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Abstract
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 display tumor-associated molecular abnormalities. We sought to
delineate the spatial and temporal molecular lung field of injury in smoker early stage non-small
cell lung cancer (NSCLC) patients (n=19) who were accrued into a surveillance clinical trial for
annual follow-up and bronchoscopies within one 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. Affymetrix Human Gene 1.0 ST arrays were
used for whole-transcript expression profiling of airways (n=391). Microarray analysis identified
gene features (n=1165) that were non-uniform by site and differentially expressed between
airways adjacent to tumors relative to more distant samples as well as those (n=1395) that were
significantly altered with time up to three years. In addition, gene-interaction networks mediated
by PI3K and ERK1/2 were modulated in adjacent compared to contralateral airways and the latter
network with time. Furthermore, phosphorylated AKT and ERK1/2 immunohistochemical
expression were significantly increased with time (nuclear pAKT, p=0.03; cytoplasmic pAKT,
p<0.0001; pERK1/2, p=0.02) and elevated in adjacent compared to more distant airways (nuclear
pAKT, p=0.04; pERK1/2, p=0.03). This study highlights spatial and temporal cancer-associated
expression alterations in the molecular field of injury of early stage NSCLC patients after
definitive surgery that warrant further validation in independent studies.
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Introduction
Lung cancer, of which non-small cell lung cancer (NSCLC) comprises the majority, is the
leading cause of cancer-related deaths in the US and worldwide (1, 2). 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 (3). Recent data from the National Lung Screening Trial
(4), indicating that screening increases early detection rates, are expected to augment the
number of early stage NSCLC detected warranting the need for better clinical management
of this growing subpopulation. Besides adjuvant therapy, there are no effective
chemoprevention strategies for early stage NSCLC patients (5) who comprise approximately
50% of all diagnosed cases and have a relatively high rate of relapse (3). Improved clinical
management of early stage NSCLC is tightly linked to the identification of new effective
early biomarkers that can guide potential chemoprevention strategies.

Most diagnosed NSCLC cases (85%) are attributable to cigarette smoking (6–8). Auerbach
et al found that cigarette smoke induces extensive histological changes in the bronchial
epithelia in the lungs of smokers and that premalignant lesions are widespread and
multifocal throughout the respiratory epithelium, suggestive of a field effect (9). Many
molecular abnormalities, such as loss of heterozygosity (LOH) (10–12), mutations in TP53
(13), methylation of p16 tumor suppressor, death associated protein kinase (DAPK) and
retinoic acid receptor 2 beta (RAR-β2) were detected in bronchial epithelia of cancer-free
former smokers (14–18) some of which persisting for many years after smoking cessation
(15). More recently, global mRNA and microRNA (miRNA) expression profiles have been
described in the normal-appearing bronchial epithelium of healthy smokers (19, 20) that are
different from those in non-smokers. Moreover, expression and pathway signatures have
been derived from normal bronchial epithelium of smokers that exhibited diagnostic
properties (21, 22). Molecular changes involving LOH of chromosomal regions 3p (DDUT
and FHIT genes), 9p (CDKN2A), genomic instability (increased microsatellite repeats) and
p16 methylation have been demonstrated in histologically normal epithelium in squamous
cell carcinoma patients and in the sequence of pathogenesis of the disease (14, 23, 24).
Moreover, Nelson et al demonstrated that KRAS is also mutated in histologically normal
lung tissue adjacent to lung tumors (25). Furthermore, Tang and colleagues found higher
rates of EGFR mutations in adjacent normal bronchial epithelia (26, 27) suggestive of a
potential localized field effect.

It is plausible to assume that understanding early molecular aberrations in histologically
normal smoke-damaged airway epithelium of early stage patients would serve as a critical
first step towards identification of biomarkers that can guide lung cancer prevention
strategies. However, the global molecular airway field of injury in early stage NSCLC
patients, in particular after definitive surgery, is unknown. In this study, we used transcript-
level expression profiling coupled with gene-interaction network analysis and
immunohistochemical analysis to characterize, in-depth, site- and time-dependent global
molecular alterations in airways of smoker early stage NSCLC patients.
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Materials and Methods
Patient population and airway epithelial cell collection

