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1. INTRODUCTION 
Lung cancer is the leading cause of death from cancer in the US and the world, accounting for 28% of all 
cancer deaths in men and women [2]. Lung-cancer associated mortality has remained essentially unchanged 
over the last 3 decades, in part because the majority of lung cancers present at an advanced stage. Since 
1972, when Congress declared war on cancer, lung cancer's 5 year survival rate has remain unchanged at 
15% while the 5 year survival rates for breast, prostate and colon cancers have risen to 88%, 99% and 65% 
respectively [2]. The major cause of lung cancer is smoking, yet only 10-15% of smokers develop lung cancer 
[3]. Tobacco addiction and exposure to other lung cancer carcinogens are serious problems among military 
personnel and war veterans. In 2005, the DOD reported that over 32% of military personnel smoke. Although 
this is a substantial decrease when compared to a survey done in 1980, the smoking rate among the general 
population in 2005 was only 21% according to a report by the Centers for Disease Control and Prevention. 
Smoking among military personnel has increased since the late 1990s in association with conflicts in 
Afghanistan and Iraq and is 50% higher in deployed vs. non-deployed personnel with smoking rates in 20-25 
year olds of 37% vs. 20% in the civilian population. Even conservative estimates place the cost of lung cancer 
to the military at $1 billion a year and this cost will only increase with this wave of new smokers. The optimal 
treatment for non-small-cell lung cancer (NSCLC) is surgical resection; however, 75% of patients are ineligible 
because of advanced disease. 
 
The results of National Lung Screening Trial (NLST) that utilized low dose helical computed tomography 
(LDCT) screening in a population of heavy current or former smokers were recently published and 
demonstrated a 20% reduction in lung cancer mortality and a 6.7% decrease in all-cause mortality with LDCT 
relative to CXR [4, 5]. This is the single most significant advance in reducing lung cancer mortality since 1964, 
when the United States Surgeon General first publicized the causal relationship between lung cancer and 
cigarette smoking, prompting a decline in active smoking in the US. However, with the reported 96.4% false 
positives rate there is a pressing need to develop reliable molecular biomarkers to supplement the radiologic 
imaging to improve the sensitivity of early detection of lung cancer. Based on the notions that: 1) smoking-
induced injury alters mRNA and microRNA (miRNA) expression profiles in airway epithelium [1, 6, 7], and 2) 
these changes can be detected and serve as biomarker for early detection of lung cancer [8, 9], in the current 
project we have focused on investigation of the molecular events associated with field cancerization to identify 
biomarkers of early lung carcinogenesis. 
 
In Specific Aim 1 of this program, high-throughput microarray mRNA expression analyses have been 
performed on cytological specimens (brushings) obtained at intraoperative bronchoscopy from the main carina 
and main ipsilateral bronchus, as well as on specimens obtained at lobectomy procedures from the main lobe 
bronchus (adjacent to SCCs), sub-segmental bronchus (adjacent to adenocarcinomas) and from the resected 
NSCLC tumors. Towards this aim, we compared and contrasted global gene expression patterns across all the 
specimens from the entire field and corresponding NSCLC tumors. We developed lung adenocarcinoma and 
SCC field cancerization signatures signifying the differential mRNA expression patterns between the carina 
and the subsegmental bronchus and main lobe bronchus, respectively. In addition, similar expression profiles 
between the carina and resected NSCLC tumors have been integrated with available gene expression data of 
bronchial brushings from the main carina isolated at various time points post-surgery from 40 NSCLC patients; 
Department of Defense (DoD) VITAL patients. Promising markers derived from this study are being validated 
at the mRNA and protein level in histological tissue specimens. Moreover, we performed RNA-sequencing and 
microarray profiling of nasal epithelia, 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 Specific Aim 2, we utilized laser capture microdissection to obtain specific cell populations (basal cells or 
type II alveolar cells, depending on the NSCLC histology/location) as well as premalignant lesions and 
epithelial components of the tumors. These cell populations have been profiled with RNA-seq to determine 
their gene expression signatures to increase our understanding of premalignancy. We identified the gene 
expression profiles that are associated with progression from a benign cell population to premalignancy and 
with progression from a benign cell population to true malignancy. Additionally we performed whole exome 
DNA sequencing of matched sets of premalignant lesions, adenocarcinoma in situ, lung cancer and adjacent 
normal tissues isolated from the same patients to determine the role of somatic mutations in lung cancer 
initiation and progression. 
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In Specific Aim 3, we utilized expression signatures and biomarkers derived from the results of aims 1 and 2 to 
develop and test airway-based biomarkers capable of diagnosing lung cancer in current or former smokers 
using minimally invasive sites. 
 

2. KEYWORDS 
Lung cancer, biomarkers, miRNA profiling, protein profiling, expression analysis, whole exome sequencing, 
early detection. 
 

3. OVERALL PROJECT SUMMARY 
 
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. 
 
