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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 (NSCLCs) 
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 4,5.  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 
6.  More recently, global mRNA expression profiles have been described in the normal-
appearing bronchial epithelium of healthy smokers 7.  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 8. Finally, our group has previously shown that gene-expression 
profiles in cytologically normal mainstem bronchus epithelium can distinguish smokers with and 
without lung cancer and can serve as an early diagnostic biomarker for lung cancer9. 
 
In this program, in Specific Aim 1, we will extend our work in this field by spatially mapping the 
molecular field of injury associated with smoking-related lung cancer.  In smokers undergoing 
resection of lung lesions, high-throughput mRNA expression analyses are being performed on 
cytological specimens (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), as well as on specimens obtained at lobectomy from 
sub-segmental bronchus (adjacent to tumor) and from the resected NSCLC tumors.  Towards 
this aim, we are comparing and contrasting global gene expression patterns across all the 
specimens from the entire field and corresponding NSCLC tumors. We are currently performing 
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 are using 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 are being 
profiled with RNA-seq to determine their gene expression signatures to increase our 
understanding of premalignancy. We are analyzing 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. 
 
In future studies, in Specific Aim 3, we will use 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.   
This report details the progress made during the second year of research.   
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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. 

 
Summary of Research Findings 
 
A. Collection of airway epithelial samples from both bronchoscopy and lobectomy 
specimens from smokers with and without lung cancer (Sub-specific Aims 1A and 1C): 

 
We have recruited 35 study participants undergoing resection of lung tumor or benign lung 
lesions to collect tissue samples for the studies in Aim 1. From these subjects who were 
recruited at all 4 participating institutions, we have collected 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 subsegmental 
bronchial epithelium at time of lobectomy. A summary of subjects recruited at all 4 sites is 
provided in Table 1 and their demographics are shown in Table 2. 
 
The samples are currently being analyzed by both next generation RNA-sequencing (RNA-Seq) 
using the Illumina HiSeq 2000 platform and microarray profiling using the Human Gene 2.0 ST 
platform from Affymetrix. RNA-Seq and microarray analysis are being performed at BU and MD 
Anderson Cancer Center, respectively. Total RNA from all samples have been isolated using 
the miRNeasy kit from Qiagen.  RNA sequencing will facilitate the discovery of novel transcripts 
in the molecular field of injury as well quantifying expression of those that cannot be 
characterized by microarray technology. This study, for the first time, will allow us to 1) perform 
next generation sequencing in addition to microarray profiling analysis of the molecular field of 
injury in the airway; 2) study samples obtained from four different institutions in the nation using 
common SOPs and 3) characterize the complete topological map of the molecular field of 
injury/cancerization between both NSCLC patients and cancer-free individuals. We anticipate 
that RNA-Seq and microarray profiling will be completed by the end of the year with subsequent 
bioinformatic and functional analysis along with validation of expression studies completed by 
Spring 2013. We anticipate that expression profiles in the NSCLC molecular field of injury will 
harbor transcripts, both novel and established, that may exhibit potential for use as airway 
biomarkers that can be developed and tested for lung cancer detection using minimally invasive 
sites in Specific Aim 3 of this award.  
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Table 1. Molecular mapping of the field of injury in NSCLC and cancer-free patients 
 

 RNA-Seq (cases) Microarray (cases) 
Institution ADC SCC No Cancer ADC SCC No 

Cancer 
MD Anderson 4 2 0 4 3 0 
BU 2 1 3 0 2 4 
UCLA 2 2 1 3 2 2 
Vanderbilt 1 1 1 4 3 1 
Number 9 6 5 11 10 7 
Total Nb. of cases 
analyzed 20 28 
Total Nb. of samples 
analyzed 156 183 

 
RNA-Seq, RNA sequencing; ADC, adenocarcinoma; SCC, squamous cell carcinoma; BU, 
Boston University; UCLA, University of California Los Angeles. 
 