Early stage (I/II), current or former smoker NSCLC patients with at least a 10-pack-year
smoking history and without evidence of disease after definitive surgery were recruited into
the Vanguard phase II surveillance clinical trial (clinical trial number NCT00352391) within
one year from time of surgery. Patients were accrued between 2004–2008 and underwent
frequent testing including chest x-rays, CT scans, laboratory work, serologies, flexible
bronchoscopies and airway biopsy collections within one year from surgery (average, 6
months; range, 1–12) (first time point), and at months 12, 24, and 36 following the first time
point. Bronchoscopies were performed using white light or both white light and
autofluorescence modalities. Biopsies were obtained from all potential anatomical locations
and time points per patient. In total there were 324 evaluable airway biopsies. Histological
assessment was performed to determine whether malignant changes will occur during the
time period. Once patients have completed 3 years of testing, they were followed until the
study is completed. Patients were comprised of former (n=16) and current (n=3) smokers.
One of the three current smoker patients quit smoking 6 months before the 24 month time
point. The clinicopathological variables of patients in this study are summarized in Table 1.
The study was approved by the Institutional Review Boards and all participants provided
written informed consents.

Bronchial airway epithelial cells were obtained from five to six different sites (main carina,
4 airways from 4 lobes and the bronchial stump or main stem bronchus adjacent to the
originally resected tumor and lobe, Figure 1) at each time point using an Olympus fiberoptic
bronchoscope (Olympus America Inc., Center Valley, PA) and cytobrushes (Cellebrity
Endoscopic Cytobrush, Boston Scientific, Boston, MA). Patients (n=19) with samples/
specimens available for analysis that were obtained serially up to either 24 or 36 months and
from at least from four different sites in the lung at each time point (n=391 airway samples)
were selected for the study. Epithelial cell content was confirmed by cytokeratin staining
which yielded a 90% epithelial cell content mainly comprised of ciliated cells. Brushes were
immediately placed in serum-free RPMI medium on ice, vortexed gently to disperse
epithelia into the media and then removed. Samples were then immediately centrifuged and
cell pellets were resuspended in 1 ml of phosphate-buffered saline (PBS). 500µl of the
sample was then again centrifuged and the pellet resuspended in 500µl β-mercaptoethanol-
containing RLT buffer (Qiagen, Valencia, CA), homogenized and stored in −80°C until
further processing. Total RNA was isolated using the RNeasy Mini Kit according to the
manufacturer’s instructions (Qiagen).

RNA processing for microarrays
Total RNA samples were preprocessed for subsequent hybridization to expression arrays
using the WT-Ovation and Encore™ Biotin Module from NuGEN Technologies Inc. (San
Carlos, CA) according to the manufacturer’s instructions. Briefly, the WT-Ovation Pico
RNA amplification system was used to generate amplified cDNA using 5 ng of starting
RNA material. After formation of double stranded cDNA, DNA was amplified using the
SPIA™ amplification method, a linear isothermal DNA amplification process developed by
the vendor (NuGEN Technologies). The WT-Ovation™ Exon Module (NuGEN
Technologies) was then used for generation of amplified sense strand cDNA (ST-cDNA)
that is suitable for subsequent array analysis with the Affymetrix Human Gene 1.0 ST array
platform (Affymetrix, Santa Clara, CA). Fragmented and biotin-labeled cDNA was then
generated using the Encore™ Biotin Module (NuGEN Technologies) using 5µg of amplified
cDNA. Quality and size distribution of unfragmented SPIA-amplified cDNA and subsequent
fragmented labeled cDNA were assessed by loading samples on an RNA 6000 Nano
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LabChip (Agilent) and analysis with Agilent bioanalyzer 2000 (Agilent). No differences in
quality were noted based on duration of sample storage.

Generation of microarray raw data and analysis
Fragmented and labeled cDNA (2.5µg) were hybridized onto Human Gene 1.0 ST arrays
according to the manufacturer’s instructions (Affymetrix). Hybridization cocktails
containing samples, control oligonucleotide and eukaryotic hybridization controls in
addition to hybridization mixes, DMSO and nuclease-free water were heat denatured at
99°C for 5 minutes, cooled to 45°C for 5 minutes, and finally centrifuged at maximum speed
for 1 minute. After injecting 80µL of the hybridization cocktails, arrays were incubated for
17 hours in a hybridization oven set to a temperature of 45°C with 60 rpm rotation. Arrays
were washed, stained and processed using Affymetrix GeneChip Fluidics Station 450
systems after which they were imaged using Affymetrix GeneChip Scanner 3000 7G for
subsequent generation of raw data (*CEL files). Raw data were quantified using Robust
Multichip Array (RMA) background correction, quantile normalization and RMA probe-
level models (RmaPlm) summarization methods. MIAME compliant metadata, normalized
expression values and 391 CEL files were submitted to the gene expression omnibus (GEO)
(samples GSM992943-GSM993345, series GSE40407). After data preprocessing and
normalization, a log base 2 transformation was applied. Pathways and gene-interaction
network analyses were performed using the commercially available software Ingenuity
Pathways analysis. All details of the microarray analysis including pairwise analysis of
adjacent and contralateral airways for patient clustering are included in the Supplementary
Information and in the four supplementary sweave reports accompanying the manuscript.