Summary of Research Findings 

A. 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. 
 
Collection of airway epithelial samples from both 
bronchoscopy and lobectomy specimens from 
smokers with and without lung cancer. 
Over the course of this grant, we were able to recruit 
37 subjects undergoing resection of lung tumor or 
benign lung lesions across four institutions 
(MDAnderson, Boston University, University of 
California Los Angeles, and Vanderbilt University) for 
the purposes of studies in Aim 1 (Table 1). We 
collected biospecimens from seven locations: nasal 
epithelium, proximal and distal bronchial airway epithelium obtained at bronchoscopy (ipsilateral and 
contralateral to the tumor) as well as the tumor/benign lesion, adjacent normal parenchyma, and sub-
segmental bronchial epithelium at time of lobectomy (Figure 1). 
 
High throughput gene expression profiling (Aim1A). 
Total RNA was isolated and profiled by microarray (Affymetrix GeneChip Human Gene 2.0 ST). Microarrays 
were normalized and outliers were removed based on the Relative Log Expression (RLE), Normalized 
Unscaled Standard Error (NUSE) quality metrics and Principal Component Analysis (PCA). Using linear 
modeling we compared patients with cancer to those with benign lung disease to identify genes with cancer-
associated gene-expression across sites. We identified two patterns: 1) cancer-associated expression 
differences that changed with distance from tumors (field of cancerization, 47 genes), and 2) genes 
consistently associated with cancer across the sites (field of injury, 106 genes). Figure 2 shows the field 
cancerization effect in which cancer-associated changes in gene expression in the proximal airway fall off as 
distance from the tumor increases. This pattern is not 
observed in patients without cancer. The second pattern of 
gene expression (genes consistently changed across the 
thoracic airway depending on the presence or absence of a 
tumor) are significantly enriched by GSEA among genes we 
previously found to be altered in the large airway of patients 
with cancer (pval < 0.001, Figure 3). In contrast, genes that 
change in a gradient like manner (field of cancerization, 47 
genes) were not enriched in that previously published large 
airway dataset. These findings suggest that the genes we 
identified changing consistent throughout the airway (field of 
injury, 106 genes) hold the potential to serve as early 
detection biomarkers for lung cancer in the relatively 
accessible proximal airway. 

 
Table 1. Subject Demographics. Age is listed as the 
average (standard deviation). C, current; Fr, former; N, 
never. ADC, adenocarcinoma; SCC, squamous cell 
carcinoma. 

Figure 1. Overview of biospecimen collection sites. 
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Figure 4. 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 II cancer surveillance 
Vanguard study. 

 
Figure 2. Gene expression changes associated 
with the “Field of Cancerization Effect”. 47 genes 
shown are p < 0.005 for the interaction term and p < 
0.005 for the cancer term. 

 
Figure 3. Genes consistently changing 
throughout the field of injury are able to 
distinguish large airway epithelium from 
smokers with and without lung cancer 
in an independent dataset [1]. Heatmap 
showing expression levels for leading edge 
genes from our “field of injury” signature in 
bronchial airway samples collected from 
smokers undergoing bronchoscopy for 
suspicion of lung cancer. Black = patients 
diagnosed with cancer, Pink = patients 
diagnosed with benign lung disease. Red = 
increased expression, Blue=decreased 
expression. 

 

Additionally, we have performed RNA-seq on a subset of the specimens from subjects (n = 17) run on arrays in 
order to both confirm the gene expression signatures identified by microarrays as well as identify additional 
transcripts within the field of injury not interrogated by the microarrays. 
 
B. Gene expression analysis of the field cancerization in early-stage NSCLC patients 
 
Spatiotemporal field of cancerization expression profiles. 
 

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 [10, 11]. 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 4) [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, 13] (see Reportable 
Outcomes and Appendix). 
 
Transcriptomic architecture of the adjacent airway field of cancerization. 
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Figure 5. Schematic of the transcriptomic analysis of 
the airway field cancerization in NSCLC. 

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-IIIA) 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 [14] 
study’s design is represented in Figure 5. We 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, LAPTM4B, 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 [14]. Profiling of the airway field of cancerization may provide new insights into NSCLC oncogenesis 
and molecular tools for detection of the disease [14] (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 (NFκB) 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 GPRC5A expression was significantly 
decreased in the molecular localized field cancerization [20]. GPRC5A 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. 
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Figure 6. 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 ) and airways (middle) and not 
found in blood (bottom). CNBs, core needle 
biopsies; SA, small adjacent airway; LA, large 
airway. 

 
Figure 7. 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.  

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 Ion 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 LUADs, 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 6A 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 CNBs to the 
SA, LA, nasal (and was not observed in the blood), fitting the profile of a spatial field cancerization mutation 
(Figure 6A; 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 6B 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 6) or 
in uninvolved and distant normal lung 
tissues. Our 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. 
 
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 [14] 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 
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Figure 8. LAPTM4B promotes nuclear localization of the NRF2 
transcription factor. A. ChIP analysis of NRF2 protein binding to 
HMOX1 promoter in Calu6 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. 
 

 
Figure 9. 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 LAPTM4B over-expression in the presence and absence 
of 10% FBS. 
 
 

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) 
LAPTM4B 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 7). In 
addition, knockdown of LAPTM4B 
concomitantly reduced the expression 
levels of the NRF2 transcription factor 
itself.  
 