 
 
Table 2. Demographics of study participants 
Ethnicity Male Female 

White 14 5 

Black 7 3 
Hispanic 1 0 
Asian 2 1 
American Indian 0 0 
Other 1 0 
Unknown 0 0 

 
 
Tissue collection:  

The collection protocol SOP put in place. The Table 3 shows the samples collected at 
Vanderbilt University including tumor, brushings from large and small airways and areas of 
normal lung.  With the collaboration between Drs Massion (PI) and Dr. Eisenberg (Pathologist), 
the process is in place and we anticipate enrolling at least 20 patients per year to this protocol.  
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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:  
 
A. Feasibility of sequencing small amounts of RNA from laser captured samples that 
reflect different pathologic stages of lung carcinogenesis (Sub-specific Aim 2B):  
Specific regions of normal basal cells, premalignant metaplastic/dysplastic cells, and squamous 
carcinoma cells were successfully selected 
by laser microdissection. This was 
described and detailed in the previous 
annual report (Year 1). Adequate amounts 
of RNA were isolated from these cells for 
library preparation and high throughput 
sequencing (RNA-seq), and decent 
quantities of libraries with appropriate size 
ranges were generated. This was described 
and detailed in the previous annual report 
(Year 1). Samples were sequenced on 
Illumina Genome Analyzer IIx or HiSeq 
2000 instruments, producing single-end 
reads with quality control Phred scores 
above 30. 
 
Sequence alignment and quantification of gene expression 
The reads produced by sequencing each RNA sample were aligned to the human genome 
(build hg19).  Uniquely aligned reads were then used to compute gene expression estimates by 
measuring the coverage of each of ~35,000 Ensembl Gene loci using the coverageBed utility in 
the BEDTools suite.  This workflow is illustrated in Figure 1. 
 
Identification of genes with progression-associated expression patterns 
To identify genes whose expression was associated with progression from normal to 
intermediate (metaplastic or dysplastic) to tumor cells, a three-step procedure was used in Dr. 
Spira’s lab.  First, genes with low expression (median expression was below 100 reads), which 
are more likely to be false positives, were removed from analysis.  Next, to simplify the analysis, 
a concordance filter was then applied in order to consider only those genes whose expression 
changed in the same direction in both intermediate and tumor cells relative to normal cells. 
 
B. Identification of additional archived clinical specimens for laser microdissection of 
tumor-initiating stem/progenitor cells:  
 
Additional archived clinical specimens from which we previously extracted DNA and RNA from 
rare target cells using laser microdissection were identified. Within the same individual, the 
following regions/cells were present: normal epithelium, normal basal cells, dysplastic cells in 
preinvasive tissue, as well as their respective basal cells, and invasive tumor cells. The cases 
identified included biopsy specimens and resected tumors, and each was confirmed to be 
amenable for microdissection after review of freshly cut H&E stained slides by our collaborating 

 

 

Figure 1.  RNA sequencing workflow.  Single-end reads were 
aligned to the human genome and gene expression was 
quantified by measuring the overlap with Ensembl Gene IDs. 
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pathologists. Using archived clinical specimens available in biorepositories at each site, we 
have sufficient material to complete the studies described in sub-specific Aim 2B. 
 
In collaboration with Dr. Gomperts, we provided as series of preinvasive lesions. Our knowledge 
about the field of cancerization is limited and understanding the molecular determinants of 
tumor development is critical to the area of research.   Our collaboration with Dr. Gomperts 
laboratory is to compare molecular profiles of tumor-initiating stem/progenitor cells from normal 
airway epithelium, preinvasive lesions and invasive lung tumor tissues and evaluate the role of 
airway epithelium tumor-initiating stem/progenitor cells in lung cancer pathogenesis in current 
and former smokers.  The hypothesis is that the airways of lung cancer patients have greater 
population of cells with stem/progenitor-like characteristics, population of cells that we could find 
in selected individuals at high risk of developing lung cancer. Selection and molecular 
characterization of this subpopulation may lead to the identification of candidate biomarkers that 
are important for understanding early events of lung cancer pathogenesis. This may bring 
relevance to identifying persons at highest risk of developing lung cancer and potentially 
developing this knowledge into new therapeutic targets.  

We specifically provided from our archived materials, tissue specimens we selected from which 
we could extract, using laser capture micro-dissection, DNA and RNA from normal epithelium, 
normal basal cells,  dysplastic cells in preinvasive tissue as well as their respective basal cells, 
and compare those to invasive tumor cells from the same individuals.   From the inventory of the 
VUMC biorepository we were able to find biopsy specimens and resected tumor tissues that 
were amenable for micro-dissection. Dr. Eisenberg, pathologist in our group at VUMC and the 
Gomperts laboratory has reviewed each H&E stained slide. The specifics of the specimens sent 
to the Gomperts laboratory included slides and tissue blocks of three biopsies and one resected 
tumor as described in Table 4.  