Immunohistochemical analysis of airway biopsies
Immunohistochemistry was done on histological sections of 4 micron formalin-fixed
paraffin-embedded tissue samples prepared by a tissue arrayer as described previously (28).
Immunohistochemistry analysis was performed using purified rabbit polyclonal primary
antibodies raised against phospho-AKT(Threonine308) (1:200 dilution, clone C31E5E,
catalog number 2965) and phospho-ERK1/2(Thr202/Tyr204) (1:400 dilution, clone
D13.14.4E, catalog number 4370) (Cell Signaling Technology, Danvers, MA). Antigen
retrieval was performed using the Dako target retrieval system at a PH of 6 (Dako,
Carpinteria, CA). Intrinsic peroxidase activity was blocked by 3% methanol and hydrogen
peroxide for 15 min and serum-free protein block (Dako) was used for 7 min for blocking
non-specific antibody binding. Slides were then incubated with the antibodies against
phospho-AKT and phospho-ERK1/2 at room temperature for 90 and 120 min, respectively.
After three washes in Tris-buffered saline, slides were incubated for 30 min with Dako
Envision+ Dual Link at room temperature. Following three additional washes, slides were
incubated with Dako chromogen substrate for 5 min and were counterstained with
hemotoxylin for another 5 min. Formalin-fixed and paraffin-embedded pellets from lung
cancer cell lines displaying positive phospho-AKT and phospho-ERK1/2 expression by
Western blot analysis were used as a positive control, whereas samples and whole-section
tissue specimens processed similarly, except for the omission of the primary antibodies were
used as negative controls. The intensity and extent of cytoplasmic and nuclear phospho-
AKT and phospho-ERK1/2 immunostaining was evaluated using a light microscope
(magnification, x20) independently by two pathologists (J.F. and I.I.W.) who were blinded
to the identity of the samples. Cytoplasmic expression was quantified using a four-value
intensity score (0, none; 1, weak; 2, moderate and 3, strong) and the percentage (0–100%) of
the extent of reactivity). A final cytoplasmic expression score was obtained by multiplying
the intensity and reactivity extension values (range, 0–300). Nuclear expression score was
quantified using the percentage of extent of reactivity (range, 0–100).
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Summary statistics, including frequency tabulation, means, standard deviations, median and
range were given to describe subject characteristics and immunohistochemical protein
expression. Repeated measures analysis was performed to assess the differential effect of
sites on phosphorylated AKT and ERK1/2 expression variation with time. Mixed effects
models were generated to assess significance of site, time and the interaction of both factors
to the expression of both proteins. All statistical tests were two-sided and p-values of 0.05 or
less were considered to be statistically significant. Statistical analysis was performed with
standard statistical software, including SAS Release 8.1 (SAS Institute, Cary, NC) and S-
Plus 2000 (Mathsoft Inc., Seattle, WA).

Results
Detailed site- and time-dependent airway sampling of the field of injury in early stage
NSCLC patients after definitive surgery

Expression patterns molecularly exemplifying the impact of smoking on the airway
epithelium of cancer-free individuals have been characterized (8, 19, 29). Moreover,
molecular abnormalities typically found in lung tumors have been detected in normal
resected margins suggestive of a field effect (15, 25–27, 30, 31). However, the biological
nature and clinical relevance of the field of injury in particular after complete removal of the
tumor in early stage NSCLC patients, who are increasing in number and for whom there are
no chemoprevention strategies, is yet unknown. Smoker early stage NSCLC patients were
recruited on a prospective phase II surveillance clinical trial that included frequent computed
tomography (CT) scans, serologies and annual bronchoscopies in which airway brushings
and biopsies were obtained within one year following tumor resection and at 12, 24 and 36
months following the first time point (Supplementary methods and Figure 1). The first time
point bronchoscopies were all performed within one year of definitive surgery (average, 6
months; range, 1–12). Nineteen patients were selected for the study (Table 1) based on
airway sampling of at least five different sites per time point and continuously up to 24 or 36
months giving rise to 391 airway samples for transcript-level expressing profiling. The
patients were accrued between 2004 and 2008 and were comprised of former (n=16) and
current (n=3) smokers. Brushings and biopsies were obtained from the main carina (MC),
airways relatively adjacent (ADJ) to the previously resected tumor (ADJ) and from airways
more distant from the tumor in the ipsilateral (NON-ADJ) and contralateral (CONTRA)
lung (Figure 1).