We then sought to assess the effect of 
LAPTM4B expression on the NRF2 
transcription factor itself. We first 
performed chromatin immunoprecipitation 
(ChIP) 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 8A). 
Moreover and in accordance with QRTPCR 
and ChIP analyses, knockdown of LAPTM4B 
attenuated nuclear accumulation of NRF2 
protein by serum starvation as evidenced by 
western blotting of nuclear cell fractions 
(Figure 8B) and by ICC analysis of the co-
localization of NRF2 with the nuclear marker 
histone 2B (Figure 8C). 
 
Furthermore, reciprocal effects were 
observed in cells transfected with LAPTM4B-
overexpressing vectors. Over-expression of 
LAPTM4B significantly augmented HMOX1 
and NRF2 induction by serum starvation 
(Figures 9A-C) as well as the nuclear 
accumulation of NRF2 (Figure 9D). 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 
9C), LAPTM4B expression positively 
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controlled nuclear levels of the transcription factor NRF2 (Figure 9D). It is reasonable to surmise that HMOX1 
induction by NRF2 is independent on the levels of the latter transcription factor but rather dependent on serum 
deprivation-induced stress. Our findings point to a novel intracellular mechanism, which involves the LAPTM4B 
field cancerization marker, for control of the NRF2 transcription factor during basal conditions and cellular 
stress (e.g. nutrient deprivation). These findings were presented in the past 2014 American Association for 
Cancer Research Annual meeting [28] and are currently being prepared for publication.  
 
C. Investigating molecular signature of lung cancer development in bronchial specimens by shotgun 
proteomics. 
A major challenge in reducing mortality from lung cancer hinges on identifying at-risk population. The bronchial 
epithelium may serve as surrogate tissue for biomarker of risk. Our objective was to identify a signature of risk 
from proteomic alterations in the cytologically normal airway epithelium from individuals at risk for developing 
lung cancer. We have identified 2792 protein, the largest to our knowledge, in bronchial brushings specimens 
collected from risk stratified individuals by shotgun proteomics. Joncheere-Terpstra trend test among low, 
medium and high risk groups resulted significantly altered expression of 316 proteins (trend p <0.05) with 238 
up and 78 down trends. Pathway enrichment analysis revealed up-regulation of carbohydrate metabolic 
pathways in the airways of high risk individuals. Expression of carbohydrate metabolic enzymes, lactate 
production and glucose consumption were increased in in vitro culture of human bronchial epithelial cells 
treated with cigarette smoke condensate. Up-regulation of these enzymes and other selected candidate 
proteins were validated by parallel reaction monitoring mass spectrometry and tissue microarray of 
histologically normal bronchial tissues from risk stratified individuals. We identified a signature of lung cancer 
risk assessment that may provide the basis of patient selection for surveillance programs and 
chemoprevention. Pathway enrichment analysis as well as in vitro data suggests possible metabolic 
reprogramming in the airway epithelium of high risk individuals. 
 
Methods 
Here we hypothesized that proteomic alterations in the histologically normal airway epithelium from risk 
stratified individuals allow us to derive a signature of risk of developing lung cancer.  
 
Specimen collection procedure: Bronchial brushings were collected from patients under conscious sedation. 
The brushings were immediately dipped into 1.5 ml saline taken in a labeled eppendorf tube. The tube was 
kept on ice to minimize protease action. Care was taken to keep the brush specimen free from blood. 
Brushings in the saline was vigorously agitated by vortexing for about 10 seconds with highest speed. It was 
then spun 1500g for 10 minutes in a microcentrfuge with the brush inside the tube. Supernatant was removed 
carefully leaving as little saline as 
possible keeping the brush inside the 
tube. The pellet was stored in freezer 
at -80oC temperature. Patients 
undergoing autofluorescence 
bronchoscopy for clinical suspicion of 
lung cancer agreed to provide 
bronchial biopsy specimens at 
predetermined normal sites (with 
normal fluorescence ratio). Biopsy 
specimens collected for research were 
snap frozen and stored in -80oC 
freezer. Patients characteristics are in 
Table 2.  
 
Data acquisition: Proteins were extracted and fractionated as described previously. Equal amounts 
(micrograms) of proteins from each specimen of each group were pooled, divided into three technical 
replicates and each replicate was fractionated by isoelectric focusing (IEF). Shotgun proteomic data from each 
of the fifteen IEF fractions were collected by LC MS/MS (Velos). A combination of database search tools were 
employed to identify peptide sequence present in a protein/protein groups. Normalized spectral counts of the 
digested proteins were considered as the basis of protein abundance measurement. Protein groups were 
identified by peptide matching, database search, filtration and parsimonious analyses using search tools 
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10. 

developed at Vanderbilt University Medical Center (18-21). A protein group may include isoforms, variants or in 
rare occasions, unrelated proteins containing identical peptide sequence. Lisa and Rob to write the detail about 
sample preparation for LC MS/MS analysis. IEF fractionation of peptide digests and LC MS/MS data 
acquisition and analysis. Peptide identification from LC MS/MS data, protein assembly and filtering. 
 