Table 4. Samples sharing with Dr. Gomperts.  
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C. Proteomic Studies 
 
As previously described, the UCLA group identified a molecular profile dominated by the Snail 
transcription factor that appears to drive epithelial mesenchymal transition (EMT) and tumor-
initiating characteristics in the airway epithelium, as modeled in vitro and in vivo. Snail is also 
over-expressed in human bronchial epithelial cells in premalignant lesions in situ concomitant 
with markers of EMT and stemness. To validate the technology for analyzing tumor-initiating 
stem cells from in situ specimens, we performed preliminary in vitro experiments to assess the 
impact of this transcription factor on protein expression profiles of human bronchial epithelial 
cells. In this context, we performed Shotgun Proteomic Analysis comparing human bronchial 
epithelial cells and the same cells ectopically over-expressing Snail. 
 
Cell pellets were collected at UCLA and prepared for LC-MS/MS shotgun proteomics and 
analyzed in the Jim Ayers Institute at Vanderbilt, as described in our year 1 progress report. 
Briefly, each 0.2 mg protein aliquot was digested and resolved by isoelectric focusing into 15 
fractions that were subsequently analyzed by LC-MS/MS. Thus, there were 6 measurements (2 
technical replicates for 3 samples) for the control group and 6 for the Snail+ group. Raw MS/MS 
data were evaluated using MyriMatch and IDPicker software. Differentially expressed proteins 
were then identified using Quasi-Tel pair wise comparison.  
 
The initial dataset was robust, with 2809 protein groups identified overall; a protein group 
usually represents a single protein, but it is occasionally a small group of indistinguishable 
proteins with identical peptides. The overall numbers of protein groups in the control and Snail+ 
bronchial epithelial cells were similar (2229 and 2738, respectively). The following general 
observations were made: (1) Known markers of EMT were over-expressed in the Snail+ cells. 
(2) Other structural/motility proteins consistent with an EMT phenotype were also over-
expressed in the Snail+ cells. 
 
To augment our ability to identify proteins relevant to the molecular pathogenesis of lung cancer 
across the broadest possible patient population, we will perform shotgun proteomics on 
additional samples. A panel of bronchial epithelial cells isolated from patients and engineered to 
over-express Snail have been plated in western blot and anchorage independent growth (AIG) 
assays. Via these assays, we will re-confirm their Snail expression and Snail-driven malignant 
conversion prior to their proteomic evaluation. Each of the cell types in this panel has previously 
demonstrated numerous Snail-driven cancer-associated phenotypes, including EMT, stemness, 
AIG, and/or tumor growth and metastatic behavior in mice. At the conclusion of these assays, 
cells maintained in culture in parallel will be collected, prepared for shotgun proteomics, and 
analyzed, as previously described. Additionally, tumor-initiating Snail+ALDH+CD44+CD24- 
bronchial epithelial cells will be subjected to shotgun proteomics in the same manner. This 
relatively rare cell type will be isolated by fluorescence activated cell sorting (FACS), and the 
resulting cell pellets will be frozen. Multiple pellets will be pooled to generate material sufficient 
for evaluation; this again models laser capture microdissection (LCM) isolation of 
stem/progenitor target cells from normal/SM/SCC and normal/AAH/ADC regions of archived 
clinical specimens. 
 
By evaluating additional samples, including rare tumor-initiating stem cells, we anticipate 
arriving at a more robust protein signature relevant to lung carcinogenesis. Models and software 
developed in the Jim Ayers Institute at Vanderbilt are more appropriately applied to studies with 
these multiple inputs. The new protein signature that emerges will be further strengthened via 
Multiple Reaction Monitoring (MRM) performed on the remaining samples by the Vanderbilt 
group. MRM using mass spectrometry is a highly sensitive and selective method for the 
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targeted quantitation of protein or peptide abundances in complex samples. While shotgun 
proteomics detects all protein changes in the sample in an unfocused fashion, MRM is targeted 
and highly selective, allowing us to specifically look for proteins of interest. 
 
