor and adjacent “normal” airway
samples, while others were unique (private) to these regions. There appeared greater sharing
between the adjacent “normal” airway and LUAD than between the tumor and either the large
airway (LA) or nasal epithelium. Figure 3A depicts mutations in fibroblast growth factor
receptor 4 (FGFR4, red) and TATA box binding protein-associated factor (TAF1L; blue) that
were found to be shared between LUAD CNBs and adjacent “normal” small airways (SA). The
variant alleles for the FGFR4 mutations were found in decreasing frequency from some LUAD
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CNBs to the SA, LA, nasal (and was not observed
in the blood), fitting the profile of a spatial field
cancerization _mutation (Figure 3A; pt. A). We
also performed a pilot genome-wide SNP array
profiling study and used hapLOH, a computational
tool developed by the Scheet laboratory (23-25),
at MD Anderson Cancer Center, that incorporates
information about germline haplotypes and allows
detection of aberrant DNA particularly in settings
when there exists clonal mosaicism in adjacent
normal tissue, which we anticipate in the field
cancerization. Using hapLOH we identified
somatic allelic imbalance events in the airway
field cancerization. Figure 3B displays an event in
chromosomal region 9q that is shared between
the tumor and the adjacent normal-appearing
airway in two LUAD patients. This event was not
detected in white blood cells (Figure 3) or in
uninvolved and distant normal lung tissues. Qur
findings pinpoint somatic genomic _aberrations in
the normal-appearing airway  field of
cancerization. These findings were submitted as
an abstract for presentation in the forthcoming
American Association for Cancer Research
Annual meeting.

* FGFR4, pLA
& TAFIL, pt
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Figure 3. Genomic alterations in the airway
field cancerization. A. Somatic point mutations
identified by deep sequencing and present in both
NSCLCs and adjacent normal airways. B.
Identification by hapLOH (red vertical lines) of
tumor-associated somatic chromosomal
aberrations in “normal” airways of two patients
(left and right). Black arrows and asterisks
indicate allelic imbalance in 9q found in both
NSCLCs (top row) and airways (middle) and not
found in blood (bottom). CNBs, core needle

biopsies; SA, small adjacent airway; LA, large
airwav.

Role of LAPTM4B field cancerization marker in
lung cancer pathogenesis

One of the top aberrant gradient and localized field cancerization markers from our recent study
(13) was the lysosomal membrane associated putative oncogene LAPTM4B. LAPTM4B was
recently shown to promote autophagy for breast cancer cell survival and to mediate breast
cancer chemoresistance (26, 27). In Years 03-04 of this program, we sought to study the role of
LAPTM4B in lung cancer pathogenesis. As detailed in our previous annual report (Year 03), we
already demonstrated that 1) knockdown of LAPTM4B suppressed anchorage-dependent and —
independent lung cancer cell growth; 2) LAPTM4B expression, when analyzed by in situ
hybridization in NSCLC tissues, was predictive of poor survival and prognosis; 3) the anti-
growth effects of LAPTM4B knockdown were substantially larger when cells were cultured in
medium lacking serum compared to when cells were cultured in serum-containing medium; 4)
LAPTMA4B activates cellular autophagy to promote lung cancer cell survival following serum
starvation and 5) LAPTM4B activated and up-regulated the nuclear factor erythroid 2-like 2
(NFE2L2 also known as NRF2) transcription factor along with the NRF2-mediated response as
evidenced by functional pathways analysis of expression profiles of cells with and without
knockdown of LAPTM4B.

In Year 04 of the program, we further explored the interplay between LAPTM4B and the NRF2-
mediated stress response. QRTPCR analysis of the NRF2 target heme oxygenase 1 (HMOX1)
demonstrated that mRNA levels of the NRF2 target HMOX1 were significantly increased after
48 h and 72 h of serum withdrawal. Knockdown of LAPTM4B significantly attenuated HMOX1
induction by serum withdrawal (Figure 4). In addition, knockdown of LAPTM4B concomitantly
reduced the expression levels of the NRF2 transcription factor itself.

7
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We then sought to assess
the effect of LAPTM4B
expression on the NRF2
transcription factor itself. We
first performed chromatin
immunoprecipitation (ChlP)
analysis of the effect of
LAPTM4B knockdown on
the transactivation of

HMOX1 by the NRF2
transcription factor. Using
primers covering NRF2-
binding sites in the HMOX1
promoter, ChiP
demonstrated that
LAPTM4B knockdown
decreased serum

starvation-induced
transactivation of HMOX1
by NRF2 evidenced by
reduced binding of the
transcription factor to the
HMOX1 promoter (Figure
5A). Moreover and in
accordance with QRTPCR
and ChipP analyses,
knockdown of LAPTM4B
attenuated nuclear
accumulation  of NRF2
protein by serum starvation
as evidenced by western
blotting of nuclear cell
fractions (Figure 5B) and by
ICC analysis of the co-
localization of NRF2 with the
nuclear marker histone 2B
(Figure 5C).

Furthermore, reciprocal
effects were observed in
cells transfected with
LAPTM4B-overexpressing

vectors. Over-expression of
LAPTM4B significantly
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Figure 4. LAPTM4B promotes serum starvation-mediated
expression of NFE2L2 and heme oxygenase 1 (HMOX1) in lung
cancer cells. QRTPCR analysis of LAPTM4B (top), NFE2L2
(middle) and HMOX1 (bottom) expression in Calu6 (left) and H1650
(right) lung cancer cells transfected with control siRNA as well as
LAPTM4B-specific and NFE2L2-specific siRNA in the presence and
absence of 10% FBS.

......
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Figure 5. LAPTM4B promotes nuclear localization of the NRF2
transcription factor. A. ChlIP analysis of NRF2 protein binding to
HMOX1 promoter in Calué lung cancer cells. B. Western blot
analysis of nuclear and total NRF2 protein following LAPTM4B
knockdown in presence and absence of 10% FBS. C. ICC analysis
of NRF2 nuclear localization following LAPTM4B knockdown in
presence and absence of 10% FBS.

augmented HMOX1 and NRF2 induction by serum starvation (Figures 6A-6C) as well as the
nuclear accumulation of NRF2 (Figure 6D). It is noteworthy that while modulation of LAPTM4B
expression did not affect levels of HMOX1 in cells at basal conditions and cultured in FBS-
containing medium (Figure 6C), LAPTM4B expression positively controlled nuclear levels of the
transcription factor NRF2 (Figure 6D). It is reasonable to surmise that HMOX1 induction by
NRF2 is independent on the levels of the latter transcription factor but rather dependent on
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Figure 6. Over-expression of LAPTM4B increases NRF2
activation and HMOX1 expression. QRTPCR analysis of
LAPTM4B (A), NFE2L2 (B) and HMOX1 (C) mRNA levels in
Calu6 lung cancer cells following LAPTM4B over-expression in
the presence and absence of 10% FBS. D. Western blot analysis
of nuclear and total NRF2 protein in Calu6 lung cancer cells
following LAPTMA4B over-expression in the presence and absence
of 10% FBS.

Specific Aim 2: To increase our understanding of the role of tumor-initiating
stem/progenitor cells in the pathogenesis of lung cancer in the “field
cancerization” that develops in current and former smokers.

Summary of Research Findings:

Dr. Wistuba's laboratory is not part of this Aim.

Specific Aim 3: Test airway-based mRNA and microRNA biomarkers of diagnosing
lung cancer in current and former smokers at high risk for lung
cancer in minimally invasive sites.

Summary of Research Findings:

In Years 03 and 04, we studied the molecular spatial map of field effects that transverse the
normal-appearing bronchus adjacent to tumors up to the relatively distant nasal epithelium. We
surmised that this analysis would aid in identification of shared genomic changes between the
field and lung cancer and that extend to compartments (e.g. nasal) in the field cancerization that
can be readily accessible for biomarker analysis in screening and clinical settings. Samples
(n=254) from patients with (n=28) and without (n=9) lung cancer that were collected from all
partnering institutions (14 cancer cases from MD Anderson) were processed for global
expression profiling at MD Anderson Cancer center using the Human Gene 2.0 ST platform
(Affymetrix) and data analysis was performed in collaboration with BU (Partnering PI, Dr. Avrum
Spira) (please see report by Dr. Spira). We identified profiles differentially expressed between
NSCLCs and benign nodules. 47 genes were identified to be differentially expressed in a
gradient like manner in the field of injury, i.e. genes that increase or decrease in expression with
increasing distance from the primary lung tumor (Figure 7, left heat map). Gene expression

9
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analysis also identified 106
genes to be significantly
differentially expressed in the
airways of NSCLC patients
compared to smokers with
benign disease and that were
persistently expressed (non-
gradient)  throughout the
airway field of injury (Figure
7, right heatmap). Importantly,
these gradient and persistent
genes were validated in
independent samples and
cohorts (please see report by
Dr. Avrum Spira). These data
point to field of injury profiles
that embody the nearby lung
tumor and inform of lung
cancer pathogenesis (gradient
field of injury) and field
markers that are more likely to
be diagnostic of lung cancer
in minimally invasive sites in
the clinical setting (persistent
genes). These findings have
been presented by Kusko et
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Figure 7. Airway-wide gene expressmn patterns in the field of
injury. Gene expression profiling identified two distinct patterns of
gene expression in the airway field of injury: 47 genes identified to
be differentially expressed in a gradient manner in the field of
injury of NSCLC patients and not in patients with benign disease
(left heatmap) and 106 genes that were found to be differentially
expressed between NSCLC patients and smokers with benign
disease and that were persistent throughout the airway field of
injury.

al in the past 2014 American Association for Cancer Research annual meeting (29) and are
currently being prepared as a manuscript for publication.

KEY RESEARCH ACCOMPLISHMENTS

Year 01

o Identified that gene expression is modulated in a site- and a time-dependent manner in the
bronchial epithelium of early stage lung cancer patients.
o |dentified several pathways preferentially activated in the airway adjacent to tumors in
patients with lung cancer, including those mediated by PI3K, NF-kB and ERK1/2.
e Completed the collection and field cancerization gene expression analysis of 23 patients
(n=226 samples) with lung tumors using samples obtained from lobectomy specimens.

Year 02

Identified aberrant activation of canonical oncogenes in the molecular field of injury of early
stage NSCLC patients including phosphorylated AKT and ERK kinases.

Completed the analysis and characterization of the molecular localized field cancerization
using 194 samples comprised of tumor, normal lung and airway samples from 20 NSCLC
cases.

Derived field cancerization expression signatures, comprised of genes concordantly and
significantly differentially expressed between tumors and airways compared to matched
normal lung tissue, and pertinent to NSCLC, lung adenocarcinomas and SCCs.

In collaboration with BU (Partnering institution), demonstrated that molecular profiles in the
localized field cancerization are, at least in part, relevant to the molecular field of injury and

10
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contain markers significantly and concordantly different between airways of patients with
and without lung cancer

Identified profiles that were significantly progressively and differentially expressed by
distance from corresponding lung tumors and concordantly modulated between tumors and
paired uninvolved normal lung tissues, pinpointing to their probable roles in pathogenesis.
Confirmed the differential expression of several site-dependent and —independent markers
identified by microarray analysis of the field cancerization at the RNA and protein level by
QRTPCR and immunohistochemical analysis, respectively.

In collaboration with the Partnering Pls and Initiating Pl of this award, began to analyze by
RNA-Seq at BU (20 cases, 156 samples) and comprehensive microarray profiling at MD
Anderson (28 cases, 183 samples) the molecular field of injury in NSCLC patients and
cancer-fee individuals.

Year 03

Characterized the transcriptomic architecture of the adjacent airway field cancerization in
early-stage non-small cell lung cancer. These analyses demonstrated that the adjacent
airway field of cancerization is comprised of markers that can identify lung cancer among
smokers as well as gradient and localized site-dependent expression patterns that
recapitulate NSCLC profiles. These findings have been submitted recently for publication
and are under revision.

Demonstrated for the first time that the field cancerization putative oncogene, LAPTM4B, is
a positive mediator of the lung cancer cell malignant phenotype evidenced by its promotion
of anchorage-independent colony formation in soft agar.