Statistical Methods: Joncheere-Terpstra Trend analysis Ming to write (groups 1, 2 and 3 Trend analysis). 
Validation of selected identified proteins by parallel reactions monitoring (PRM) analysis. Overexpressed 
carbohydrate metabolic enzymes in biopsies collected from individuals who provided bronchial brushings for 
the training set by Western blotting using matched biopsies. 
 
Results 
We have identified 2792 protein groups in the bronchial 
brushings specimen of risk stratified individuals by LC 
MS/MS shotgun proteomics (Table 3). Volunteers/subjects 
were categorized as low, medium and high risk groups 
using the lung cancer screening tool. Among the identified 
proteins in each group 50 to 60% were identified in each of 
the three replicates. Each protein was identified by two or 
more peptide sequences. Number of protein groups 
identified separately in groups 1, 2 and 3 were 2116, 1949 
and 2771 respectively. Reproducibility of protein 
identifications in all three replicates were 49%, 48% and 
61% in groups 1, 2 and 3 respectively. To discover significantly dysregulated proteins in the bronchial 
epithelium of Individuals at risk for lung cancer development we performed Jonckheere-Terpstra trend test with 
2526 identified proteins. Number of proteins with statistically significant (trend p <0.05) increasing and 
decreasing trends were 316. Normalized spectral counts were used as quantitative measure of protein 
abundance. Expression of 238 out of 316 significantly dysregulated proteins demonstrated increasing trend 
and that of 78 proteins demonstrated decreasing trend. 
 
Pathway enrichment analysis reveals profound alterations in metabolic enzymes regulating the glycolytic 
pathway and the TCA cycle. To 
understand the biological relevance 
of these alterations in the bronchial 
epithelium proteome pathway 
analysis was performed using 
Webgestalt (WEB-based GEne 
SeT AnaLysis Toolkit) (22). 
Because of the unavailability of 
larger human bronchial epithelium 
proteome we used our total 
identified proteins (2792 proteins) 
as the reference proteome of 
bronchial epithelium instead of 
entire human proteome. KEGG 
(Kyoto Encyclopedia of Genes and 
Genomes) pathway analysis with 
316 dysregulated proteins revealed 
dysregulation of metabolic 
pathways. Interestingly, enzymes of 
the glycolytic pathway, TCA cycle, 
pentose phosphate pathway, 
galactose, and glycogen 
metabolisms were overexpressed 
indicating very early events of 
possible metabolic reprogramming 
in the histologically normal 
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bronchial epithelium of individuals at risk for lung cancer development (Figure 10). Moreover, six out of 
fourteen enzymes of the above mentioned pathways are rate limiting enzymes. Results of the Jonckheere-
Terpstra trend test showing statistically significant increasing trend of the overexpressed carbohydrate 
metabolic enzymes among the risk groups using normalized spectral count of the replicates of each risk group 
are show in Figure 11. 
Overexpression of ME2 may indicate diversion of excess TCA cycle intermediate malate to fatty acid 
biosynthetic pathway via pyruvate and acetyl 
coA. Among the 316 significantly altered 
proteins there were 49 metabolic enzymes. As 
expected enzymes of lipid metabolic pathways, 
fatty acid synthase (FASN), Acyl-CoA 
synthetase family member 3 (ACSF3) and 
arachidonate 15-lipoxygenase were also found 
to be overexpressed. Overexpression of alcohol 
and aldehyde metabolic enzymes ALDH1A1, 
ALDH3A1 and AKR1B10 in lung tumor tissues 
was reported previously by our group and other 
investigators and now we found these enzymes 
to be overexpressed in the histologically normal 
bronchial epithelium of individuals at risk for lung 
cancer development. 
 
Pathway analysis revealed metabolism as the top pathway to be dysregulated in individuals at risk for lung 
cancer development. The identification of ACSF3, ALOX15 and FASN in the bronchial epithelium of at risk 
individuals raises the possibility of involvement of lipid metabolism in early events of lung tumorigenesis. 
Previously we reported overexpression of acyl-coA binding protein/Diazepam binding inhibitor (ACBP/DBI) in 
lung cancer tissues indicating perturbation of lipid metabolism in lung cancer. To our knowledge, 
overexpression of the proteins identified and validated in the current study in the bronchial epithelium of 
individuals at high risk for developing lung cancer was not reported before.  
 
Validation of over expression of carbohydrate metabolic enzymes and selected candidate proteins by PRM and 
immunohistochemistry in bronchial the epthelium.  These experiments are in progress.  
 
Warburg effect in the human bronchial epithelial cell lines by cigarette smoke condensate (CSC).  
Given the overexpression of glycolytic enzymes including LDH we were curious to know if the level of lactate 
were altered in the airway epithelium of high risk individuals. As an alternative risk model we treated normal 
bronchial epithelial cell lines, 16HBE and BEAS2B with CSC in vitro and measured lactate and glucose 
concentrations in culture supernatant after 24 hours. Significantly enhanced lactate production and glucose 
consumption in vitro as a result of treatment of the cells with CSC (Figure 11) suggests a possible role of 
carbohydrate metabolic enzymes in lung cancer development. Whether these metabolic changes have any 
causative effect on the transformation of normal bronchial epithelial cells to dysplastic and finally malignant 
cells as Otto Warburg postulated more than half century ago remains to be elucidated. 
 