Following normalization of the raw expression data, a mixed-effects model was applied to
characterize the expression pattern of each gene that incorporated fixed effects such as the
site from the tumor and time after surgery of the collected airway samples (Supplementary
information). Histogram p-value distribution plots after fitting beta-uniform-mixture (BUM)
models (32) for derived p-values based on the fixed effects suggested that both site and time
of the airway samples influenced gene expression modulation (Supplementary Figure 1A
and 1B).

Site-dependent differential expression patterns in airway epithelia of early stage NSCLC
patients

We first sought to determine whether gene expression profiles are differentially expressed in
airways by site from the tumor including those relatively adjacent to the resected tumors
compared to more distant airways. Based on the generated BUM models and p-value
distributions, genes differentially expressed by site were selected based on a 1% false
discovery rate (FDR). We identified 1165 gene features that were statistically significantly
differentially expressed by site (Supplementary Table 1). Two-dimensional hierarchical
clustering demonstrated that the airway samples were divided into two main branches or
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clusters (Figure 2A) based on expression of the genes. Moreover, the left cluster in the
indicated heat map’s dendogram contained a statistically significantly higher number of
adjacent airway samples compared to the right branch which contained a significantly higher
proportion of main carinas and contralateral to the tumor airways (p=0.0027 of the Fisher’s
exact test for count data). In addition, the two-dimensional clustering revealed eight
different gene expression patterns which are indicated by the color bar and code along the
left side of the heat map (Figure 2A). Some of the different gene clusters or classes were
associated with a specific group of airway samples. Notably, a cluster of 263 genes (cluster
1,Supplementary Table 1), indicated by the dark green color and asterix on the heat map,
was found to have highest average expression in adjacent airways (Figure 2A and
Supplementary Table 2). In contrast, another cluster of 348 genes (indicated by magenta
color) appeared to be highest in expression in main carinas (Figure 2A).

We then determined to functionally analyze the cluster of genes (n=263), that was found to
exhibit the highest average expression in adjacent airways, between adjacent and
contralateral airways. Functional pathways analysis using Ingenuity Pathways Analysis
(IPA) depicted several significantly modulated pathways and molecular functions in
particular, T-cell (p=1.2 × 10−9), chemokine C-C motif receptor 5 (CCR5) (1.5 × 10−9) and
phospholipase C signaling (p=3.6 × 10−9). In addition, topological gene-interaction network
analysis highlighted functionally modulated and up-regulated gene networks mediated by
phosphoinositide 3-kinase (PI3K) and extracellular regulate kinase (ERK) in the adjacent
airways (Figure 2B). It is worthwhile to note that we also observed increased modulation of
ERK MAPK-mediated gene-interaction network using a different analytical method where
we compared expression profiles between adjacent and contralateral between patients in a
pairwise fashion (data not shown, Supplementary sweave report 3). These findings suggest
that airway site-dependent differential gene expression profiles in early stage NSCLC
patients exhibit increased molecular features and gene-interaction networks typically
associated with cancers.

We then determined to analyze gene expression profiles while excluding main carinas since
their epithelial anatomy is suggested to be different from that of other airways (33) and thus
may confound site-dependent observations. Following exclusion of main carinas, we found a
reduced number of genes (n=136) that were significantly modulated by site in the field of
injury (Supplementary sweave report 4). Two-dimensional hierarchical clustering
demonstrated that airway samples were divided into two main branches or clusters
(Supplementary Figure 2) with significantly more adjacent airways in the right branch
(p=0.0002 of the Fisher’s exact t-test). Moreover, the differentially expressed genes
(Supplementary Table 4) were comprised of two main subgroups with one cluster (top
cluster) of 113 genes exhibiting highest average expression in adjacent airways. It is
important to note that when we cross-compared gene clusters that we had found to exhibit
the highest average expression in adjacent airways when including (263 gene cluster) or
excluding (113 gene cluster) main carinas, we found a highly significant overlap (p=2.46 ×
10−191) in the number of genes (n=96). Moreover, the site-dependent genes identified after
exclusion of main carinas were also topologically organized following functional pathways
analysis into interaction networks involving PI3K and ERK.