Studied the mRNA expression of LAPTM4B in a large series of NSCLC histological tissue
specimens for the first time by in situ hybridization. This analysis revealed that LAPTM4B
expression is significantly positively associated with smoking and worse overall survival.
Demonstrated that the field cancerization marker LAPTM4B protects lung cancer cells from
serum deprivation-induced growth inhibition and promotes the autophagy response following
serum deprivation.

Revealed that LAPTM4B is a novel positive regulator of NRF2 transcription factor in lung
cancer cells.

In collaboration with the Partnering Pls and Initiating Pl of this grant, performed microarray
profiling at MD Anderson of 254 field cancerization samples from 28 cases with lung cancer
and 9 cases with benign disease to begin to characterize the molecular spatial map of field
effects that transverse the bronchus adjacent to tumors up to the nasal epithelium. This
novel analysis demonstrated that the molecular map of the field of injury/cancerization, in
patients with lung cancer, is comprised of pathways and gene sets, whose enrichment in the
field decreases with larger distance from the tumor as well as those that persist up to the
nasal epithelium.

Year 04

Began to understand genomic aberrations such as point mutations (i.e. single nucleotide
polymorphisms, small insertions and deletions) and copy number alterations (i.e.
amplification, deletion, loss-of-heterozygosity, allelic imbalance) in the airway field
cancerization using deep sequencing and SNP array analyses. These findings in the last
year of the DoD grant is the foundation for current and future studies to investigate the
genomic architecture of the airway field of cancerization in lung cancer.

Completed series of in vitro experiments demonstrating the interplay between LAPTM4B
and NRF2 in mediating stress responses that are vital for the survival of lung cancer cells.

In collaboration with the Partnering Pls and Initiating PI of this grant, completed microarray
analysis of 254 field cancerization samples from 28 cases with lung cancer and 9 cases with

11



Army Award W81XWH-10-1-1007; Partnering PI: Ignacio Wistuba, M.D.
Final Report: Reporting Period 20 Sept 2010 — 19 Sept 2014

benign disease to characterize in depth the molecular field of injury and identify field of injury
markers that inform of lung cancer pathogenesis and that are diagnostic of lung cancer in
minimally invasive sites.

REPORTABLE OUTCOMES

Abstracts:

Kadara H, Saintigny P, Fan Y, Chow CW, Chu ZM, Lang W, Behrens C, Gold K, Liu D, Lee
JJ, Mao L, Kim ES, Hong WK, Wistuba Il. Gene expression analysis of field of cancerization
in early stage NSCLC patients towards development of biomarkers for personalized
prevention. Proceedings of the 102nd Annual Meeting of the American Association for
Cancer Research; 2011 Apr 2-6; Orlando, Florida. Philadelphia (PA): AACR; 2011. Abstract
#3674.

Kadara H, Fujimoto J, Yoo SY, Garcia M, Kabbout M, Basey A, Wang J, Coombes KR, Kim
ES, Hong WK, Kalhor N, Moran C, Wistuba Il. Gene expression profiling of lung tumors and
matched normal airways reveals common and disparate aberrant pathways in squamous
cell carcinoma and adenocarcinoma development and potential targets for chemoprevention
in early stage lung cancer patients. Proceedings of the 103rd Annual Meeting of the
American Association for Cancer Research; 2012 Mar 31- Apr 4; Chicago, lllinois.
Philadelphia (PA): AACR; 2012. Abstract #1721.

Maki Y, Fujimoto J, Yoo SY, Gower A, Shen L, Garcia MM, Kabbout M, Chow CW, Hong
WK, Kalhor N, Wang J, Moran C, Spira A, Coombes KR, Wistuba Il, Kadara H.
Transcriptomic architecture of the airway field cancerization in early-stage non-small cell
lung cancer. 104™ Annual American Association for Cancer Research (AACR) meeting, April
6 - April 10 2013, Washington, D.C. Abstract # 2367.

Maki Y, Fujimoto J, Yoo SY, Garcia M, Gower A, Shen Li, chow CW, Behrens C, Kalhor N,
Moran C, Wang J, Spira A, Coombes KR, Wistuba Il, Kadara H. Transcriptomic architecture
of the field of cancerization in the adjacent normal-appearing airway: Early mechanisms in
lung carcinogenesis. Proceedings of the 105" Annual Meeting of the American Association
for Cancer research; April 5-9 2014; San Diego, CA. Abstract #1597.

Kusko R, Anderlind C, Wang G, Zhang S, Wallace WD, Wasler T, Ebright M, Garcia MM,
Eisenberg R, Lee G, Liu G, Elashoff D, Kalhor N, Moran C, Mehran R, Fujimoto F, Massion
PP, Dubinett S, Wistuba Il, Lenburg M, Kadara H* Spira A*. Mapping the airway-wide
molecular field of injury in smokers with lung cancer. Proceedings of the 105" Annual
Meeting of the American Association for Cancer research; April 5-9 2014; San Diego, CA.
Abstract #2352.

Manuscripts:

Kadara H, Kabbout M, Wistuba Il. Pulmonary adenocarcinoma: a renewed entity in 2011.
Respirology. 7(5):833-40 2012.

Kadara H, Wistuba Il. Field cancerization in NSCLC: implications in disease pathogenesis.
Proceedings of the American Thoracic Society. 9(2):38-42 2012.

Fujimoto J*, Kadara H* (* equal contributing first authors), Garcia MM, Kabbout M, Behrens
C, Liu DD, Lee JJ, Solis LM, Kim ES, Kalhor N, Moran C, Shalafkhaneh A, Lotan R, Wistuba
Il. G-protein coupled receptor family C group 5 member A (GPRC5A) expression is
decreased in the adjacent field and normal bronchial epithelia of patients with chronic
obstructive pulmonary disease and non-small cell lung cancer. Journal of Thoracic
Oncology. 7(12):1747-54 (2012).
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¢ Kadara H, Shen L, Fujimoto J, Saintigny P, Chow CW, Lang W, Chu Z, Garcia M, Kabbout
M, Fan YH, Behrens C, Liu D, Mao L, Lee JJ, Gold KA, Wang J, Coombes K, Kim ES, Hong
WK, Wistuba II. Characterizing the molecular spatial and temporal field of injury in early
stage smoker non-small cell lung cancer patients after definitive surgery by expression
profiling. Cancer Prevention Research. 6(1):8-17 2013.

e Kadara H, Fujimoto J, Yoo SY, Maki Y, Gower AC, Kabbout M, Garcia MM, Chow CW, Chu
Z, Mendoza G, Shen L, Kalhor N, Hong WK, Moran C, Wang J, Spira A, Coombes KR,
Wistuba II. Transcriptomic architecture of the adjacent airway field cancerization in non-
small cell lung cancer. Journal of the National Cancer Institute. 106(3):dju004.
D0i:10.1093/jnci/dju004 2014.

CONCLUSIONS

During this DoD grant and program, we 1) understood how the molecular field of injury evolves
spatiotemporally following curative surgery in smoker early-stage NSCLC patients; 2)
characterized the transcriptomic architecture of the adjacent airway field cancerization in early-
stage NSCLC; 3) identified gradient profiles in the localized field cancerization that highly
embody the nearby lung tumors; 4) demonstrated that the molecular adjacent field cancerization
extends to relatively less invasive large airways and harbors markers that can detect lung
cancer in smokers that are suspect of the malignancy; 5) validated the expression of a novel
field cancerization marker, LAPTM4B, in airways and tumors in NSCLC patients; 6) revealed a
novel interplay between LAPTM4B and the NRF2 transcription in mediating the NRF2-stress
response and pathway for ensuing lung cancer cell growth and survival; 7) began to understand
genomic aberrations (mutations and copy number alterations) in the airway field of cancerization
and 8) identified field of injury/cancerization markers that are specific to NSCLC vs benign
disease, inform of NSCLC pathogenesis and can detect lung cancer when assesse din
minimally invasive sites in the lung.
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Abstract 3674: Gene expression analysis of
field of cancerization in early stage NSCLC
patients towards development of biomarkers
for personalized prevention
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Proceedings: AACR 102nd Annual Meeting 2011-- Apr 2-6, 2011; Orlando, FL
Abstract

Background: The identification of early stage non-small cell lung cancer (ES NSCLC)
patients (pts) at higher risk for recurrence or second primary tumor (SPT) development is
vital to personalizing prevention and therapy. We sought to decipher spatial and temporal
patterns of gene expression in the airway field of ever-smoker ES NSCLC pts to better
understand lung cancer pathogenesis and predict recurrence or SPT development.

Methods: Pts on the prospective Vanguard study had definitively treated ES (I/11) NSCLC,
were current/former smokers, and had bronchoscopies with brushings obtained from the
main carina (MC) at baseline, 12, and 24 months following resective surgery and from
different anatomical regions at baseline. Expression profiling is ongoing for all eligible pts
(41 pts, 326 samples). To query temporal and spatial airway expression profiles, two sets
of six pts were selected based on complete processed time point and baseline airway site
(3 different sites per pt) arrays (Affymetrix Human Gene 1.0 ST), respectively. Temporally
and spatially differentially expressed genes were independently identified based on a
p<0.01 of a univariate t-test with estimation of the false discovery rate (FDR), studied by
hierarchical clustering and principal component analysis (PCA), and functionally analyzed
using network analysis.

Results: 871 gene features were differentially expressed among MCs of six NSCLC pts at
baseline, 12 and 24 months and were shown to separately group the MCs as evident in
both cluster and PC analyses. Moreover, pathways analysis of the temporally modulated
genes showed that a gene-network mediated by extracellular regulated kinase (ERK1/2)
was most significantly elevated (p<0.001) in function between MCs at 24 months versus
baseline. 763 and 931 gene features were differentially expressed between MCs and
adjacent-to-resected tumors (ADJ) airways and between MC, ADJ and non-adjacent
(distant-to-resected tumor) (NON-ADJ) airways, respectively. Moreover, pathways analysis
of the spatially modulated genes revealed that gene-networks mediated by nuclear factor-
kB (NF-kB) and ERK1/2-mediated were most significantly elevated (p<0.001) in function in
ADJ airway samples versus MCs. Furthermore, PCA revealed that while ADJ airway
samples grouped separately and closely together, one MC and 3 NON-ADJ airway samples
resided closely with ADJ samples, which were then found to originate from 3 pts with
evidence of recurrence, SPT or suspicion of recurrence.

Conclusions: Our findings highlight expression signatures and pathways (ERK1/2 and NF-
kB) in a “cancerization field” that may drive lung cancer pathogenesis and be associated
with recurrence or SPT development in ES NSCLC pts and thus useful for derivation of
biomarkers to guide personalized prevention strategies. Supported by DoD grants
W81XWH-04-1-0142 and W81XWH-10-1-1007.
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Abstract 1721: Gene expression profiling of
lung tumors and matched normal airways
reveals common and disparate aberrant
pathways in squamous cell carcinoma and
adenocarcinoma development and potential
markers for detection and targets for
chemoprevention in early stage lung cancer
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Mohamed Kabbout1, Annette L. Basey1, Jing Wang1, Kevin R. Coombes1,
Edward S. Kim1, Waun Ki Hong1, Neda Kalhor1, Cesar Moran1, and

Ignacio . Wistuba1
[=] Author Affiliations

1UT M.D. Anderson Cancer Center, Houston, TX
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Abstract