Specific Aim 2: Evaluate the role of airway epithelium tumor-initiating stem/progenitor cells in current 

and former smokers. 
 
Summary of Research Findings: 
 
A. Assessment of the molecular profiles of tumor-initiating stem/progenitor cells from normal airway 
epithelium, premalignant lesions and cancer. 
During the fourth year of funding, the work performed over the last 3 years and described in the previous 
progress report was published [29]. Briefly, we published an analysis of the transcriptomic changes that were 
most relevant for progression of premalignant lesions to squamous lung cancer. We next explored one of the 
pathways that we found to be altered with initiation and progression of squamous cell carcinoma (SCC) within 
individual patients. This pathway is the reactive oxygen species pathway. Cigarette smoke contains high levels 
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Figure 13. Ingenuity pathway analysis of the P53 and MYC 
pathway gene expression differences between premalignant 
lesions and invasive squamous lung cancer. The P53 pathway is 
predicted to be inhibited, while the MYC pathway is expected to be 
activated. 

of reactive oxygen species, and this is therefore 
directly relevant to lung injury and repair in current 
and former smokers. 
 
B. Role of reactive oxygen species in lung 
carcinogenesis. 
We found that reactive oxygen species (ROS) in 
airway basal stem cells are usually maintained at 
low levels by antioxidants in the cell, but after 
injury there is flux of ROS from low levels to a 
higher level (“sweet spot”) and it is this flux that 
allows the stem cell to self-renew for repair. The 
higher ROS levels are rapidly reduced in the stem 
cells to achieve homeostasis and prevent the 
basal stem cells from proliferating too much and 
producing hyperplasia and dysplasia in the form of 
a premalignant lesion. We further showed that this 
increase in ROS in basal stem cells in the injured 
airway results in an increase in Nrf2 expression 
which acts through Notch1 to promote the 
proliferation of airway basal stem cells. Of note, the 
premalignant lesions that occur when the 
ROS/Nrf2/Notch1 pathway is perturbed are able to 
spontaneously resolve, just as most premalignant 
lesions resolve in COPD patients. Thus, it is likely that additional genomic events are responsible for 
persistence of rare premalignant lesions that can then progress to invasive lung cancer (Figure 12). This work 
was published in [30]. 
 
C. Assessment of other pathways identified by 
gene expression profiling of premalignant 
lesions and invasive squamous lung cancers. 
The data from the gene expression profiling of the 
laser captured airway basal stem cells, 
premalignant lesions and invasive squamous lung 
cancer cells suggests that there are multiple 
metabolic pathways that are important as the 
basal stem cells undergo hyperplasia and 
dysplasia and then transfer into invasive cancer 
cells (Figure 13). We are currently assessing 
these pathways and determining whether they 
could be successfully targeted in a 
chemoprevention strategy. 
 
D. Analysis of the mutational landscapes of lung premalignancies. 
Uncertainty about the clinical behavior of a premalignant lesion can lead to either inappropriate inaction or 
inappropriate aggressive treatment, either of which can result in harm to the patient. Therefore, in the 
framework of this DOD funding, we initiated the assessment of the role of somatic mutations that occur within 
the pulmonary field of cancerization, in early pathogenesis of lung cancer. To this end, we first identified areas 
of ADC tumor, adenocarcinoma in situ (AIS, if present), AAH and histologically normal regions in FFPE tissue 
blocks from patients who underwent surgical resection of lung adenocarcinoma. We then used LCM to retrieve 
cells from each of these regions within the same subject (in these preliminary studies, 2-4 areas of each tissue 
type were isolated and sequenced for each subject). DNA was then extracted from these tissues and the 
sequencing libraries were constructed and exome enriched. The libraries were sequenced on Illumina 
HiSeq2000 instrument as 100bp paired-end runs. Most FFPE samples provided high-quality sequencing reads 
and we obtained >20x — >60x per base mean coverage. Sequencing was repeated for the samples that 
provided lower than mean 30x coverage. 

Figure 12. Role of activated Notch1 in the development of 
premalignant lesions of the large airways. Repair of the airway 
epithelium was assessed after polidocanol injury. For Notch1 
activation, K5-NICD mice received intratracheal RU486 to turn on 
the NICD transgene in K5-expressing basal cells. For Notch1 
inhibition the gamma secretase inhibitor, DBZ, was administered. At 
48 hours post injury the DBZ treated mice had delayed repair of the 
airway epithelium with reduced proliferation, while the K5-NICD mice 
demonstrated excessive proliferation of basal cells with loss of 
differentiation resulting in the hyperplasia and dysplasia of 
premalignant lesions. 
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Figure 14. Common point mutations identified among 
subclones in the same patient. The blue area indicates 
mutations found in AAH, AIS and ADC within the same 
patient and not included in COSMIC cancer census list; red 
area — mutations common in AAH and ADC and included in 
COSMIC; pink area — mutations unique to ADC and not 
included in COSMIC. 

Figure 16. Genes bearing recurrent progression-associated 
mutations in 4 out of 9 cases. 

