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Abstract

Background: Tobacco smoking is responsible for over 90% of lung cancer cases, and yet the precise molecular alterations
induced by smoking in lung that develop into cancer and impact survival have remained obscure.

Methodology/Principal Findings: We performed gene expression analysis using HG-U133A Affymetrix chips on 135 fresh
frozen tissue samples of adenocarcinoma and paired noninvolved lung tissue from current, former and never smokers, with
biochemically validated smoking information. ANOVA analysis adjusted for potential confounders, multiple testing
procedure, Gene Set Enrichment Analysis, and GO-functional classification were conducted for gene selection. Results were
confirmed in independent adenocarcinoma and non-tumor tissues from two studies. We identified a gene expression
signature characteristic of smoking that includes cell cycle genes, particularly those involved in the mitotic spindle
formation (e.g., NEK2, TTK, PRC1). Expression of these genes strongly differentiated both smokers from non-smokers in lung
tumors and early stage tumor tissue from non-tumor tissue (p<<0.001 and fold-change >1.5, for each comparison),
consistent with an important role for this pathway in lung carcinogenesis induced by smoking. These changes persisted
many years after smoking cessation. NEK2 (p<<0.001) and TTK (p =0.002) expression in the noninvolved lung tissue was also
associated with a 3-fold increased risk of mortality from lung adenocarcinoma in smokers.

Conclusions/Significance: Our work provides insight into the smoking-related mechanisms of lung neoplasia, and shows
that the very mitotic genes known to be involved in cancer development are induced by smoking and affect survival. These
genes are candidate targets for chemoprevention and treatment of lung cancer in smokers.
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Introduction

Lung cancer is the leading cause of cancer death worldwide.
Cligarette smoking is responsible for about 90% of lung cancers
and decreases survival,[l1] and vyet the precise molecular
alterations induced by smoking in lung that develop into cancer
and impact survival have remained obscure. Using Affymetrix
HG-U133A microarrays on 135 fresh frozen adenocarcinoma
and paired non-tumor tissue samples from current, former and
never smokers from the Environment And Genetics in Lung

cancer Etiology (EAGLE) study (http://dceg.cancer.gov/eagle),
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we sought to identify the genes that are altered by smoking in
lung, and those, within the smoking signature, that have a role in
lung carcinogenesis and outcome from lung cancer. We chose
adenocarcinoma, the predominant histological subtype of lung
cancer, because it occurs in subjects with no history of smoking
as well as in smokers, providing a range of exposures ideal for
the study of smoking-induced carcinogenesis. Specifically, in early
stage adenocarcinoma tissue we compared gene expression from
current (C) and never (N) smokers and identified the major genes
using stringent criteria for gene selection (p<<0.001 and fold
change >1.5), the Benjamini-Hochberg procedure[2] to calculate
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the False Discovery Rate (FDR), and Gene Ontology (GO)[3] to
classify the gene functional categories. We then verified whether
the comparison between former (F) and never (N) smokers
identified similar genes. We performed Gene Set Enrichment
Analysis (GSEA)[4] to identify common gene patterns where the
single-gene analysis revealed only few overlapping genes. We
further explored whether the genes that differentiated lung
tumors of smokers from never smokers (C/N and F/N) also
differentiated early stage tumor tissue (T) from paired non-tumor
(NT) tissue to confirm the role of these genes in smoking-related
lung carcinogenesis. We finally explored the impact of the
smoking signature on survival from lung cancer in smokers. We
validated G/N genes by Real Time-PCR in 68 samples used for
the present microarray analysis, and confirmed them in 40
independent samples from EAGLE and a Mayo Clinic study of
lung cancer.

Materials and Methods

Study population and sample collection

This study included 105 subjects from EAGLE, a large
population-based study of lung cancer conducted in the Lombardy
region of Italy. EAGLE lung cancer cases were enrolled from the
following 13 hospitals: A.O. Ospedale Niguarda Ca’ Granda,
Milano; A.O. Spedali Civili, Brescia; Istituto Clinico Humanitas,
Rozzano (MI); Ospedale di Circolo e Fondazione Macchi, Varese;
Fondazione IRCCS Ospedale Maggiore Policlinico, Mangiagalli
and Regina Elena, Milano; Istituto Scientifico Universitario
Ospedale San Raffaele, Milano; A.O. Ospedale Luigi Sacco,
Milano; A.O. San Paolo, Milano; A.O. Ospedale San Carlo
Borromeo, Milano; IRCCS Policlinico San Matteo, Pavia; A.O.
San Gerardo, Monza; A.O. Ospedale Fatebenefratelli, Milano;
Ospedale San Giuseppe, Milano. The healthy controls in EAGLE
were randomly selected from the same residential area of the lung
cancer cases. After description of the EAGLE study by the study
personnel, and discussion with potential participants, written
informed consent was obtained under a protocol approved by the
Institutional Review Board of each participating hospital and by
the National Cancer Institute (Bethesda, MD). Subjects in this
gene expression study, 44-79 years old, had histologically
confirmed primary adenocarcinoma of the lung, stages -1V,
and provided detailed smoking and medical history information.