Detection and chemoprevention of non-small cell lung cancer (NSCLC) have been
unsuccessful in part due to our limited knowledge of the pathogenesis of the disease. It
has been suggested that normal airway epithelia share molecular abnormalities with
tumors and may serve as progenitors for lung malignancies. We sought to analyze
molecular profiles of lung adenocarcinomas and squamous cell carcinomas (SCCs), two
major subtypes of NSCLC, and matched normal airways to elucidate aberrant expression
patterns in early phases of lung tumorigenesis. All specimens were obtained from primary
early stage NSCLC consented patients who did not receive neoadjuvant therapy (n=20).
We profiled RNA isolated from tumors and normal lung as well as from brushings of
multiple matched airways that were histologically confirmed to lack neoplastic or
preneoplastic cells (n=194). Expression signatures signifying genes significantly and
concurrently differentially expressed between both tumors and airways compared to normal
lung tissue (tumor-airway-normal/TAN signatures) were then derived independently for
SCC and smoker adenocarcinoma cases and were comprised of 1,803 and 1,938 genes,
respectively. The TAN signatures effectively clustered tumor and airways from normal lung
samples (p<0.001). Further analysis showed that a subset of the genes separated SCC-
and adenocarcinoma-adjacent airways. Moreover, pathways and gene-network analysis
using Ingenuity pathways software highlighted similarities and differences in pathway
modulation between airway epithelial fields of SCCs and adenocarcinomas. Embryonic
stem cell and eicosanoid signaling pathways were most significantly modulated among
those common to both TAN signatures (p<0.001). Retinoic acid receptor and stem cell
signaling pathways mediated by NANOG and lineage oncogene SOX2 were most
significantly modulated in the SCC TAN signature, whereas NF-kB and PTEN signaling
pathways were most prevalent in the adenocarcinoma TAN airway signature (all p<0.001).
Gene networks mediated by lineage oncogene NKX2-1/TITF-1 down-regulation and TP63
up-regulation, and networks mediated by increased expression of the MET and ERBB2
oncogenes were predominantly functionally modulated in the SCC and adenocarcinoma
TAN signatures, respectively. Quantitative PCR analysis confirmed up-regulation of MET in
adenocarcinomas and normal airways compared to normal lung. These findings highlight
expression patterns and pathways that are deregulated differentially in the pathogenesis of
lung adenocarcinomas and SCCs and thus offer detection markers as well as therapeutic
targets to guide personalized chemoprevention in early stage NSCLC patients. Supported
by DoD grant W81XWH-10-1-1007.
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Abstract 2367: Transcriptomic architecture of
the airway field cancerization in early-stage
non-small cell lung cancer.
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Abstract

Earlier work has identified in lung cancer a field cancerization (FC) phenomenon in which
tumors and adjacent normal appearing tissues share specific molecular abnormalities (e.g.,
loss of heterozygosity) that may be highly pertinent to cancer pathogenesis. We sought to
characterize the global molecular airway FC adjacent to early-stage non-small cell lung
cancer (NSCLC) in an attempt to unravel profiles that may help to explain the development
of the disease. We performed whole-transcript expression profiling of a set of resected
early-stage NSCLC specimens (n=20 patients) with matched histologically normal airways
of varying distance from the tumor and paired uninvolved normal lung tissue (n=194
samples). Using linear mixed-effects models, we derived FC profiles signifying genes
concordantly differentially expressed between tumors and airways compared to normal lung
tissues. Gene set enrichment analysis demonstrated that a subset of the genes (n=299)
was significantly and congruently modulated between large airways of smokers with and
without lung cancer. We then questioned whether the airway FC exhibits site from tumor-
dependent expression patterns.

Ordinal regression analysis identified airway profiles (n=422 genes) that were significantly
progressively expressed by distance from tumors and topologically organized into canonical
cancer-associated pathways, such as eukaryotic initiation factor, p70S6K kinase, polo-like
kinase and mammalian target of rapamycin signaling (all p<0.001). In addition, the site-
dependent airway profiles recapitulated NSCLC expression patterns and were concordantly
modulated between tumors and uninvolved normal lung tissues pinpointing their probable
roles in lung cancer pathogenesis. Quantitative real-time PCR (QRTPCR) analysis
confirmed the differential expression of FC markers selected by both pathways analysis
and statistical criteria. Notably, lysosome associated protein transmembrane 4 beta
(LAPTM4B), a putative oncogene with no known role in lung carcinogenesis, was among
the top 5 site-dependent FC markers and was significantly elevated in NSCLC and
immortalized bronchial epithelial cell lines compared to normal cells. Furthermore, transient
or stable knockdown of LAPTM4B by RNA interference decreased

NSCLC cell growth as well as anchorage-dependent and -independent colony formation. In
conclusion, our efforts in understanding the adjacent molecular

FC in NSCLC unraveled airway profiles that 1) are, in part, relevant to lung cancer
detection; 2) are modulated by distance from corresponding tumors; 3) recapitulate NSCLC
expression patterns and 4) harbor markers engaged in mediating the lung malignant
phenotype. Profiling the adjacent airway FC in conjunction with tumors, may provide
additional insights into the molecular pathology of NSCLC. Funded in part by Department
of Defense award W81XWH-10-1-1007.
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Abstract

Increasing our understanding of early events in the pathogenesis of lung cancer is crucial
for identification of new targets for prevention and treatment of this malignancy. Earlier
work has shown that seemingly normal cells adjacent to the tumor carry specific molecular
alterations that are characteristic of the tumor itself suggestive of a field of cancerization.
By sampling and studying normal-appearing tissue, the molecular field of cancerization
provides biological insights into early phases in cancer development. In this study, we
sought to characterize molecular field effects in the normal-appearing airway that are most
representative of the nearby lung tumor, and thus, are most likely to denote early events in
lung carcinogenesis. To achieve this, we performed genome-wide expression profiling of
resected field cancerization specimens (n=20 patients) comprised of matched early-stage
non-small cell lung cancers (NSCLCs), cytologically normal airways with varying spatial
distance from the tumors and distant (relative to location of tumors) normal lung tissues
(n=194 samples). Using ordinal logistic regression, we identified 422 genes that were
progressively modulated in expression in normal-appearing airways by spatial distance from
tumors. Notably, when examined in paired NSCLC and normal lung tissues, these genes
were found to recapitulate tumor expression profiles. We then sought to examine the role
of lysosomal protein transmembrane 4 beta (LAPTM4B), a putative oncogene that was
found to be up-regulated in airways by shorter spatial distance from tumors, in lung
oncogenesis. LAPTM4B was significantly elevated in NSCLC tissues compared to paired
distant normal lung and was predictive of poor survival in lung adenocarcinoma. Moreover,
LAPTM4B promoted anchorage-dependent and -independent lung cancer cell growth and
was crucial for cellular survival and the autophagy response under nutrient- and serum-
deprived conditions. In addition, pathways analysis of a LAPTM4B-dependent gene
expression profile revealed decreased activation of the canonical nuclear factor erythroid 2-
like 2 (NRF2)-mediated pathway following LAPTM4B knockdown. Further, we found that
LAPTM4B augmented the expression and nuclear translocation of the NRF2 transcription
factor following serum deprivation pointing to the probable role of the novel
LAPTM4B/NRF2 signaling axis in promoting lung cancer cell survival. All in all, our study
points to molecular field of cancerization profiles in the normal-appearing airway that highly
signify the nearby lung tumor and comprise early mechanisms (e.g. LAPTM4B) in lung
carcinogenesis.
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Abstract

Lung cancer mortality is the leading cause of cancer death in the United States in part
because diagnosis occurs after regional or distant metastasis of the disease. ldentifying
effective early detection biomarkers is crucial for improving lung cancer clinical
management. Moreover, molecular biomarkers for early disease detection may provide
insight into the molecular pathways associated with disease development and progression.
Our lab has shown that smoking-induced gene expression alterations are mirrored in the
epithelia of the mainstem bronchus, buccal and nasal cavity. We have additionally
demonstrated that gene-expression profiles in cytologically normal mainstem bronchial
epithelium can serve as an early diagnostic biomarker for lung cancer. Here we expand on
our previous work by spatially mapping the molecular field of injury throughout the entire
respiratory tract in smokers with lung cancer. Using Affymetrix Gene ST 2.0 arrays, we
profiled genome-wide gene-expression in 1) lung lesions and adjacent normal lung
obtained from smokers undergoing surgical resection, 2) epithelial brushings obtained at
intraoperative bronchoscopy from the nasal epithelium, main carina and ipsilateral and
contralateral proximal and distal bronchi (relative to the location of the resected lung
lesion), and 3) epithelial brushings obtained at lobectomy from sub-segmental bronchus
(adjacent to tumor). Linear modeling approaches comparing the airways and tumors of
patients with cancer to those with benign lung disease were used to explore relationships in
cancer-specific gene-expression alterations across sites within the respiratory tract. We
found that genes upregulated in the small airways leading to the tumor were enriched in
genes upregulated in the mainstem bronchus and main carina of smokers with lung cancer.
In addition, genes upregulated in the bronchus and main carina of smokers with lung
cancer showed enrichment among cancer associated genes elevated in the nose.
Furthermore, a linear mixed effects model uncovered genes and pathways which change in
expression in a gradient-like manner as distance from the tumor increases. Our findings
suggest that the molecular field of injury encompasses airway-wide alterations throughout
the entire respiratory tract of smokers with lung cancer as well as gradient profiles that
change with respect to proximity of the nearby tumor. These molecular alterations may
ultimately serve as early detection biomarkers for lung cancer and provide new insights into
early stages of lung carcinogenesis.
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ABSTRACT

Lung cancer, of which non-small-cell lung cancer com-
prises the majority, is the leading cause of cancer-
related deaths in the United States and worldwide.
Lung adenocarcinomas are a major subtype of non-
small-cell lung cancers, are increasing in incidence glo-
bally in both males and females and in smokers and
non-smokers, and are the cause for almost 50% of
deaths attributable to lung cancer. Lung adenocarci-
noma is a tumour with complex biology that we have
recently started to understand with the advent of
various histological, transcriptomic, genomic and pro-
teomic technologies. However, the histological and
molecular pathogenesis of this malignancy is still
largely unknown. This review will describe advances in
the molecular pathology of lung adenocarcinoma with
emphasis on genomics and DNA alterations of this
disease. Moreover, the review will discuss recognized
lung adenocarcinoma preneoplastic lesions and
current concepts of the early pathogenesis and pro-
gression of the disease. We will also portray the field
cancerization phenomenon and lineage-specific onco-
gene expression pattern in lung cancer and how both
remerging concepts can be exploited to increase our
understanding of lung adenocarcinoma pathogenesis

The Authors: Humam Kadara, PhD, is an instructor in the
Department of Thoracic/Head and Neck Medical Oncology, Divi-
sion of Cancer Medicine, The University of Texas MD Anderson
Cancer Center. His research interests focus on lung cancer
genomics, pathogenesis and prevention. Mohamed Kabbout,
PhD, is a postdoctoral fellow in the same department researching
on mutant Kirsten rat sarcoma oncogene-mediated lung cancer
pathogenesis. Ignacio |. Wistuba, MD, is a Jeri and Lori Eisenberg
Professor of Pathology in the Departments of Thoracic/Head and
Neck Medical Oncology and Pathology and director of the Tho-
racic Molecular Pathology Laboratory at the University of Texas
MD Anderson Cancer Center. His research interests focus on
understanding the molecular pathology of lung cancer to guide
or develop therapeutic and prevention strategies.

Correspondence: Humam Kadara, Department of Thoracic/
Head and Neck Medical Oncology, The University of Texas MD
Anderson Cancer Center, Houston, TX, USA, Email: hkadara@
mdanderson.org

Received 10 October 2011; accepted: 11 October 2011.

© 2011 The Authors
Respirology © 2011 Asian Pacific Society of Respirology

for subsequent development of biomarkers for early
detection of adenocarcinomas and possibly personal-
ized prevention.

Key words: airway epithelium, field cancerization,
genetics, lung cancer, molecular biology.

INTRODUCTION

Lung cancer is the leading cause of cancer deaths in
the United States and worldwide in both developing
and developed regions.! The high mortality of this
disease is in part due to the late diagnosis of the
majority of lung cancers after regional or distant
spread of the malignancy® and when only palliative
treatment options are available.® Given that various
epithelial tumours develop in a multi-stage stepwise
fashion, it is plausible to assume that early diagnosis
of lung cancer or intraepithelial lesions coupled with
effective prevention strategies will improve survival of
patients and reduce the significant health burden and
mortality associated with this disease.? Despite recent
encouraging findings from the National Lung Screen-
ing Trial (NLST),* early detection of lung cancer is
challenging due to the lack of biomarkers for early
diagnosis of the disease and to the presence of mul-
tiple neoplastic molecular pathways that mediate
lung carcinogenesis. A better understanding of the
molecular origins of lung cancer is expected to pave
the way for unmet effective and personalized strate-
gies for lung cancer prevention and treatment.