 
Next, the sequencing data was analyzed for the 
presence of somatic mutations. A variant was defined as 
somatic mutation when p < 0.1 for the Fisher test 
comparing the number of the reference and variant reads 
in the normal and abnormal (AAH, AIS or ADC) samples. 
Within each case, position-specific missense and 
nonsense mutations were compared. Different cases 
were compared for the mutations at gene-specific level. 
We define mutations found only in AAH as premalignant, 
in ADC as malignant and in AAH, AIS and ADC as 
progression-associated mutations. We identified 367 
point mutations affecting amino acid sequences of 362 
proteins in more than one abnormal sample. Only two 
cases out of 9 sequenced in the pilot experiment, were 
found to bear oncogenic KRAS mutations in ADC; in one 
of these cases the same mutation (at lower read count) 
was also detected in the AAH lesion, in another case all 
AAH lesions had the wild type KRAS. In other sequenced 
cases, mutations in ERBB2 and FGFR oncogenes were 
detected in ADC but not in AAH or AIS samples. The 
data was compared to the Catalogue of Somatic 
Mutations in Cancer (COSMIC) database. Among 
affected proteins, only 3% (i.e. 11 genes) overlapped 
with the COSMIC cancer census list (Figure 14). 
Interestingly, all of them were identified as common 
mutations in AAH and at least one ADC sample. 
Additionally, we compared the recurrently 
mutations identified in our experiments with The 
Cancer Genome Atlas (TCGA) database (Figure 
15). The analysis demonstrated that the majority of 
the identified mutations were novel, i.e. not 
included in COSMIC database. 
 
Further analysis demonstrated that approximately 
100 genes bore the progression-associated 
mutations that were common in at least 2 out of 9 
cases sequenced initially. Figure 16 demonstrates 
33 genes that were found to bear progression-
associated mutations, common in 4 out of 9 cases 
(PDE4DIP and MYH9 are included in COSMIC 
census list). Interestingly, recurring mutations were 
found in genes involved in calcium signaling and 
extracellular matrix/receptor interaction (data not 
shown). These findings demonstrating the role of 
altered calcium signaling and cell adhesion in early 
malignant transformation, are novel and have not 
been reported before. Furthermore, pathways 
affected by the mutated genes were identified 
utilizing Gene Ontology and pathways from the 
KEGG, Biocarta or Reactome databases (Figure 
17). The observation that few genes mutated in 
both AAH and ADC are known as key drivers 
based on either COSMIC or TCGA data, indicates 
that: a) progression associated mutations might 
facilitate the malignant transformation by mutated 

6%
6%

53%

35%

 

 
 

    

Figure 15. Comparison of 
the recurrently mutated 
genes with TCGA. Malignant 
high: genes mutated in 4 out 
of 9 patients, low — mutated 
in 2-3 out of 9 patients. 

Figure 17. Aberrant pathways enriched by progression-
associated and malignant mutants. 
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key driver(s), or b) a combination of two or more progression associated mutations that are not oncogenic 
alone, might drive malignant transformation. These hypotheses will be further tested by mapping progression 
and malignant associated genes into pathway context. 
 
These new data are critically important, given the fact that patients at risk for lung cancer may have subclinical 
disease for years prior to presentation and diagnosis. Moreover, the proteins encoded by some of mutated 
genes have recently proven to be tractable targets for new anticancer drug development [31-34]. We anticipate 
that our results will allow for the development of chemopreventive and/or therapeutic strategies that are 
effective during the window of opportunity when the disease is still subclinical. Future translation of these 
results could lead to a paradigm shift in the way in which we address the clinical problem of the individual at 
high risk for lung cancer. 
 
E. Assessment of the molecular profiles of tumor-initiating stem/progenitor cells from normal airway 
epithelium, premalignant lesions and cancer. 
In collaboration with the Wistuba 
laboratory, the Massion laboratory 
has collected bronchial brushings 
from individuals at risk or with small 
cell lung cancer. We have collected 
on 13 individuals with SCLC, isolated 
total RNA and were able to obtain 
quality RNA on 11 of them as shown 
in Table 4. The RNA is part of a study 
to derive a signature for SCLC risk in 
the field of cancerization and to 
attempt to identify candidate tumor 
initiating progenitor stem cells in 
SCLC. 
 
F. 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. 
 
RNA sequencing of laser captured samples to identify 
genes whose expression is associated with different 
pathologic stages of lung SCC carcinogenesis (Aim 2B). 
The first year of this work involved troubleshooting to refine 
methods for laser capture of normal basal cells (BC), 
premalignant metaplastic/dysplastic cells, and squamous 
cell carcinoma (SCC) tumor cells from frozen sections and 
subsequent RNA isolation. RNA from one subject was 
hybridized to microarrays, and the expression of control 
genes behaved as expected, indicating that it was feasible to 
obtain meaningful results from this material. RNA was then 
isolated from several more subjects and successfully used to 
perform high-throughput sequencing (RNA-seq). To identify 
genes associated with SCC progression, genes with low 
expression were removed, two different statistical models 
were used to assign significance to each gene with respect 
to each pairwise comparison, and the results were 
intersected to identify genes whose expression changed 
significantly at an early (normal to premalignant) or late 
(premalignant to tumor) stage or at both stages (in a 
stepwise manner). The expression of these genes in all 
samples from all four patients is illustrated in Figure 18. 