Gene expression profiles in the lung airway epithelia of early stage NSCLC patients are
modulated with time following definitive surgery

We then determined to identify genes that were differentially expressed with time. Based on
the generated BUM models and p-value distributions, time-dependent differentially
expressed genes were identified and selected based on a 5% FDR cut-off (n=1395,
Supplementary Table 4 and Supplementary sweave report 2). Hierarchical clustering of
samples indicated that the dendogram’s main branches were statistically significantly
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unbalanced with respect to time; the main left branch comprised a higher number of 24 and
36 month time points compared to the right cluster (p=4.15 × 10−7 of the Fisher’s exact test
for count data). Two-dimensional clustering of both genes and samples revealed two main
classes of genes, those that displayed increased (upper cluster) and decreased (lower cluster)
expression with time (Figure 3A). Functional pathways and gene-interaction network
analysis of genes differentially expressed genes between 36 months and the first time point
revealed statistically significantly modulated pathways, in particular protein ubiquitination
(5.3 × 10−5), glutathione metabolism (6.0 × 10−5), mitochondrial dysfunction (1.4 × 10−4)
and oxidative phosphorylation (2.9 × 10−3) as well as eukaryotic initiation factor 2 (eIF2)
signaling (2.6 × 10−3). In addition, network analysis highlighted functionally modulated and
elevated gene-interaction networks with time in particular those mediated by Nuclear factor-
kappa B (NF-κB), ERK, AKT and cyclin-B1 (CCNB1) (Figure 3B).

We then sought to determine the relationship of genes that were significantly modulated by
site and time in the molecular field of injury. A smooth scatter plot of transformed p-values
indicated that site- and time-dependent expression modulations were largely independent
(Supplementary Figure 3 and Supplementary sweave report 2). We then cross-compared the
site-dependent (n=1165) and time-dependent (n=1395) profiles that we had noted in the
molecular field of injury. Using hypergeometric tests for overlapping probability, we found
no significant overlap between genes we had determined to be differentially expressed by
site and time in the molecular field of injury (p=0.865) (Supplementary sweave report 4).

Increased expression of phosphorylated AKT and ERK1/2 in airway epithelia by site from
the tumor and with time following surgery

Our findings on the modulation of PI3K- and ERK1/2-mediated networks by site and time
after surgery prompted us to examine the immunohistochemical (IHC) expression of
surrogate markers of both signaling cascades in corresponding formalin-fixed paraffin
embedded (FFPE) airway biopsies. We sought to examine expression of AKT
phosphorylated at Threonine308 since phosphorylation of this amino acid is well known to
occur through phosphoinositide-dependent kinase 1 (PDPK1) following PI3K activation
(34). We assessed by IHC the immunohistochemical expression of phospho-AKT(Thr308)
and phospho-ERK1/2(Thr202/Tyr204) in available and evaluable histologically normal
bronchial epithelia biopsies (n=324) corresponding to the brushings analyzed by expression
profiling. Immunoreactivity of phospho-AKT (min 0, max 300) was variable as depicted in
the representative photomicrographs in Figure 4A and was detected in both the cytoplasm
and nucleus of normal bronchial epithelia (NBE) (Figure 4A). IHC analysis demonstrated
that cytoplasmic (p<0.0001) and nuclear (p=0.01) phospho-AKT statistically significantly
increased with time up to three years in all NBE (Figure 4B) with highest expression at the
36 month time point. Nuclear phosphorylated AKT was also statistically significantly
increased in adjacent NBE compared to relatively airways more distant from tumors in the
mixed-effects model (p=0.04) (Figure 4B).

Immunoreactivity of phospho-ERK1/2 was also variable (min 0, max 209) and mainly
cytoplasmic (Figure 4C). IHC analysis demonstrated that phosphorylated ERK1/2 was
statistically significantly elevated in adjacent NBE (p=0.03) and significantly increased with
time up to three years in all airways when averaged together (p=0.02) (Figure 4D) in the
model. Notably, there was a significant interaction (p=0.019) between site of NBE and time
of sampling as phospho-ERK1/2 expression was significantly increased in adjacent NBE but
not in contralateral airways and main carinas in the model (Figure 4D) with highest
expression in adjacent airways and non-adjacent (ipsilateral, green plot) airways in observed
at the latest time point. Similar data were obtained when we excluded main carinas in the
mixed-effects model (data not shown). Moreover, we noted similar findings when all airway
samples were analyzed irrespective of the presence of preneoplastic lesions (e.g. dysplasias).
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These data demonstrated that like differential gene expression profiles within the lung
airway field of injury, canonical activated oncogenes are modulated by site from the
resected tumor and time following definitive surgery in early stage NSCLC patients.