The two major forms of lung cancer are non-small-
cell lung cancer (NSCLC), which accounts for
approximately 85% of all diagnosed lung cancers, and
small-cell lung cancer (SCLC), which constitute about
15% of lung neoplasms.* NSCLC is comprised of three
major histological subtypes, squamous-cell carcino-
mas (SCC), lung adenocarcinomas and large-cell lung
carcinomas.*® Several major differences exist between
adenocarcinomas and SCC, the two major subtypes of
NSCLC. Compared with SCC and SCLC that arise from
the major bronchi and are centrally located, pulmo-
nary adenocarcinomas arise from small bronchi,
bronchioles or alveolar epithelial cells, and are typi-
cally peripherally located as reviewed elsewhere.?*”

Respirology (2012) 17, 50-65
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Clinically, SCC and lung adenocarcinoma respond
differently to chemotherapeutic agents, exemplified
by the use of pemetrexed for treatment of the latter
subtype and not for SCC.** Moreover, although
smoking is the major causative factor in lung cancer
pathogenesis, significant differences in smoking pat-
terns are observed between the two major NSCLC
histological subtypes. Whereas SCC pathogenesis is
strongly linked to smoking, lung adenocarcinoma is
the more common histological subtype in never-
smoker patients.'>"* Accumulating evidence suggests
that lung adenocarcinoma arising in never-smokers is
a disease with different pathological and epidemio-
logical features compared with adenocarcinomas
causally linked to cigarette smoking.”® Specifically,
never-smoker lung adenocarcinoma is more com-
monly diagnosed in females compared with males™
and is more frequently found in eastern and southern
parts of the Asian continent,' and displays better
prognosis and survival compared with ever-smoker
patients.>'*"* At the molecular level, and to date, two
major pathways are thought to mediate lung adeno-
carcinoma development: an epidermal growth
factor receptor (EGFR)-dependent pathway in
never-smokers and a Kirsten rat sarcoma oncogene
(KRAS)-dependent signalling module in smokers'®*
(discussed further later). Further understanding of
lung adenocarcinoma pathogenesis would be needed
to unravel other pathways that play important roles
in development of this major subtype of lung cancer.

Lung adenocarcinomas have a wide spectrum of
clinical, molecular and histological features.** The
2004 World Health Organization (WHO) classification
of lung tumours included four growth patterns for its
adenocarcinoma classification: bronchioloalveolar
(BAGC; also known as lepidic), acinar, papillary and
solid* Most invasive lung adenocarcinomas are
heterogeneous in nature and include more than one
of these histological patterns.**® The existing lung
adenocarcinoma histological heterogeneity and the
varying clinicopathological features (e.g. patient
outcome) of the aforementioned histological patterns
highlight the importance of incorporating histologi-
cal pattern information into clinical management of
this complex disease. More recently, the European
Respiratory Society (ERS), the International Associa-
tion for the Study of Lung Cancer (IASLC) and the
American Thoracic Society (ATS) sponsored a new
classification of lung adenocarcinoma.?® The new
classification study presented several modifications
to the WHO 2004 criteria for diagnosis of resected
adenocarcinoma specimens. Mainly, the consortium
study suggested that the term BAC should be discon-
tinued.” Instead, it is agreed that adenocarcinoma in
situ (AIS) and minimally invasive adenocarcinoma
(MIA) are to be used for small adenocarcinomas with
either pure lepidic growth or predominant lepidic
growth with less than 5 mm invasion, respectively.?®
Moreover, the new classification dropped the use
of mixed subtype, and instead, adenocarcinomas
are classified according to their predominant
subtype.?®

This review will describe advances in the molecular
pathology of lung adenocarcinoma with emphasis
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on genomics and DNA alterations of this disease.
Moreover, the review will describe recognized lung
adenocarcinoma preneoplastic lesions and current
concepts of the early pathogenesis and progression of
the disease. We will also portray the field canceriza-
tion phenomenon and lineage-specific oncogene
expression pattern in lung cancer and how both
remerging concepts can be exploited to increase our
understanding of lung adenocarcinoma pathogenesis
for subsequent development of biomarkers for early
detection of adenocarcinomas and possibly personal-
ized prevention.

REVIEW
Molecular pathology of lung adenocarcinoma

Lung adenocarcinomas exhibit unique genomic aber-
rations compared with lung SCC, indicating that the
molecular pathology of both NSCLC subtypes encom-
passes different molecular pathways of development
and progression.” Earlier studies have shown that
lung SCC exhibit higher frequencies of deletions at
chromosomal regions 17p13 (TP53), 13q14 (RB), 9p21
(CDKN24), 8p21-23 and 3p compared with lung
adenocarcinomas.”* Moreover, many of the afore-
mentioned molecular abnormalities (e.g. allelic losses
at9p21 and 13g24) occur in the sequential multi-step
progression of SCC but not of adenocarcinomas.®*” In
contrast, mutations in the KRAS, EGFR and HER2/
NEU oncogenes occur almost exclusively in adeno-
carcinomas.>?*223031 Amplification of the embryonic
stem cell (ESC) factor sex determining Y-box 2 (SOX2)
is exclusive to SCC,*** and increased gene dosage
and protein expression of thyroid transcriptional
factor-1/NK2 homeobox 1 (TITF-1/NKX2-1) is preva-
lent in lung adenocarcinoma, indicating that both
transcriptional factors most likely function as lineage-
specific genes in lung cancer.®% This section will
highlight molecular abnormalities, with special
emphasis on genomics and DNA alterations, of lung
adenocarcinoma that render this malignancy a
unique entity.

Lung adenocarcinoma genomics

KRAS, a low molecular weight guanosine triphos-
phatase (GTPase) and the major upstream activator of
the RAF-MEK-ERK pathway, is considered to be the
most frequently mutated oncogene in lung adenocar-
cinomas.'*?"*” As mentioned before, mutations in this
oncogene are more common in adenocarcinomas
arising in ever-smoker (former and current) lung
cancer patients,'¥16171920222330 Mgt KRAS mutations
involve replacing glycine 12 with other amino acids
such as valine (G12V), aspartic acid (G12D) and
glutamic acid (G12D), and replacing glycine 13, and
are activating rendering the gene with reduced
GTPase activity with subsequent potent activation of
mitogenic and proliferative signalling through the
RAF-MEK-ERK cascade.'®* Thus, it is plausible to
assume that therapeutic strategies targeting KRAS
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would be very beneficial in adenocarcinomas with
activating mutations in this oncogene. However, there
are currently no available treatment options for
KRAS-mutant lung adenocarcinomas compared with
tumours with mutations in other oncogenes,” as
strategies targeting KRAS farnesylation, MEK activa-
tion and BRAF have either failed or yielded no
responses.*™

In contrast to KRAS, mutations in EGFR are strongly
linked to lung adenocarcinomas arising in never-
smokers and are suggested to molecularly drive the
disease in this patient subpopulation.'3!4171822233037 ¢
is important to note that EGFR mutations are more
common in East Asian patients and in female gen-
der.?** Small in-frame deletions in exon 19 and mis-
sense mutations in exon 21 (L858R and L861Q) are the
most common mutations detected in EGFR* and
were shown by several ground-breaking studies to
underlie sensitivity of lung adenocarcinoma patients
to EGFR-targeting small tyrosine-kinase inhibitors
(e.g. erlotinib and gefitinib).'®*** These studies
were the first to prove the feasibility of personalized
medicine approaches for the management of lung
adenocarcinoma and represent the landmark for
the application of genomic medicine in this disease.

The discovery of fusions involving anaplastic large-
cell lymphoma kinase (ALK) with the upstream
partner echinoderm microtubule associated protein 4
(EML4) by Soda et al.*” further opened new venues for
genomic-driven personalized treatment strategies
for lung adenocarcinoma.*® Both EML4 and ALK are
located in chromosome 2p, and fusion of both
involves small inversions within this region.*” EML4-
ALK fusion results in constitutive activation of the
ALK kinase rendering cells and adenocarcinoma
tumours expressing this oncogenic fusion protein
sensitive to ALK inhibitors.* Like EGFR mutations,
EMIL4-ALK fusion genes are prevalent in lung adeno-
carcinomas, younger patients and, in particular, in
lifetime never-smoker patients or light smokers.***
Importantly, EML4-ALK fusion genes are mutually
exclusive from EGFR and KRAS mutations, indicating
that such molecular defects function as drivers of
pathogenesis, which is clinically important, as it
increases potential of personalized treatment options
that target driver oncogenes in this malignancy.*

Other mutually exclusive and, thus, potential onco-
genic drivers have been identified in lung adeno-
carcinomas. Mutations in HER2/NEU were found by
Stephens et al. to occur in lung adenocarcinomas.*
Compared with mutations of EGFR oncogene, HER2/
NEU mutations are less frequent® and have not been
successfully exploited in the clinic for lung adenocar-
cinoma treatment.”® Similar to HER2/NEU, mutations
in BRAF also occur atlow frequency in lung adenocar-
cinoma and are exclusive from EGFR and KRAS muta-
tions, as well as from EML-ALK fusions.”® There are
yet no successful target-specific treatment strategies
for lung adenocarcinoma with BRAF mutations. It is
important to note that mutations in HER2/NEU and
BRAF have not been found in lung SCC.*

The TP53 tumour suppressor is the most frequently
mutated gene in lung adenocarcinoma (65-70%).
Various abnormalities in TP53 were identified in lung
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adenocarcinoma almost two decades ago®** and
more recently in the tumour-sequencing project®” and
occur in similar pathways to those mediated by the
oncogenic driver mutations mentioned earlier.?%**’
Mutations in the CDKN2A tumour suppressor have
also been described in lung adenocarcinoma.>*
However, methylation®® or focal DNA deletion®**
rather than mutation of this tumour suppressor
seems to be more frequent and occurs earlier in lung
cancer pathogenesis.” With the advent of various
technologies including single nucleotide polymor-
phism (SNP) arrays, mass spectrometry mutational
analysis and more recently second-generation
sequencing, and the undertaking of large-scale
studies such as the tumour-sequencing project,* our
knowledge of the mutational spectrum of lung adeno-
carcinoma has substantially increased. New mutated
oncogenes and tumour suppressor genes have been
identified in lung adenocarcinoma and along with
previously characterized mutated genes are outlined
in Table1 and have been reviewed in detail else-
where.®"! It is important to note that many, if not

Table 1 Mutations in lung adenocarcinoma

— Mutation rate (%)

Oncogenes
KRAS 15-30
EGFR 5-40
ALK (fusion) 5-15
MET 14
KDR 5
EPHA3 5
MAP2K1 5
HER2/ERBB2 2-4
FGFR4
PDGFRA
NTRK1
NTRK3
EPHA5
ERBB4
LTK
PAK3
ERBB3
FGFR1
FGFR2
NRAS
PIK3CA
BRAF
AKT1

Tumour-suppressor genes
TP53 50-70
STK1 20-30
LRP1B 9
NF1
ATM
APC
PTPRD
CDKN2A
RB1
PTEN
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most, of these mutations are not mutually exclusive
of other driver mutations and events such as EGFR
mutations and EML4-ALK fusions. For example,
PIK3CA mutations were always found together with
EGFR mutations in never-smoker lung adenocarcino-
mas.” It is also worthwhile to mention that some of
the outlined mutations have been detected in both
lung adenocarcinomas and SCC (e.g. PIK3CA and
MET) or only in the former subtype of NSCLC (e.g.
MEK]1, HER2/NEU and BRAF).* It is unknown for most
of mutations occurring in lung adenocarcinomas and
recently identified by exon-directing sequencing in
the tumour-sequencing project, whether they also
occur in lung SCC. The discovery of new oncogene
and tumour suppressor mutations in lung adenocar-
cinoma occurring in mutually exclusive and inclusive
cell signalling pathways expands the range of possible
target-specific and even combinatorial personalized
therapeutic strategies for this disease.