Table 4. Bronchial brushings from individuals diagnosed with SCLC yet 
untreated.  

 

 
Figure 18. Heatmap of expression of early, late, 
and stepwise genes. Red and blue indicate 
expression that is higher or lower than the mean within 
each patient, respectively. Genes are hierarchically 
clustered within each group (early, stepwise, late). 
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Figure 19. Airway-wide gene expression 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. 

 
Experimental validation of candidate genes with quantitative real-time PCR and immunofluorescence 
staining (Aim 2B). Three genes (CEACAM5, SLC2A1 and PTBP3) with potential roles in lung cancer biology 
that were up-regulated in premalignant lesions and tumor cells were selected for further validation. qPCR 
confirmed the upregulation of CEACAM5 and SLC2A1 in premalignant cells, and immunofluorescent staining 
showed that all three genes were undetectable in normal BC but highly expressed in metaplastic and SCC 
cells. Additionally, the Gene Expression Omnibus (GEO) Profiles tool was used to examine their expression in 
GEO DataSets relevant to lung SCC carcinogenesis. SLC2A1 and PTBP3 were significantly up-regulated in 
SCC tumors (GDS1312) [35] with respect to paired adjacent normal tissue and in a set of SCC lung tumors 
relative to lung adenocarcinomas (GDS3627) [36], and CEACAM5 and SLC2A1 were significantly up-regulated 
in bronchoscopic brushings from healthy current smokers relative to healthy never smokers (GDS534) [37]. 
 
Computational identification and experimental validation of dysregulated biological mechanisms 
associated with progression (Aim 2B). Gene Set Enrichment Analysis (GSEA) [38] performed using 
positionally defined gene sets revealed that the transition from premalignant to tumor is associated with 
coordinate loss of expression in 3p and gain of expression in 3q26.33-3q29, corresponding to previous reports 
[39-41]. Ingenuity Pathway Analysis (IPA) was then used to show that the early and late stages were marked 
by cell cycle progression, and cellular migration and transformation, respectively, and both stages were 
marked by an increase in cell proliferation and decrease in cell death.  IPA was also used to show that genes 
that are differentially expressed early in carcinogenesis and remain dysregulated in tumor cells are enriched in 
genes previously reported to be up-regulated by MYC and/or down-regulated by TP53. Immunofluorescent 
staining was used to confirm that MYC was localized exclusively to the nuclei of premalignant lesions and 
tumor cells, but not in those of normal BC. More information about this work may be found in a recent 
publication in Cancer Prevention Research [29]. 
 
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. 
 
Mapping the airway-wide molecular field of injury in smokers with lung cancer. 
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 19, left heat map). Gene 
expression analysis also identified 106 genes 
to be significantly differentially expressed in 
the airways of NSCLC patients compared to 
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smokers with benign disease and that were persistently expressed (non-gradient) throughout the airway field of 
injury (Figure 19, 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 al. in the past 2014 American 
Association for Cancer Research annual meeting [42] and are currently being prepared as a manuscript for 
publication. 
 

4. KEY RESEARCH ACCOMPLISHMENTS 
 
Year 01 
• Identified that gene expression is modulated in a site- and a time-dependent manner in the bronchial 

epithelium of early stage lung cancer patients.  
• Identified 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.  
• 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 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 PIs and Initiating PI 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. 
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• In collaboration with the Partnering PIs and Initiating PI 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. 

• Identified specific pathways that are involved in stepwise progression to SCC. 
• Found that metabolic changes in the airway basal stem cells are critical for stepwise progression 
 
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 PIs and Initiating PI of this grant, completed microarray analysis of 254 
field cancerization samples from 28 cases with lung cancer and 9 cases with 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. 

• Compared the mutational landscapes of the primary lung tumors, premalignant lesions and adjacent 
normal tissues, and identified novel genes associated with malignant transformation. 

• Found that reactive oxygen species metabolism plays a vital role in homeostasis of the airway basal stem 
cells and that perturbing this homeostatic mechanism results in premalignant lesions. 

• Found that Nrf2 and Notch1 act downstream of ROS in this homeostatic regulation that prevents excessive 
self-renewal and promotes mucociliary differentiation. 
 
5. CONCLUSION 

During this DOD 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 assessed in minimally invasive sites in the lung. 

Also, our work has provided most comprehensive understanding to date of progression of airway basal stem 
cells to premalignant lesions and squamous lung carcinogenesis. The pathways identified, such as the ROS 
pathway, provide valuable insight into the biology of stepwise progression to SCC in current and former 
smokers. In the future we plan to identify the drivers that are critical in taking premalignant lesions to the point 
of invasive SCC. This will hopefully lead to the development of novel targeted therapies to prevent and treat 
SCC. 