Discussion
In this report, we characterized differential expression profiles and protein expression within
the lung airway field of injury of early stage NSCLC patients by site from the tumor and
time in years following surgery. We demonstrated, and to our knowledge for the first time,
that gene expression profiles in histologically normal airways of early stage NSCLC patients
are non-uniform by site and are modulated with time up to three years following surgery.
Moreover, functional analysis of the expression profiles demonstrated that canonical
expression patterns and protein kinase activation, typical of tumors, are increased in airway
sites adjacent to tumors as well as remain or are further modulated in the lung airway field
of injury for three years after definitive surgery. In particular, phosphorylated ERK MAPK
and AKT expression were up-regulated in normal bronchial epithelia with time and by site
from tumors. In light of the growing sub-population of early stage NSCLC, our findings are,
in part, proof of principle and raise the intriguing possibility of the importance of intense
surveillance and molecular characterization of the remaining smoking-injured airway
epithelia and its potential integration in the future into clinical practice and management of
early stage disease. However, it is noteworthy that our study’s patient cohort, despite its
uniqueness in which expression profiling was performed on airways from multiple sites
collected during bronchoscopies serially performed for 36 months following surgery, is of
limited size. Moreover, the reported findings warrant the need for validation or confirmation
in independent larger sets.

There is a large body of evidence that patients who have survived an upper aerodigestive
cancer comprise a high risk population that may be targeted for early detection and
chemoprevention efforts (5, 31). Currently there are no established adjuvant treatments in
the tertiary prevention setting of early stage NSCLC patients. It has been suggested that
failures in advances of chemoprevention are in part due to lack of clear and specific
molecular targets (5, 35). Our extensive profiling of the molecular field of injury in NSCLC
patients identified cancer-associated pathways (PI3K and ERK) aberrantly regulated in
normal bronchial epithelia of NSCLC patients after tumor removal. In this context, it is
plausible to suggest that a thorough characterization of the molecular field of injury in early
stage NSCLC patients can aid in identification of aberrantly expressed pathways, e.g. PI3K
and ERK, which could potentially serve as suitable targets for chemoprevention. However, it
cannot be neglected that the alternative hypothesis can counter argue that activation of PI3K
and ERK MAPK pathways may be beneficial for chemoprevention since markers of both
pathways (phosphorylated AKT and ERK) increased following surgical tumor resection.
Our suggestion that such pathways may serve as chemoprevention targets should be
interpreted cautiously and is presented owing to the known promalignant function of the
pathways and gene networks highlighted in our analysis (36).

The first time point brushings in this study were obtained within one year of patient accrual
and not at the time when the tumor was still in situ. The variable starting time point from
surgery among patients is a limiting factor in our analysis since it is plausible to assume that
the molecular field of injury may vary upon tumor removal. We were not able to avoid this
caveat given the difficulty of accrual of patients following surgical tumor resection to obtain
bronchial brushings at six different anatomical sites in the bronchial tree annually up to three
years. However, it is important to mention that the time-dependent gene expression profiles
we had identified, despite not incorporating the molecular field effect at the time the tumor
was present, demonstrated gradual changes in expression with time. This effect was also
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evident when analyzing the immunohistochemical expression of phosphorylated AKT and
ERK in corresponding bronchial biopsies with highest expression at three years. Our
findings warrant future larger studies in which the molecular field of injury at the time the
tumor is still in situ can also be serially monitored for several years.

The patient population we had studied was comprised of early stage NSCLC patients, which
is in contrast to earlier transcriptomic studies of the molecular field of injury that focused on
phenotypically normal smokers and non-smokers (19, 21, 22). It is still not clear whether the
differences in expression described in this study reflect an already present gradient field of
injury that may have contributed to tumor development in light of the differential cancer-
associated pathways identified or one that arises due to the molecular impact of the tumor on
the adjacent field. It is important to note that in this study, the spatial and temporal
molecular field of injury in lung cancer patients was profiled prospectively starting within
one year following definitive surgery. Thus, the above speculation may be addressed by a
similar thorough spatial and temporal characterization of the molecular field of injury before
and after surgery in early stage patients. In addition, we did not have access to similar type
of brushings from cancer-free individuals such as high-risk smokers. Similar analysis of the
molecular field of injury in cancer-free individuals will shed light on the nature of site- and
time-dependent expression patterns in the field of injury and whether such changes in cancer
patients reflect recovery from surgery (temporal profiles) or are a cause or consequence of
tumor development in the adjacent field (spatial profiles).