Copy-number alterations

Gene dosage variations occur in many pathological
conditions. For example, in cancer, deletions and
copy-number increases modulate the expression of
tumour-suppressor genes and oncogenes, therefore
contributing to tumourigenesis. Characterization of
these DNA copy-number changes is vital for both the
basic understanding of cancer and its diagnosis.
Copy-number alterations are routinely assessed in
laboratories by fluorescent in situ hybridization
(FISH) techniques as well as genomic polymerase
chain reaction (PCR), including quantitative PCR
approaches. However, these approaches are labour-
intensive and would hamper the discovery and com-
plete understanding of the genome of tumours in
large-scale studies. High-throughput and genome-
wide analysis of DNA copy-number alterations was
made possible by comparative genomic hybridization
(CGH) approaches, which utilize differentially
labelled test and reference genomic DNA that are
co-hybridized to normal metaphase chromosomes.*®
CGH, however, exhibits limited mapping resolution
even when compared with lower throughput higher
resolution techniques, such as FISH.* Subsequently,
high-resolution genome-wide analysis was success-
fully performed using cDNA microarray-based CGH
and SNP arrays coupled with statistical methods to
assess both the amplitude and the frequency of copy-
number changes at each position in the genome.*
Genome-wide alterations in human lung adenocar-
cinoma tumours stemming from several major
studies have assuredly increased our understanding
of the molecular pathogenesis of this major malig-
nancy.**%5! Earlier chromosomal CGH studies have
revealed in NSCLC recurrent gains at 1q31, 3q25-27,
5p13-14 and 8q23-24, and deletions at 3p21, 8p22,
9p21-22, 13q22 and 17p12-13.%% Moreover, these
early studies already highlighted genomic differences
and similarities between lung adenocarcinomas and
SCC; most prominent of which were gains in 3q
mainly by lung SCC.%® For example, Petersen et al.
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found genomic aberrations that characterize lung
adenocarcinomas from SCC, namely gain of 1q23,
and the deletion at 9q22 were significantly associated
with adenocarcinomas, whereas the loss of chromo-
somal band 2q36-37 and gain of 3q were strongly
associated with SCC.% Bjorkqvist et al. demonstrated
that 94% (15/16) of lung SCC analysed had a gain in
3q, whereas only 24% (4/17) of the adenocarcinoma
samples exhibited a gain in 3q, and high-level ampli-
fications in 3q were only detected in SCC.*®® In addi-
tion, Luk ef al. demonstrated that gains at 1q22-32.2,
15q, 20q and losses at 6q, 13q and 18q were more
prevalent in lung adenocarcinomas, whereas SCC,
as shown in earlier studies, exhibited gains/amplifi-
cations at 3q.** Moreover, Pei etal. showed that
besides prevalent gain of 3q in lung SCC, gain of
20p13 and loss of 4q also were significantly higher in
SCC, whereas gain of 6p was more common in adeno-
carcinomas.® Massion et al. utilized higher resolution
analysis by array CGH to study copy-number alter-
ations of known loci and found that the most distinct
genomic aberration between both NSCLC subtypes
was gain of 3q22-26 and loss of 3p by lung SCC.*
Moreover, and in the same study, PIK3CA oncogene
was found to be a member of the chromosome-3q
amplicon with higher copy number and expression in
SCC but not in adenocarcinomas.®’

More recent studies utilized more advanced tech-
nologies to query the genome of lung adenocarci-
noma and associate specific gene modulations with
chromosomal and loci gain or losses. In the study
by Tonon et al., high-resolution cDNA microarray-
based CGH was utilized to study the genomic
profiles of 18 lung adenocarcinomas and 26 SCC, as
well as 14 NSCLC cell lines.*® The study identified
93 focal copy-number alterations that mainly
comprised previously uncharacterized recurrent
high-amplitude amplifications and homozygous
deletions.” Besides confirming previous findings by
chromosomal CGH and highlighting known gains
(e.g. 1g31 and 3q25-27) and known deletions (e.g.
3p, 8p22 and 13q22), the study by Tonon et al. was
able to map specific genes to focal copy-number
alterations including CDKN2A and RBI tumour-
suppressor genes and EGFR, and KRAS oncogenes.%
However, when comparing both adenocarcinomas
and lung SCC, the study found that the only notable
genomic difference between both NSCLC histologi-
cal subtypes was the well-characterized gain of
3g26-29 in SCC that included TP63, well known for
its role in squamous differentiation, and concluded
that similar oncogene and tumour-suppressor gene
aberrations drive lung adenocarcinoma and SCC
pathogenesis.® The study by Tonon etal. was a
major step in understanding the genomic profiles of
NSCLC tumours despite the small number of lung
adenocarcinomas and SCC analysed.

Later on, Weir ef al. studied the genomic profiles of
a large collection of primary lung adenocarcinomas
(n=371) by high-density SNP arrays using 238 000
probe sets.* The report by Weir ef al. was a milestone
in understanding the lung adenocarcinoma genome,
as it unravelled previously uncharacterized amplified
genes and loci that otherwise may have not been
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identified using a small number of primary tumours.
The study identified 39 large-scale chromosomal arm
gain or loss, 26 of which were significantly recurrent
across many lung adenocarcinomas. Importantly, the
large-scale study by Weir et al. identified 31 recurrent
focal events that included 24 amplifications and
7 homozygous deletions. Using dense SNP arrays
coupled with statistical methods (genomic identifica-
tion of significant targets in cancer), the group was
able to associate specific genes to the focal events and
rank significance of events based on both the ampli-
tude and frequency of copy-number change,* similar
to what was performed by Tonon et al.% to identify
minimal common regions of copy-number alter-
ations. The most significant focal regions of amplifi-
cation included known oncogenes such as MDM?2
(12q15), MYC (8q24), EGFR (7pl1), CDK4 (12ql4),
KRAS (12p12), CCNE1 (19ql2), ERBB2 (17ql2),
CCND1 (11q13) and TERT (5p15).* It is important
to note that three of these oncogenes, EGFR, KRAS
and ERBB2, are mutated in lung adenocarcinoma,
as discussed before, suggesting that amplification
and mutation of these oncogenes may cooperate sys-
tematically in lung adenocarcinoma pathogenesis.
The most significant focal regions of deletions also
included known tumour-suppressor genes such as
CDKNZ2A (9p21) and PTEN (10g23).% Although 5p was
previously shown to be gained in lung adenocarcino-
mas, the identity of genes involved in this gain was
unknown prior to the study by Weir et al. The appli-
cation of more advanced technologies to characterize
the genomic profile of lung adenocarcinomas
enabled the group to highlight previously unknown
associations between canonical cancer-associated
genes and known loci copy-number alterations, as
well as to identify potentially new oncogenes. For
example, 10 genes, including TERT, were found in the
study to be included in the 5p15 region.* Further-
more, the study highlighted previously uncharacter-
ized amplification of TITF-1/NKX2-1 (14q13.3) in lung
adenocarcinomas and demonstrated the oncogenic
role of this lineage-specific transcriptional factor
in lung cancer cells evidenced by the effect of RNA
interference-mediated knockdown of its expression
on anchorage-independent growth of lung adenocar-
cinoma cell lines with amplification of this gene.* The
amplification/copy-number gain of TITF-1 in lung
adenocarcinoma was later confirmed in different
studies including that by Kwei etal. using array
CGH.** However, it is important to mention that
although TITF-1 amplification is generally pre-
valent in lung adenocarcinoma and is thought
to function as a lineage-specific oncogene in this
subtype of NSCLC, it has also shown by FISH analysis
in lung SCC, which will be discussed later in this
review.

As mentioned before, numerous earlier studies
have demonstrated that gain of 3q is a genomic
feature of lung SCC. Similar to the aforementioned
study by Weir efal.,, Bass and colleagues utilized
high-density Affymetrix SNP arrays to analyse 40
oesophageal and 47 lung SCC, which confirmed that
gain of 3q26 was the main focal amplification event
in lung and oesophageal SCC.** Importantly, the
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same study revealed the presence of the ESC factor
in this region, which was later on confirmed to be
amplified in SCC and not in lung adenocarcinomas,
and promoted the survival of cell lines of the former
NSCLC subtype harbouring amplification of this
transcriptional factor and further suggesting that
lung adenocarcinomas are genetically different from
SCC.

More recently, high-resolution array CGH was per-
formed on never-smoker lung adenocarcinomas
(n = 60) with known mutation status of EGFR.®® This
study identified 14 new minimal common regions of
gain or loss and confirmed previously known copy-
number alterations such as those involving TERT
(5p), TITF-1 (14ql13), EGFR (7p) and CDKN2B (9p).
Notably, the study revealed new genomic aberra-
tions, namely the 16p11.2 region harbouring the FUS
oncogene that functions in transcriptional splicing
and DNA repair.® Gain of 16pl11.2 was evident in
greater than 20% of the never-smoker lung adeno-
carcinomas analysed and mRNA levels of FUS corre-
lated with copy gain of 16p, as they were higher in
tumours with gain of this region compared with
tumours that did not exhibit 16p copy gain. Impor-
tantly, the study by Job et al. revealed genomic copy-
number alterations that were highly associated with
presence of EGFR mutation, an oncogenic driver of
never-smoker lung adenocarcinoma pathogenesis.®
Gains of 7p were significantly associated with
presence of EGFR mutations and included EGFR
gene, suggesting, as mentioned before, that copy-
number alternations and mutations cooperate at
the genomic level in lung adenocarcinoma patho-
genesis. However, it cannot be ignored that EGFR
copy gain or amplification may favour the detection
of EGFR mutations in a heterogeneous tumour due
to the mutant allele-specific imbalance phenom-
enon.” In a more recent study by Yuan et al. and also
using array CGH technology, gains in 7p, including
the EGFR gene, were common in EGFR mutant
lung adenocarcinomas and predicted overall and
recurrence-free survival in this disease population.”
More importantly, in contrast to EGFR mutations,
presence of genes (including EGFR) within the 7p
gain predicted poorer response to tyrosine kinase
inhibitors targeting EGFR.”

Gene expression profiling

Numerous studies have utilized microarray technol-
ogy to analyse the global transcriptome of NSCLC for
diagnosis (discussed later), molecular classification,
response to therapy and prognosis. For the purpose
of this review, we will discuss several key studies that
investigated expression profiles of lung adenocarci-
nomas to further understand the molecular biology
of this prevalent lung malignancy. Bhattacharjee
and colleagues utilized arrays to study adenocarcino-
mas of lung origin (n =127), SCC (n = 21), carcinoids
(n =20), SCLC (n=6) and 17 normal samples.”" The
study found that differential expression profiles seg-
regated the samples into different clusters based on
histology, evidenced by the two-dimensional cluster
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analysis. Genes associated with squamous differen-
tiation such as keratin and TP63 were overexpressed
in SCC, and neuroendocrine markers were enriched
in the SCLC cluster. Importantly, the study by Bhat-
tacharjee et al. also analysed the adenocarcinomas
alone by hierarchical clustering and demonstrated
that the adenocarcinomas were heterogeneous in
molecular make-up, being separated into various
clusters with distinct clinical outcomes.” Similarly,
Garber etal. utilized cDNA microarrays to study
expression profiles of 41 adenocarcinomas, 16 SCC, 5
large-cell carcinomas and 5 SCLC, as well as 5 normal
lung samples.” Again, lung adenocarcinomas were
most heterogeneous and were divided into different
clusters that were associated with clinicopathological
variables such as tumour grade.” Later, Hayes et al.
found that adenocarcinoma subtypes identified by
the Bhattacharjee and Garber studies were reproduc-
ible in additional microarray datasets.” Several other
studies have also demonstrated, using microarray
expression profiling technology, the heterogeneity of
lung adenocarcinomas and their distinction from
other lung cancer subtypes. As reviewed by Yatabe,
global gene expression profiling was able to subdi-
vide lung adenocarcinomas into various clusters that
correlated with EGFR mutation status, prognosis,
expression of lung peripheral airway markers such as
surfactant proteins (SP) and CC10, as well as enrich-
ment of the BAC subtype.*

Lung adenocarcinoma preneoplasia

From biological and histopathological perspectives,
NSCLC is a complex malignancy that develops
through multiple preneoplastic pathways. Lung
adenocarcinoma, a major subtype of NSCLC, has
been increasing in incidence globally in both
smokers and non-smokers® with a concurrent
decrease in SCC frequency. It has been postulated
that the increasing incidence of lung adenocarcino-
mas compared with SCC is in part due to the change
in the type of cigarettes used (lower nicotine and tar)
and smoking habits and behaviour."! Anatomical dif-
ferences in the location of diagnosed lung adenocar-
cinomas and SCC strongly suggest that both NSCLC
subtypes develop through different histopathological
and molecular pathways and have different cells of
origin; however, the specific respiratory epithelial
cell type from which each lung cancer type develops
has not been established with certainty.® Lung SCC
is typically centrally located in the lung and is
thought to arise from the major bronchi. In contrast,
lung adenocarcinomas that are usually peripherally
located are believed to arise from small bronchi,
bronchioles or alveoli of the distant airways of the
lung. The sequence of histopathological changes in
bronchial epithelia that precede the development of
lung SCC has been characterized.*”” However, the
sequential preneoplastic changes, as well as the cor-
responding molecular abnormalities, leading to the
development of lung adenocarcinomas are poorly
documented.