We determined that bronchoscopy specimens, such as brushings, can be used successfully for shotgun 
proteomic profiling. Thus, utilizing bronchial brushings, we successfully demonstrated by shotgun proteomics 
that subjects at increased risk for lung cancer have a characteristic differential protein expression signature. 
Based on these findings, we identified a signature of lung cancer risk assessment biomarkers that may provide 
the basis of patient selection for surveillance programs and chemoprevention. Pathway enrichment analysis as 
well as in vitro data, suggests possible metabolic reprogramming in the airway epithelium of high risk 
individuals. 
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• Bisht B, Paul M, Darmawan D, Chon A, Chiu R, Alva JM and Gomperts BN. Redox regulation of airway 
epithelial stem cell maintenance and repair. ISSCR poster presentation. Boston June 2013. 

• Krysan K, Walser T, Kusko R, Gardner BK, Spira AP, Lenburg ME, Brothers JF 2nd2, O’Hearn J, Reckamp 
KL, Mao JT, Purcell C, Lee JM, Garon EB, Dubinett SM. PGE2-dependent upregulation of the miR-19-72 
cluster contributes to apoptosis resistance in NSCLC. Lung Cancer SPORE Workshop, July 16-18, 2012, 
Pittsburgh, PA. 

• Park SJ, Walser TC, Tran LM, Perdomo C, Wang T, Hong LS, Pagano PC, Liclican EL, Krysan K, Larsen 
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• Jun Qian, Xiangming Ji, Yong Zou, Megan D. Hoeksema, Heidi Chen and Pierre P. Massion. 
Overexpression of miRNA-1224-5p, 1248 and 944 on chromosome 3q26-29 in squamous cell carcinoma of 
the lung. 1. 2014 AACR meeting abstract (#4989). 

• Krysan K, Walser T, Seki A, Tran L, Spira A, Fishbein M, Dubinett S. The mutational landscape of 
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Manuscripts: 
• Kadara H, Kabbout M, Wistuba II. Pulmonary adenocarcinoma: a renewed entity in 2011. Respirology. 

7(5):833-40 2012. 
• Kadara H, Wistuba II. 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 II. 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). 

• 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. 

• 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. 2014 106(3), in press. 

• Gomperts BN, Spira A, Massion PP, Walser TC, Wistuba, II, Minna JD, Dubinett SM. Evolving concepts in 
lung carcinogenesis. Seminars in Respiratory and Critical Care Medicine 2011 32(1):32-43. PMCID: 
3423907. 

• Ooi AT, Gower AC, Zhang KX, Vick JL, Hong L, Nagao B, et al. Molecular profiling of premalignant lesions 
in lung squamous cell carcinomas identifies mechanisms involved in stepwise carcinogenesis. Cancer 
Prevention Research. 2014;7(5):487-95. PMCID: 4059064. 

• Paul MK, Bisht B, Darmawan DO, Chiou R, Ha VL, Wallace WD, et al. Dynamic changes in intracellular 
ROS levels regulate airway basal stem cell homeostasis through Nrf2-dependent Notch signaling. Cell 
Stem Cell. 2014;15(2):199-214. PMCID: 4127166. 

• Gomperts BN, Walser TC, Spira A, Dubinett SM.  Enriching the molecular definition of the airway "field of 
cancerization:" establishing new paradigms for the patient at risk for lung cancer. Cancer Prevention 
Research (Phila). 2013 6(1):4-7. 

• Dubinett SM, Spira A.  he challenge and opportunity of targeted lung cancer chemoprevention. Journal of 
Clinical Oncology 2013 31(33):4169-71. 

• Harris FT, Rahman SMJ, Hassanein M, Qian J, Hoeksema M, Chen H, Eisenberg R, Chaurand P, Caprioli 
RM, Shiota M and Massion PP. Acyl-Coenzyme A Binding Protein Regulates Beta Oxidation Required for 
Growth and Survival of Non-Small Cell Lung Cancer. Can Prev Res. 7:748-57, 2014. 

• Grant JL, Fishbein MC, Hong LS, Krysan K, Minna JD, Shay JW, Walser TC, Dubinett SM. (2014) A novel 
molecular pathway for Snail-dependent, SPARC-mediated invasion in non-small cell lung cancer 
pathogenesis. Cancer Prev Res., 7, 150-160. PMID: 24253315. 

• Krysan K, Cui X, Gardner BK, Reckamp KL, Wang X, Hong L, Walser TC, Rodriguez NL, Pagano PC, 
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• Krysan K, Kusko R, Grogan T, O'Hearn J, Reckamp K, Walser TC, Garon EB, Lenburg ME, Sharma S, 
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7. INVENTIONS, PATENTS AND LICENSES 
Nothing to report. 
 

8. REPORTABLE OUTCOMES 
• Pease see the list of abstracts and publications above for the complete list of reportable outcomes. 
• List of genes differentially expressed during stepwise progression to SCC deposited in GEO. 
• Developed a protocol for massively parallel sequencing of RNA isolated from premalignant lesions from 

FFPE archived tissues by laser capture microdissection. 
• Developed a protocol for whole exome DNA sequencing of cells of interest in lung cancer continuum, laser 

capture microdissected from FFPE archived tissues. 
• Developed a protein signature that is able to differentiate subjects at risk for lung cancer and lung cancer 

patients. 
 

9. OTHER ACHIEVEMENTS 
Aik Ooi received employment at Fluidigm company based on his research experience on this project. 
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