To this end, we have generated a list of candidate proteins for MRM utilizing shotgun proteomic, 
mRNA array, and miRNA array datasets generated from the same Snail+ cells. Candidates with 
the greatest fold change and level of significance were included. Candidates at the intersection 
of each of these lists, as evaluated by Ingenuity Pathway Analysis (IPA), were also included. 
Finally, additional candidates of interest were included based on our hypothesis-driven studies 
of lung carcinogenesis, including mediators of inflammation, EMT, stemness, metabolism, 
apoptosis-resistance, as evaluated in the PIs’ lab-based studies over the past several years. 
While we have already generated this candidate list for MRM, the list will be further refined as 
we expand our shotgun proteomic analysis to include additional samples. 
 
Finally, during the preceding funding period, we developed a Microsoft Access database with 
the intent of including an additional parameter, “druggability”, in the selection of top candidates 
for further validation and detailed functional studies. The first iteration of the database was 
created by integrating the protein, mRNA, and miRNA datasets previously described with a lung 
cancer-specific terms list (see Figures). These were then linked to information regarding 
proteins/genes/miRNAs for which agents are in use or in the pipeline along with additional 
clinical utility parameters, such as how successful the agent is and its range of use. This 
database will be refined as we expand our shotgun proteomic analysis to additional samples 
and as we receive inputs from the sequencing and array studies in the other aims. This 
database will serve as an important new tool for selecting the best protein candidates to include 
in our upcoming MRM studies. 
 

 

 

 
 

 

 

 

 

 

 

 

 Snail datasets used to build ‘druggable’ candidate selection Microsoft 
Access database. Datasets include mRNA array, miRNA array, and 
shotgun proteomics results. 
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Lung cancer terms list used to build 
‘druggable’ candidate selection database.  

Creation of MicroSoft Access database. Dataset integration 
and candidate selection based on “druggability”. 

 

Creation of MicroSoft Access database. Selection of datasets 
to overlay and subsequent narrowing of candidate list. 
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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. 

 
The studies on this Aim will be carried out in Years 3 and 4 of the grant. 
In collaboration with Dr. Liebler, we have developed a series of MRM assays that we can test in 
the airways of individuals for lung cancer. The methods developments have recently been 
published in MCP 9,10.  This validation effort proposed in aim 3 has not formally started because 
we have not settled on candidates to be tested by MRM.  
 
KEY RESEARCH ACCOMPLISHMENTS 
1. Collected matched epithelial cells from the nose, proximal and distal airways and 
tumor/adjacent normal lung from 35 patients undergoing surgical resection of lung lesions at all 
four participating institutions. 
2. Isolated RNA from all airway samples collected and begun to profile RNA using RNA-Seq (20 
cases, 156 samples) and microarray (28 cases, 183 samples) platforms in order to characterize 
the spatial map of the molecular field of injury in NSCLC patients and cancer-free individuals. 
3. Performed RNA sequencing on cell populations in matched sets of histologically normal 
airway, premalignant lesions and tumors from the same individuals, and identified candidate 
genes that increase in expression in premalignancy and in tumors.  We identified candidates 
that we are validating by PCR and will validate by MRM analysis.  
4. Identified and shared a set of preinvasive lesions matching their pair normal and invasive 
tumors to compare molecular profiles of tumor-initiating stem/progenitor cells from these groups 
and evaluate the role of airway epithelium tumor-initiating stem/progenitor cells in lung cancer 
pathogenesis in current and former smokers.  
5. Established MRM assays for candidate biomarkers of early lung cancer.  
 
 
REPORTABLE OUTCOMES 
 
Abstracts: 

Ooi AT, Gower AC, Zhang KX, Vick J, Caballero N, Massion PP, Wistuba II, Walser TC, 
Dubinett SM, Pellegrini M, Lenburg ME, Spira A and Gomperts BN. Molecular Profiles to 
Improve our Understanding of Lung Cancer Pathogenesis in U.S. Veterans. NIH Lung 
Cancer SPORE Meeting. Pittsburgh. July 2012. 
 

 
CONCLUSIONS 
 
During our second year of research, we have collected epithelial samples throughout the 
respiratory from smokers with and without lung cancer using common SOPs across all 4 
participating institutions, and we have initiated whole-genome gene-expression profiling of these 
samples using both RNA-seq and microarrays. We also used a unique approach to profile cell 
populations from the normal airway, premalignant lesions and tumors and were able to validate 
these genes. We have established proteomics methods required to validate our candidates in 
bronchial specimens during years 3 and 4 of the award. Both the spatial mapping and the 
premalignant tissue studies are expected to yield airway biomarkers for lung cancer to be tested 
in future aims of this project 
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