In conclusion, our unique study identified gene expression profiles, functional gene-
networks and activated levels of oncogenic protein kinases within the field of injury of early
stage NSCLC patients that are modulated or increased in airways spatially from the tumor
and temporally following surgery. Moreover, the herein previously uncharacterized airway
cancer-associated expression and protein kinase alterations harbor potential valuable targets
for chemoprevention and warrant confirmation and further studies in larger independent
cohorts.

Supplementary Material
Refer to Web version on PubMed Central for supplementary material.
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Figure 1. Spatial and temporal molecular field of injury in early stage NSCLC patients after
definitive surgery
Schematic depicting the site- (top) and time- (bottom) dependent collection of airway
epithelia brushings by bronchoscopy. Smoker early-stage NSCLC patients were enrolled
into a surveillance clinical trial for annual follow-up and bronchoscopies within one year
after definitive surgery. Bronchial airway epithelial cells (brushings and biopsies) were
obtained from five to six different sites comprised of the main carina (MC), 4 airways from
4 lobes ipsilateral (NON-ADJ) or contralateral (CONTRA) to the originally resected tumor
and of the bronchial stump or main stem bronchus adjacent to the tumor and lobe. All site-
different airway epithelia were collected at the time of inclusion in the study and at 12, 24
and 36 months following the starting time point (391 airways from 19 NSCLC patients).
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Figure 2. Site-dependent airway epithelia differential gene expression patterns
A. Heat map depicting two-dimensional clustering of airway samples (n=391) and genes
(n=1165) that were determined to be differentially expressed by site in the mixed-effects
model based on a 1% FDR cut-off. The identified eight gene clusters are labeled with
different colors with the green cluster of genes (n=263, *A) exhibiting highest average
expression in adjacent airways and the magenta cluster (n=348, *MC) having highest
expression in main carinas. B. Gene-interaction analysis by IPA depicting networks with
significant scores that indicate the likelihood of genes in a network being found together
than due to chance. The depicted networks were found to be mediated by PI3K (top) and
ERK1/2 (bottom) with both kinases themselves not modulated in expression. Gene
expression variation based on the statistical cut-off described above is depicted by color in
the network (red, up-regulated; green, down-regulated).
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Figure 3. Temporal modulation of the molecular field of injury after definitive surgery in early
stage NSCLC patients
A. Heat map depicting two-dimensional clustering of airway samples (n=391) and genes
(n=1395) that were determined to be differentially expressed by time in the mixed-effects
model based on a 5% FDR cut-off. B. Gene-interaction analysis, similar to that in Figure 2,
by IPA depicting networks with increased likelihood of genes being found together than due
to chance and mediated by NF-κB, ERK1/2, AKT and CCND1. CCND1 itself was up-
regulated at the expression level. Gene expression variation based on the statistical cut-off is
depicted by color in the network (red, up-regulated; green, down-regulated).
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Figure 4. Site- and time-dependent immunohistochemical expression of phosphorylated AKT
and ERK1/2 in the airway field of injury
A. Representative photomicrographs (20x magnification) depicting strong (top) and weak
(bottom) phospho-AKT(Thr308) immunostaining. B. Immunohistochemical scores of
cytoplasmic (left) and nuclear phospho-AKT (middle) were assessed for statistically
significant differences by site and time in a mixed-effect model and plotted in main carinas
(MC) and in adjacent (ADJ), non-adjacent (ipsilateral, NON-ADJ) and contralateral
(CONTRA) airways with time. C. Representative photomicrographs (20x magnification)
depicting strong (top) and weak (bottom) phospho-ERK1/2(Thr202/Tyr204)
immunostaining. D. Immunohistochemical scores of phosphorylated ERK1/2 levels were
assessed for statistically significant differences by site and time in a mixed-effect model and
repeated measures analysis, site*time, term for interaction between site and time factors.
Error bars represent S.E. of the mean.

Kadara et al. Page 15

Cancer Prev Res (Phila). Author manuscript; available in PMC 2014 January 01.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