© 2011 The Authors
Respirology © 2011 Asian Pacific Society of Respirology

55

Histopathological development of
lung adenocarcinoma

Clara cells and the type II pneumocytes are believed
to be the progenitor cells of the peripheral airways,
and peripherally arising adenocarcinomas often
express markers of these cell types.*™ Atypical
adenomatous hyperplasias (AAH) are considered to
be a precursor lesion for peripheral lung adenocarci-
nomas.>” However, and until now, AAH is the only
sequence of morphological change identified so far
for the development of invasive lung adenocarcino-
mas, and there is consensus that the pathogenesis of
many adenocarcinomas is largely unknown. The pos-
tulated progression of AAH to adenocarcinomas in
situ, which is characterized by the growth of neoplas-
tic cells along pre-existing alveolar structures without
invasion, is supported by molecular studies.” Distinc-
tion between highly atypical AAH and what was
known as BAC is sometimes difficult. Therefore, and
as mentioned before, the ERS, IASLC and ATS spon-
sored a new classification of lung adenocarcinoma
that presented several modifications to the WHO 2004
criteria for diagnosis of resected adenocarcinoma
specimens. The term BAC was suggested to be discon-
tinued and replaced with AIS and MIA used for small
adenocarcinomas with either pure lepidic growth or
predominant lepidic growth with less than 5 mm
invasion, respectively. Importantly, the clinical fea-
tures of both adenocarcinoma progression types are
unique as patients with AIS or MIA have a 100% 5-year
survival rate after respective surgery.®

The differentiation phenotype derived from immu-
nohistochemical and ultrastructural features indi-
cates that AAH originate from the progenitor cells of
the peripheral airways.”***™ Surfactant apoprotein
and Clara cell-specific 10-kDd protein are expressed
in almost all AAH. In addition, an increasing body of
evidence suggests that AAH is the precursor of atleast
a subset of adenocarcinomas. For example, AAH is
most frequently detected in lungs of patients bearing
lung cancers (9-20%), especially adenocarcinomas
(as many as 40%), compared with lung SCC (11%).7 It
is important to note that AAH is detected more fre-
quently in East Asian patients relative to Western
patients. In such studies, it has been suggested that
AAH is involved in the linear progression of cells of the
‘terminal respiratory unit’ (TRU) to AIS and subse-
quently invasive adenocarcinomas”**™ due to the
expression of common genes between the TRU and
the AAH, which is discussed later. Such studies have
postulated that most, if not all, peripheral lung
adenocarcinomas progress from alveoli through AAH
as a preneoplastic lesion. As will be discussed further
later, we have noted similar molecular abnormalities
(e.g. EGFR mutations) between adenocarcinomas
arising in never-smokers and small bronchioles
within the localized and adjacent fields of the adeno-
carcinomas, suggesting that lung adenocarcinomas
may arise from bronchiolar epithelium and small
bronchi, and not only from alveoli.””” In a recent
review by Yatabe etal, a nonlinear progression
schema for lung adenocarcinomas was suggested.” In
this nonlinear schema, Yatabe et al. postulated that
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lung adenocarcinomas of the TRU subtype, as named
by the authors, develop through AAH. On the other
hand, and according to the same nonlinear progres-
sion hypothesis, some lung adenocarcinomas arise
through unknown preneoplastic precursors from
other cells besides the TRU, which we believe may as
well be the bronchiolar epithelium.”"

Molecular pathogenesis of lung
adenocarcinomas

Several molecular changes frequently present in lung
adenocarcinomas are also present in AAH lesions,
and they are further evidence that AAH may represent
true preneoplastic lesions.”” The most important
finding is the presence of KRAS (codon 12) mutations
in as many as 39% of AAH, which are also a relatively
frequent alteration in lung adenocarcinomas.®®
Other molecular aberrations that were identified in
AAH are overexpression of cyclin D1 (~70%), survivin
(48%) and HER2/neu (7%) proteins.® Moreover, and as
mentioned in the review by Wistuba and Gazdar,
some AAH lesions were found to exhibit loss of
heterozygosity (LOH) in chromosomes 3p (18%), 9p
(p16™K4,13%), 9q (53%), 17q and 17p (TP53, 6%).° It is
noteworthy that most if not all of the aforementioned
changes identified in AAH lesions are also frequently
detected in lung adenocarcinomas. Later, AAH lesions
were shown to exhibit LOH of tuberous sclerosis
complex (TSC)-associated regions, activation of
telomerase, loss of LKBI, overexpression of DICER, a
key effector protein for small interfering RNA and
miRNA function, and DNA methylation of CDKN2A
and PTPRN2.5%8 1t is important to note that several
studies have attempted to globally comprehend dif-
ferential gene expression patterns and copy-number
alterations between low-grade lesions (e.g. precursor
lesions) or in situ adenocarcinomas and invasive
tumours and found that amplification of the EGFR
oncogene was the predominant differential molecular
feature between the two different adenocarcinoma
grade classes and occurred after mutations in the
gene.” Importantly, as will be discussed in the next
section of this review, EGFR mutations also preceded
changes in copy number of the gene when studying
histologically normal bronchiolar epithelia.”™

KRAS and EGFR mutations in lung
adenocarcinoma pathogenesis

Although there is only one sequence of morphological
change characterized so far for the development of
invasive lung adenocarcinomas, namely AAH, a large
body of evidence suggests that at least two molecular
pathways are involved, the KRAS and EGFR pathways
in smoker and never-smoker adenocarcinoma
subpopulations, respectively.>14161720-2330 Mytations in
EGFR, in particular, in-frame deletions of exon 19 and
L858R and L861Q of exon 21, are strongly associated
with never-smoking status, female gender and East
Asian ethnicity, as well as predict favourable response
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to EGFR tyrosine kinase inhibitor.?''37223 QOn the
other hand, mutations in KRAS, the most frequently
mutated oncogene in lung adenocarcinoma, based
on recent findings of the tumour-sequencing project,
are strongly associated with development of adeno-
carcinomas linked to tobacco consumption.?!6172021.

It has been suggested that the vast majority of AAH
precursor lesions and adenocarcinomas in situ are
associated with the TRU adenocarcinoma subtype
that were found to express high levels of TITF-1 and
SP, leading to the conclusion that such adenocarcino-
mas are of the same lineage as terminal airway epi-
thelial cells. In addition, it has been postulated that
EGFR mutations are predominant in or specific to
peripheral lung adenocarcinomas of the TRU
subtype, which were suggested to arise from AAH
lesions,*™# as 90 of 97 EGFR mutant adenocarcino-
mas were positive for TITF-1, and 91 of the 97
tumours were of the TRU subtype.® In addition, the
hypothesis put forward that EGFR mutations are
associated with or specific to the TRU subtype of lung
adenocarcinomas is also in part due to the observa-
tion that the frequency of EGFR and KRAS mutations
among AAH lesions, adenocarcinomas in situ and
invasive adenocarcinomas is significantly different.”*
It was determined that whereas KRAS mutations
decreased along adenocarcinoma progression, from
33% in AAH to 8% in adenocarcinomas, EGFR muta-
tions were evenly distributed suggesting that
KRAS-mutated AAH lesions rarely progress to adeno-
carcinomas. It is also important to mention, and as
reviewed by Yatabe, that several studies performed
gene expression profiling of lung adenocarcinomas
and other histological subtypes of lung cancer and
found that lung adenocarcinomas were heteroge-
neous and divided into different clusters.** Clusters
with expression of CC10 and features of alveolar sig-
nature such as TITF-1 exhibited significantly better
survival compared with adenocarcinomas in other
clusters and comprised a higher frequency of EGFR
mutations.

Mutations in the tyrosine-kinase domain of EGFR
mutations were shown to be involved in the early
pathogenesis of lung cancer, being identified in histo-
logically normal epithelium of small bronchi and
bronchioles adjacent to EGFR mutant adenocarcino-
mas”’ (discussed further in the next section of the
review). EGFR mutations were detected in normal-
appearing peripheral respiratory epithelium in 43%
adenocarcinoma patients,” but not in patients
without mutation in the tumour.” These findings may
signify different cell types comprising the examined
epithelia, which could represent sites of the cells of
origin for EGFR mutant adenocarcinomas of the lung.
Although the cell type having those mutations is
unknown, our group has hypothesized that stem or
progenitor cells of the bronchial and bronchiolar epi-
thelium bear such mutations. Itis also noteworthy that
EGFR mutations were identified in only 3 of 40 AAH
lesions examined®# and were shown to be absent* or
relatively infrequent in what was previously known as
BAC of the lung.* These earlier observations support
the argument that abnormalities of EGFR are not only
relevant to the pathogenesis of alveolar-type lung
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neoplasia but also may play drive peripheral lung
adenocarcinoma from bronchiolar epithelium cells
that are distinct from terminal respiratory and alveolar
cells.>* The different findings of EGFR mutation
rates in AAH lesions may as well reflect the ethnicity
(Asian vs Western) of the patients from which the
lesions were isolated, as well as the standard practice
of detection of small lesions such as AAH.

Field cancerization

Although the majority of lung cancer patients are
current or former smokers (approximately 85%), a
relatively small fraction of smokers (approximately
15%) develop primary lung tumours. Patients with
early stage NSCLC, relative to other early stage malig-
nancies, frequently exhibit recurrence or second
primary tumour development after definitive treat-
ment by surgery and removal of the original lung
primary tumour. There is alarge body of evidence that
heavy smokers and patients who have survived an
upper aerodigestive cancer comprise a high-risk
population that may be targeted for early detection
and chemoprevention efforts.’ Although the risk of
developing lung cancer decreases after smoking
cessation, the risk never returns to baseline. Preneo-
plastic changes, namely dysplastic histological abnor-
malities, have been utilized as surrogate endpoints for
chemopreventive studies. However, it was suggested
that this ‘shooting-in-the-dark’ approach may explain
the reasons behind the general failures of clinical
chemoprevention studies.? It is also important to note
that we are unable to predict which lifetime never-
smokers or definitively treated never-smoker early-
stage lung cancer patients will develop lung tumours
or relapse. Therefore, novel approaches to identify the
best population to be targeted for early detection and
chemoprevention should be devised, and risk factors
for lung cancer development or relapse need to be
better defined. For these important purposes, a better
understanding of the biology and molecular origins of
lung cancer, for example, lung adenocarcinoma, is
warranted. In this section of the review, we will
describe the field cancerization phenomenon that
herein refers to that occurring due to direct and indi-
rect effects of smoking (field of injury) or independent
of smoking in patients with and without cancer, with
emphasis on aberrant molecular markers in histologi-
cal normal epithelia that can be used to increase our
understanding of lung cancer pathogenesis.

Smoking damaged epithelium and the lung
field cancerization phenomenon

Earlier work by Danely Slaughter et al. in patients
with oral cancer and oral premalignant lesions has
suggested that histologically normal-appearing tissue
adjacent to neoplastic and preneoplastic lesions
display molecular abnormalities, some of which are
in common with those in the tumours.®® In 1961, a
seminal report by Auerbach et al. suggested that ciga-
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rette smoke induces extensive histological changes in
the bronchial epithelia in the lungs of smokers and
that premalignant lesions are widespread and multi-
focal throughout the respiratory epithelium, sugges-
tive of a field effect.®® This phenomenon, coined
‘field of cancerization’, was later shown to be evident
in various epithelial cell malignancies including
lung cancer. Some degree of inflammation and
inflammatory-related damage is almost invariably
present in the central and peripheral airways of
smokers and may precede the development of lung
cancer.”” Thus, the field of cancerization may be
explained by both direct effect of tobacco carcinogens
and initiation of inflammatory response. In this
context, different theories for the origin of the field of
cancerization or smoking-related field of injury have
been put forward and will not be discussed here, as
they have been nicely and extensively reviewed else-
where by Steiling et al.®

Several studies focusing on the respiratory epithe-
lium of lung cancer patients and smokers have dem-
onstrated that multiple altered foci of bronchial
epithelium are present throughout the airway.?"*% A
detailed analysis of histologically normal epithelium,
and premalignant and malignant epithelia from lung
SCC patients indicated that multiple, sequentially
occurring allele-specific chromosomal deletions of
LOH begin in dispersed clonally independent foci
very early in the multi-stage pathogenesis of this
smoking-related lung malignancy.?"*® Notably, 31% of
histologically normal epithelium and 42% of mildly
abnormal (hyperplasia/metaplasia) specimens had
clones of cells with allelic loss at one or more regions
examined. Moreover, these molecular aberrations
were also found in carcinomas in situ and SCC, and at
amore advanced level.?” Molecular changes involving
LOH of chromosomal regions 3p (DDUT and FHIT
genes), 9p (CDKNZ2A), genomic instability (increased
microsatellite repeats) and p16 methylation have all
shown to commence in histologically normal or
slightly abnormal tissue in SCC patients and in the
sequence of pathogenesis of the disease.® As men-
tioned before, KRAS is the most mutated oncogene in
lung adenocarcinomas.*” Almost 15 years ago, Nelson
et al. demonstrated that KRAS mutations are found in
histologically normal lung tissue adjacent to lung
tumours.” As will be discussed later, mutations in
EGFR were also found in adjacent to tumour histo-
logically normal epithelium.”””® Similar epigenetic
and gene methylation patterns between tumours
and adjacent histologically normal epithelia were
described. An important study by Belinsky et al.
reported aberrant promoter methylation of plI6,
which was described to be commonly methylated in
lung tumours,” in at least one bronchial epithelial site
from 44% of lung cancer patients examined.* More-
over, pl6 and death-associated protein kinase (DAPK)
promoter methylation was observed frequently in
bronchial epithelium from current and former
smoker but not from never-smoker lung cancer
patients and persisted after smoking cessation.
Notably, 94% of lung tumours exhibited a concordant
pattern of p16 methylation with that in at least one
bronchial epithelial site.*
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The aforementioned molecular abnormalities were
detected in histologically normal epithelia adjacent to
archival surgically resected tumours from primary
lung cancer patients. LOH and microsatellite alter-
ations in multiple foci were also detected in distal
histological normal bronchial epithelia of smokers
without cancer.®** Moreover, and importantly, these
molecular abnormalities were detected in bronchial
epithelia of cancer-free former smokers that
appeared to have persisted for many years after
smoking cessation. In addition, LOH was detected in
DNA obtained from bronchial brushings of normal
and abnormal lungs from patients undergoing diag-
nostic bronchoscopy and was detected in cells from
the ipsilateral and contralateral lung.* Mutations in
TP53 were also described to occur in bronchial epi-
thelia of cancer-free smokers in a widely dispersed
manner.”® Similar evidence also exists for promoter
methylation and epigenetic changes in smoking-
damaged lung epithelium of cancer-free patients.
Methylation of various genes, including retinoic acid
receptor 2 beta (RAR-b2), H-cadherin, APC, p16 and
RASSFFI1A was described in bronchial epithelial cells
of heavy smokers.”” Moreover, methylation of pi6,
GSTPI and DAPK was reported to be evident in bron-
chial brushings of one third of the cancer-free
smokers examined.” In the same study by Belinsky
et al., as mentioned before, methylation of p16 was
detected in epithelia of cancer-free smokers.** A more
detailed list of aberrant gene promoter methylation in
lung cancer patients and cancer-free smokers is
nicely summarized and explained in the review by
Heller et al.®

Gene expression profiling of the lung
field cancerization

High-throughput microarray profiling was used by
several groups to study the transcriptome of lung
airways. Hackett et al. utilized microarrays to study
the expression of 44 anti-oxidant-related genes
using bronchial brushings from cancer-free current
smokers and never-smokers, and found significant
upregulation of 16 of the antioxidant genes in the
airways of smokers compared with non-smokers.'®
Later, Spira et al. described global alterations in gene
expression between normal-appearing bronchial epi-
thelium of healthy cancer-free smokers and that of
non-smokers.'” In addition, and in the reports by
Spira et al. and Beane et al., irreversible changes in
expression in airways of former smokers after years of
smoking cessation were described that were thought
to underlay the increased risk former smokers
display, compared with never-smokers, for develop-
ing lung cancer long after they have discontinued
smoking.*'® Schembri et al. also reported alter-
ations in the expression of miRNA between large
airways of current and never-smokers.'® Notably, an
80-gene signature was derived from the transcrip-
tome of large airway epithelial cells that can distin-
guish smokers without overt cancer from smokers
with lung cancer and exhibited statistically significant
utility characteristics of a lung cancer biomarker,
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despite originating from normal bronchial epithe-
lia.’”* Moreover, the 80-gene signature, using publicly
available microarray datasets, was able to distinguish
lung tumours from corresponding normal lung tis-
sues.'™ More recently, Gustafson et al. derived a phos-
phatidylinositol 3-kinase (PI3K) pathway activation
signature using recombinant adenoviruses to express
the 110a subunit of PI3K in primary human epithelial
cells.'® The same study then demonstrated that the
PI3K pathway activation signature was elevated in
cytologically normal bronchial airways of smokers
with lung cancer and with dysplastic lesions.'”® Of
substantial clinical importance, the study found
that the signature was decreased in the airways
of high-risk smokers whose dysplastic lesions
regressed following treatment with the PI3K inhibitor
myoinositol.'®

Microarray and gene expression profiling method-
ologies were also used to demonstrate the wide
anatomical spread of the lung field cancerization
to epithelial regions that can be non-invasively
sampled when devising approaches for early detec-
tion of lung cancer. Sridhar etal. highlighted
common gene expression alterations in bronchial,
nasal and buccal epithelia of smokers, in particular
of various detoxification genes that perpetuate the
field of cancerization due to tobacco consump-
tion.'* In addition, Zhang et al. identified 119 genes
whose expression was affected by smoking similarly
in both bronchial and nasal epithelium, including
genes related to detoxification, oxidative stress and
wound healing,'”” and the study by Boyle et al. high-
lighted significant similarities in expression changes
between smokers and never-smokers in oral and
bronchial epithelia.'®®

Lung adenocarcinoma field cancerization

To better understand the pathogenesis of EGFR
mutant lung adenocarcinomas, Tang and colleagues
investigated the presence of EGFR mutations in
normal bronchial and bronchiolar epithelium adja-
cent to EGFR mutant tumours. As mentioned before,
EGFR mutations were detected in histologically
normal peripheral epithelia in 44% of lung adenocar-
cinoma patients with mutations but none in patients
lacking mutations in the oncogene.”” Moreover, the
same study highlighted more frequent EGFR muta-
tions in normal epithelium within the tumour (43%)
than in adjacent sites (24%) suggests a localized field-
effect phenomenon for this abnormality in the respi-
ratory epithelium of the lung.”” In addition, a higher
frequency of mutations in cells obtained from small
bronchi (35%) compared with bronchioles (18%) was
detected.” More recently, EGFR protein overexpres-
sion, similar to mutation of the gene, also exhibited a
localized field effect, as it was more frequent in
normal bronchial epithelia sites within tumours than
in sites adjacent to and distant from tumours.”™
Interestingly, EGFR copy-number alteration was
not evident in normal bronchial epithelia, which
is in accordance with findings that EGFR copy
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number is relatively a late event in pathogenesis of
adenocarcinomas.””®

Field cancerization compartmentalization

The low frequency of molecular abnormalities
detected in the centrally located bronchial respiratory
epithelium in patients with peripheral lung adenocar-
cinomas, compared with specimens from patients
with SCC and SCLC,* suggests the presence of two
compartments in the lung with different degrees of
smoking-related genetic damage. Thus, smokers who
develop SCC have more smoking-related genetic
damage in the respiratory epithelium of the central
airway, whereas patients who develop adenocarci-
noma have damage mainly in the peripheral airways
(small bronchus, bronchioles and alveoli). While
some molecular changes (e.g. inflammation and sig-
nalling pathways activation) have been detected
throughout the lung airway and include both com-
partments (central and peripheral airway), other
aberrations have been more frequently altered in
either central (e.g. LOH, genetic instability evidenced
by microsatellite repeats) or peripheral (e.g. EGFR
mutations) airways.

Lineage-specific genes in lung cancer

The transformation of normal cells into tumourigenic
counterparts is mediated by a complex array of intra-
cellular signals, as well as genetic and epigenetic
regulation. It has been suggested that lineage-specific
genes, which play important roles in normal develop-
mental processes such as organogenesis or tissue
homeostasis and remain to be expressed or become
amplified during an acquired pathological condition,
are crucial for maintenance of the disease state.’>'%
Interestingly, lineage genes can discriminate different
subtypes of the same cancer that rise from dissimilar
cells/progenitors, for example, adenocarcinomas
versus squamous tumours, and might offer new
insights into crucial and therapeutically pliable
tumour dependencies.'” Various studies have high-
lighted the potential ‘addiction’ of tumour cells to
aberrant and growth-promoting cell signalling medi-
ated by lineage-specific oncogenes, for example,
presence of the BCR-ABL fusion oncoprotein in
chronic myelogenous leukemia,'® mutations in the
KIT oncogene in gastrointestinal stromal tumours,'!!
amplification of the microphthalmia-associated tran-
scriptional factor (MITF) in melanoma'? and, more
recently, amplification of PAX8 in ovarian cancer.'”
Two lineage-specific oncogenes have been character-
ized in NSCLC. Recently, TITF-1 amplification and
protein expression were shown to be prevalent in
lung adenocarcinomas and elicit growth-promoting
signals in this malignancy.**?® The master ESC tran-
scriptional factor SOX2 was shown to be a member of
the 3q locus (3926.3) that is specifically amplified in
lung and oesophageal squamous carcinomas.** These
findings demonstrate that TITF-1 and SOX2 function
as lineage-specific oncogenes in lung adenocarcino-
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mas and SCC, respectively, and that targeting path-
ways downstream of those two master regulators may
leverage new therapeutic strategies independently for
each NSCLC subtype.

TITF-1

TITF-1is a homeodomain-containing transactivating
factor predominantly expressed in the terminal lung
bronchioles and lung periphery in the developing and
adult mouse."*'*® In addition, TITF-1 is crucial for
branching morphogenesis during normal lung
development'*''® and transactivates the expression
of the SP, such as SP-A, -B and -C, which are in turn
typically expressed in the Clara cells and are impor-
tant for the differentiation of alveolar type II pneu-
mocyte cells in the peripheral lung.'"’