Kadara et al. Page 16

Ta
bl

e 
1

C
lin

ic
op

at
ho

lo
gi

ca
l f

ea
tu

re
s 

of
 N

SC
L

C
 p

at
ie

nt
s 

in
cl

ud
ed

 in
 th

e 
st

ud
y

P
at

ie
nt

H
is

to
lo

gy
A

na
to

m
ic

al
si

te
St

ag
e

R
ec

ur
re

nc
e

A
dj

uv
an

t
ch

em
ot

he
ra

py
G

en
de

r
A

ge
Sm

ok
in

g
st

at
us

P
ac

k
ye

ar
s

Y
ea

rs
qu

it
sm

ok
in

g

M
on

th
s 

to
in

cl
us

io
n

fr
om

su
rg

er
y

1
A

D
C

L
U

L
II

A
Y

es
N

o
M

al
e

81
Fo

rm
er

10
0

12
.0

1

2
A

D
C

R
L

L
IB

N
o

N
o

M
al

e
64

Fo
rm

er
27

19
.1

5

3
A

D
C

R
U

L
IB

Y
es

Y
es

M
al

e
58

Fo
rm

er
12

25
.5

7

4
SC

C
R

L
L

IB
Y

es
Y

es
Fe

m
al

e
62

Fo
rm

er
60

7.
6

7

5
A

D
C

R
L

L
IA

N
o

N
o

Fe
m

al
e

60
Fo

rm
er

31
11

.8
6

6
A

D
C

L
L

L
IA

Y
es

Y
es

M
al

e
62

Fo
rm

er
40

5.
8

5

7
A

D
C

R
U

L
IB

Y
es

Y
es

M
al

e
61

C
ur

re
nt

70
N

A
10

8
SC

C
L

U
L

IB
N

o
N

o
M

al
e

64
C

ur
re

nt
10

0
N

A
5

9
A

D
C

R
U

L
IA

N
o

N
o

M
al

e
69

Fo
rm

er
12

36
.5

8

10
A

D
C

R
U

L
IB

N
o

N
o

Fe
m

al
e

63
Fo

rm
er

18
8.

6
5

11
A

D
C

R
U

L
IB

Y
es

N
o

Fe
m

al
e

53
Fo

rm
er

42
5.

8
3

12
SC

C
R

U
L

IA
N

o
N

o
M

al
e

62
Fo

rm
er

68
0.

4
5

13
SC

C
L

U
L

IA
N

o
N

o
M

al
e

70
Fo

rm
er

96
1.

4
7

14
A

D
C

L
U

L
IA

Y
es

Y
es

Fe
m

al
e

45
Fo

rm
er

12
.5

0.
9

12

15
A

D
C

R
L

L
IA

N
o

N
o

Fe
m

al
e

57
C

ur
re

nt
80

N
A

4

16
A

D
C

L
L

L
IA

N
o

N
o

M
al

e
65

Fo
rm

er
48

21
.0

7

17
A

D
C

L
L

L
IA

N
o

N
o

M
al

e
64

Fo
rm

er
92

5.
1

7

18
A

D
C

R
M

L
IB

N
o

N
o

M
al

e
71

Fo
rm

er
10

2
2.

3
2

19
A

D
C

L
U

L
IA

N
o

N
o

Fe
m

al
e

66
Fo

rm
er

50
18

.5
5

* A
na

to
m

ic
al

 s
ite

: l
oc

at
io

n 
of

 p
ri

m
ar

y 
tu

m
or

 in
 th

e 
lu

ng
 (

L
U

L
, l

ef
t u

pp
er

 lo
be

; L
L

L
, l

ef
t l

ow
er

 lo
be

; R
U

L
, r

ig
ht

 u
pp

er
 lo

be
; R

M
L

, r
ig

ht
 m

id
dl

e 
lo

be
; R

L
L

, r
ig

ht
 lo

w
er

 lo
be

* Sm
ok

in
g 

st
at

us
: s

m
ok

in
g 

st
at

us
 a

t t
im

e 
of

 in
cl

us
io

n 
in

to
 th

e 
st

ud
y 

(p
at

ie
nt

 7
 q

ui
t s

m
ok

in
g 

du
ri

ng
 th

e 
co

ur
se

 o
f 

th
e 

st
ud

y)
.

* Y
ea

rs
 q

ui
t s

m
ok

in
g:

 Y
ea

rs
 f

ro
m

 s
m

ok
in

g 
ce

ss
at

io
n 

to
 ti

m
e 

of
 in

cl
us

io
n 

in
to

 th
e 

st
ud

y.

* M
on

th
s 

to
 in

cl
us

io
n 

fr
om

 s
ur

ge
ry

: M
on

th
s 

el
ap

se
d 

fr
om

 s
ur

ge
ry

 to
 ti

m
e 

of
 in

cl
us

io
n 

in
to

 th
e 

st
ud

y/
fi

rs
t b

ro
nc

ho
sc

op
y 

tim
e 

po
in

t.

A
D

C
, a

de
no

ca
rc

in
om

a;
 S

C
C

, s
qu

am
ou

s 
ce

ll 
ca

rc
in

om
a

Cancer Prev Res (Phila). Author manuscript; available in PMC 2014 January 01.