Several studies have demonstrated increased copy
number and amplification of the 14q13.3 locus that
harbours the TITF-1 gene as well as paired box tran-
scriptional factor family member 9 (PAX9) and
NKX2.8.3*% 1t is postulated that TITF-1 functions as a
lineage-specific oncogene in lung adenocarcinoma as
knockdown of TITF-1 expression, in cells with ampli-
fication of the gene, by RNA interference results in
lung adenocarcinoma cell-growth inhibition and
apoptosis demonstrating a lineage-specific depen-
dency of lung adenocarcinomas on TITF-]1.3%
Kendall et al. demonstrated that co-amplified TITF-1,
PAX9 and NKX2.8 exhibit oncogenic cooperation and
cell prosurvival and proliferative properties.''® Over-
expression of both TITF-1 and NKX2.8 simultaneously
in BEAS-2B immortalized human bronchial epithelial
cells elicited the highest increase in cell colony growth
compared with single-gene transfected cells.''®* More-
over, pathway gene signatures that overlap down-
stream of both TITF-1 and NKX2.8 defined lung
adenocarcinoma patients with most dismal prognosis
compared with signatures downstream of either
transcriptional factor alone.'” However, recently in
KRAS(LSL-G12D/+);p53(flox/flox) mice, TITF-1 was
shown to suppress tumourigenesis and limit meta-
static potential in vivo.'®

Our group and others have demonstrated that
TITF-1 copy-number gain or amplification is associ-
ated with poor prognosis in NSCLC.****#In contrast to
the expected pro-survival properties of a cell-lineage
oncogene and the association of TITF- 1 copy-number
gain and amplification with poor survival, TITF-1
protein expression by immunohistochemistry was
shown to be a marker of favourable prognosis in
NSCLC'**# including early stage (stage I) lung
adenocarcinoma.'?® It is worthwhile to mention that
TITF-1 protein expression and TITF-1 gene copy
number were found to be associated with mutations
in the KRAS and EGFR oncogenes, respectively.'? As
mutations in EGFR and KRAS occur almost mutually
exclusively in lung adenocarcinomas? and were sug-
gested to function in different lineages of lung adeno-
carcinomas,'®” it is possible that TITF-1 expression
is aberrantly differently controlled within different
subsets of adenocarcinomas. It is also important
to note that TITF-1 copy-number gain was also
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demonstrated in lung SCC.**'#*!# It is plausible that
TITF-1 copy gain may only be a surrogate marker in
SCC of another molecular defect in a gene nearby or
within the 14q13.3 amplicon, for example, NKX2.8 or
PAXO9. The significance of the infrequent copy number
increase of TITF-1 in lung SCC remains elusive.

S0X2

SOX2 was suggested to play key developmental roles
in the formation of the lung, trachea and oesophagus
based on its expression pattern in these tissues
and organs.'” Interestingly, SOX2 was shown to be
important for the morphogenesis of the trachea and
oesophagus, and the differentiation of the oesoph-
ageal epithelium.'® Moreover, the timing of SOX2
expression in the foregut is tightly regulated, as it is
only expressed in the main airways and non-
branching bronchioles in the developing and adult
mouse lung.'*"'?*13° Heterozygote and homozygote
transgenic mice with mutant SOX2 have substantial
defects in lung branching and morphogenesis during
development.'*"*° Moreover, SOX2 plays key roles in
the maintenance of developing and adult tracheal
cells evidenced by shorter and injured trachea in mice
with knockout of both alleles of the transcriptional
factor.'® The numerous functions SOX2 elicits in the
differentiation of the conducting airways among
other roles are reviewed in more detail by Whitsett
and colleagues.’ It is important to note that SOX2
forms a core transcriptional factor complex with
OCT4 or OCTI and TirNaNog/ NANOG that binds to
enhancer sequences of various genes to regulate the
inner cell mass or embryoblast within the blastocyst
cavity in embryos.'** Moreover, Boyer and colleagues
demonstrated that SOX2 along with OCT4 and
NANOG form a core regulatory transcriptional cir-
cuitry, signified by a SOX2/0CT4/NANOG expression
signature, consisting of autoregulatory and feed-
forward loops for the pluripotency and self-renewal
of ESC.'#

As mentioned earlier in the review, various studies
have demonstrated that amplification of chromo-
somal region 3q (3926.3) is almost specific to lung
SCC.0183646667 The studies by Bass ef al. and Hussenet
and colleagues revealed that SOX2 is amplified in this
chromosomal region in lung SCC and squamous
oesophageal cancers and promotes survival of SCC
with amplification of this gene.**'** Subsequently,
increased SOX2 mRNA levels in lung SCC relative to
adenocarcinomas was further evidenced by effective
separation of both NSCLC subtypes by the previously
characterized OCT4/SOX2/NANOG ESC expression
signature,®® following analysis of publicly available
NSCLC microarray datasets.® In addition, SOX2
immunohistochemical protein expression was com-
pletely absent in lung adenocarcinoma pathogenesis,
highly expressed in SCC development and signifi-
cantly elevated in lung SCC relative to adenocarcino-
mas.® Interestingly, Maeir et al. later demonstrated
that SOX2 amplification was found in squamous car-
cinomas originating from other tissues and organs,
such as those of the cervix, skin and penis."® It is
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noteworthy that SOX2 immunohistochemical protein
expression in lung SCC and adenocarcinomas was
also observed by other groups but in association
with clinicopathological features including patient
outcome. Interestingly, Wilbertz et al. reported the
association of SOX2 expression with favourable
prognosis in lung SCC."*® On the other hand, Sholl
and colleagues demonstrated that SOX2 immuno-
histochemical expression was an indicator of poor
prognosis in lung adenocarcinomas.”” Despite the
equivocal associations of SOX2 with lung cancer prog-
nosis, various studies have highlighted tumour-
promoting roles for this lineage-specific oncogene in
lung cancer.?*!38139

McCaughan and colleagues specifically analysed 3q
copy-number alteration in bronchial dysplasia of
varying grades and severity and demonstrated that
SOX2 amplification was present in high-grade bron-
chial dysplasias but not in low-grade lesions and,
importantly, was associated with clinical progression
of high-grade preinvasive squamous lesions.'* It is
important to mention that Yuan et al. had found rela-
tively high SOX2 immunohistochemical protein
expression in normal bronchial epithelia and alveolar
bronchiolarization structures.®® Congruent with the
study by Yuan et al., the results by McCaughan and
colleagues demonstrated the implication of SOX2 in
the early pathogenesis of lung SCC.**'** Given the high
SOX2 protein expression in histologically normal
bronchial epithelia, amplification of SOX2 in high-
grade dysplasia may exacerbate signalling down-
stream of this transcriptional factor in the course of
SCC development. It is unknown whether SOX2 may
be amplified in normal bronchial epithelia, in par-
ticular, those adjacent to lung SCC with increased
dosage of the gene. The findings outlined earlier dem-
onstrate that SOX2 is another cell-lineage oncogene
with dissimilar functions between SCC and lung
adenocarcinomas.

FUTURE DIRECTIONS
Lung adenocarcinoma genomics

Studies addressing genomic profiles, including copy-
number alterations and mutational spectrums, have
substantially increased our understanding of the
molecular make-up and biology of lung adenocarci-
nomas demonstrating that, genomically, this subtype
of NSCLC is different from SCC. However, the hetero-
geneity within lung adenocarcinomas is still poorly
understood. For example, it is unknown whether, for
example, genomic copy-number alterations found in
never-smoker adenocarcinomas are unique to this
subtype or whether they are also found in smoker
tumours. A large-scale side-by-side genomic analysis
of never-smoker and smoker lung adenocarcinomas
would shed light on copy-number alterations unique
to both subtypes of lung adenocarcinomas. Moreover,
it is not clear whether certain copy-number alter-
ations can be clinically exploited for targeted therapy
of lung adenocarcinoma. An important step in this
direction was the demonstration by Yuan et al. that
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lung adenocarcinomas with mutant EGFR and ampli-
fication of specific genes within the 7p region predict
poor response to EGFR targeting tyrosine-kinase
inhibitors.” It is tempting to speculate that an
orthogonal study, largely encompassing both copy-
number alterations and mutational spectrum and
detecting focal amplification of oncogenes and loss of
tumour-suppressor genes, would, for example, high-
light potential targets of therapy in EGFR, KRAS and
ALK wild-type lung adenocarcinomas for which there
is an unmet need for therapeutic strategies.

Next-generation sequencing

Next-generation sequencing (NGS) technology,
through whole-genome, whole-exome and whole-
transcriptome approaches, holds great promise for
providing invaluable insights into lung adenocarci-
noma biology, diagnosis, prevention and therapy.'*
NGS enables the sequencing of expressed genes,
exons and complete genomes providing data on levels
of expression with a substantially larger dynamic
range compared with array technology, sequence
alterations, single nucleotide variations, as well as
structural genomic aberrations.”! A handful of
studies have successfully applied NGS approaches to
sequence one or two human lung tumour samples
or cell lines demonstrating the feasibility of system-
atic, genome-wide characterization of rearrange-
ments and alterations in complex human cancer
genomes."*""'* NGS analysis of a significant number
oflung adenocarcinomas and/or NSCLC with charac-
terized mutational status of known oncogenes (e.g.
EGFR and KRAS) undoubtedly represents an im-
portant next step in furthering our comprehension
of lung cancer biology. However, the application
of NGS technology in clinical decision-making and
personalized medicine is yet challenging.

Figure 1 Molecular analysis of
the lung field cancerization. It is
unknown whether changes in

expression in the lung field cancer-
ization are associated with the devel-
opment of a particular subtype of
non-small cell lung cancer (NSCLC),

,\; //

that is, adenocarcinomas compared

Adenocalcmoma[ R (

with  squamous-cell carcinomas
(SCC). Analysing local and distant
field cancerization independently
for lung adenocarcinomas and SCC
may shed light on events common
or unique to the molecular patho-
genesis of the two major subtypes
of NSCLC. Such a ‘compartmental’
approach in studying the field can-
cerization may unravel biomarkers
that can guide personalized preven-
tion strategies suitable for each
different NSCLC subtype.
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Field cancerization and lung
adenocarcinoma pathogenesis

Applying the same advanced high-throughput meth-
odologies currently used in studying established
tumours for the genetic analysis of lung adenocarci-
noma preneoplasia and intraepithelial lesions, as well
as histologically normal adjacent regions, is expected
to expand our understanding of the biology of this
prevalent disease. An important step in this direction
was a recent study by Beane ef al. in which RNA of
bronchial airway epithelial cell brushings from
healthy never-smokers and smokers with and without
lung cancer was analysed by RNA sequencing.'*® The
study highlighted transcripts whose expression was
either not interrogated by or was not found to be sig-
nificantly altered when using microarrays demon-
strating that NGS, like in established lung tumours,
has the potential to provide new insights into the
biology of the airway field cancerization associated
with smoking and lung cancer.'*®

Earlier findings demonstrated that centrally located
lung SCC and peripherally located lung adenocarci-
nomas elicit and perpetuate differential effects on the
airway epithelia. We believe that these effects overlap
with those of the response of the host to tobacco
exposure (reviewed by Steiling et al.®®) but may be
unique in several aspects. Changes in expression in
the lung field of injury have shown to be similar in the
large and small airways, and it is unknown whether
they are associated with the development of the par-
ticular subtype of NSCLC. Addressing this question
may be highly pertinent because both NSCLC sub-
types display different genomic features, as previously
discussed, and, therefore, are clinically managed by
significantly dissimilar treatment strategies, let alone
differences among various subtypes of lung adeno-
carcinomas. Moreover, a compartmental approach in
studying the field of cancerization (Fig. 1) will shed

Squamous Cell
Carcinoma

Field cancerization

mRNAand Imm:::h:il:::;?:’m
miRNA profiling ar?alyses
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light on events in the early pathogenesis of lung
adenocarcinomas versus SCC and unravel biomark-
ers that can be lineage specific and can guide person-
alized chemoprevention strategies suitable for each
different NSCLC subtype, which may reduce the rela-
tively high frequency of relapse of early stage patients.

PERSPECTIVE

Despite numerous efforts that have focused on
increasing our understanding of the biology of lung
adenocarcinomas, this subtype of NSCLC that is
increasing in incidence compared with SCC, consti-
tutes for approximately half of lung cancer deaths
each year, which in turn comprise the biggest share of
cancer-related deaths in the United States and world-
wide. Compared with advances in targeted and per-
sonalized therapy of lung adenocarcinomas, little
progress has been made in the tailored prevention
of this fatal malignancy leading to a substantially
decreased enthusiasm. This may change with the
recent encouraging and significant findings of the
NLST. Various molecular markers and expression
classifiers previously described in the lung airways
and in less invasive sites of the field cancerization, for
example, nasal, sputum and exhaled breath conden-
sates, can aid in selecting high-risk individuals best
suited for CT screening for example. A comprehensive
analysis of early molecular events in lung adenocar-
cinoma pathogenesis will undoubtedly unravel
biomarkers that can, in the future, aid prevention
through personalized strategies, deliver its longstand-
ing promise to oppose this disease.
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