Opverall, 180 adenocarcinoma and non-tumor tissue samples
were selected for the analyses, including duplicate or triplicate
samples from 14 subjects for quality control. Samples had been
snap-frozen in liquid nitrogen within 20 minutes of surgical
resection. A single pathologist confirmed the hospital-based
diagnosis of adenocarcinoma, estimated the presence of malignant
cells in each sample based on H&E-stained fresh frozen sections,
and classified the samples as Tumor (T) and Non-Tumor (NT).
From the original 180 samples, 148 provided sufficient quantity of
high-quality RNA for microarray analyses; 13 additional samples
were excluded because of technical problems. Normalization was
conducted on the remaining 135 microarrays; corresponding CEL
files and information conform to the MIAME guidelines are
publicly available on the GEO database (accession num-
ber = GSE10072). After normalization, 13 samples were excluded
because of low percentage of tumor cells in the tumor tissues. This
report is based on 122 samples, of which 15 duplicates/triplicates
were averaged, resulting in 107 final expression values from 58
tumor and 49 non-tumor tissues from 20 never smokers, 26 former
smokers, and 28 current smokers. Quality assurance and
distribution of cell types across smoking groups are described in
Appendix S1A, S1B, and S1C.
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Statistical analysis

All statistical analyses were accomplished using R program
language. Gene expression data were processed and normalized
using Bioconductor Affy package, based on the Robust Multichip
Average (RMA) method[5] for single-channel Affymetrix chips.
All 22,283 probe sets based on RMA summary measure were used
in class comparison analyses.

Average linkage hierarchical clustering of samples was based on
one minus Pearson correlation as the dissimilarity metric.

An ANOVA analysis adjusting for sex was used to test whether
genes were differentially expressed between smoking groups (G/N
and F/N), between tumor tissue and non-tumor tissue (T/NT), or
by pack years of cigarette smoking. Further analyses adjusted by
tumor grade or excluding 6 subjects with emphysema or chronic
bronchitis or 3 subjects who received chemotherapy prior to the
study were conducted, with essentially unaltered results. For
analyses including paired tissues (T/NT tissue samples from the
same subjects), a linear mixed effects model was used to account
for intra-person correlation.

To limit false positive findings, genes were considered
statistically significant if their p-values were less than the stringent
threshold of 0.001. Under the null hypothesis of no difference in
expression profiles, and considering the analysis of 22,283 probes,
we expect that by chance the average number of false positive
findings will be =23. We used the Benjamini-Hochberg|2]
procedure to calculate the False Discovery Rate (FDR). We
further restricted significant genes to those which showed at least
1.5 fold ratio of geometric means of expression between two
groups. Gene selection based on p<<0.001 (two-sided) and fold-
change >1.5 are referred to as “stringent criteria”.

The Cox Proportional Hazards model[6] was used to estimate
the effect of gene expression changes in G/N on survival from
lung cancer in smokers. Of the 74 subjects included in this study
(all stages), 34 (22 smokers) were alive, and 40 (32 smokers) were
deceased as of May 2007. Among the deceased subjects, 36 died of
lung cancer. The remaining 4 (2 smokers) died of other cancers
and were censored at time of death in the analysis. The time from
lung cancer to death or date of last follow-up was between 28 days
and 5.0 years for the deceased subjects, and 3.7 and 5.7 years for
the subjects alive in May 2007. The relative risk of gene expression
was defined as the hazard ratio associated with one standard
deviation change of the expression. Analyses were adjusted for
stage, sex, and smoking. Age was similarly distributed across the
groups and was not adjusted for in the analysis.

Analysis of total plasma cotinine concentration by gas

chromatography/mass spectrometry

We verified the self-reported current smoking status by measuring
plasma cotinine levels. The total cotinine (free plus cotinine N-
glucuronide) concentration in plasma was quantified by GC/MS
analysis using a method similar to that used for urinary cotinine,[7]
with the addition of a solid phase extraction step carried out on an
MCX column (Waters Corporation, Milford, MA).

One individual who reported to have quit smoking 2.6 years
before the study had high cotinine levels (135 ng/ml) and was re-
classified as a current smoker.

Gene Set Enrichment Analysis

Gene Set Enrichment Analysis (GSEA)[4] was used to compare
expression in groups of genes (gene-sets), between different tissues or
between different comparison groups within the same tissue. GSEA
analysis reveals a pattern of common gene-sets even when single-gene
analysis reveals very few overlapping genes between groups. We
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modified the standard GSEA method by substituting an ANOVA test
for the standard two-sample t-test to adjust for sex. Furthermore, we
changed the permutation test for calculating the p-values by
permuting residuals and using as weights the observed ANOVA
coeflicients divided by the standard error values. Up- and down-
regulated genes were included in different gene-sets for the analyses.

Molecular function classification of smoking-altered
genes

Gene Ontology was used to assign the genes to functional
categories.[3] GoMiner[8] was utilized to rank-order the GO
categories for the genes identified in the smoking comparisons.

Quantitative PCR validation and confirmation in
independent samples

We used quantitative real-time PCR (QRTPCR) to confirm the
differential expression of 19 G/N selected genes (20 probes),
including 14 genes from T and 5 from NT analyses. Primer and
probe sets for the selected genes as well as control probes for
GUSB and S18 (ABI) were run on 7500 Tagman under the
manufacturer’s standard protocol. Ct values were normalized
based on GUSB expression.

Validation assays were performed in 68 samples used in the
original microarray analyses, including 43 T (27 G and 16 N
smokers), and 25 NT (18 C and 7 N smokers).

Confirmation assays were performed in 40 independent samples,
including 19 T (12 C and 7 N smokers) and 21 NT samples (12 C
and 9 N smokers). These samples were collected in EAGLE (10 T
samples from 7 G and 3 N smokers, and 12 NT samples from 7 G
and 5 N smokers-these samples were not used for the microarray
analyses), and from the Mayo Clinic, Rochester, MN (9 T and 9 NT
paired samples from 5 G and 4 N smokers).

Results
The molecular signature of cigarette smoking in lung
adenocarcinoma

To investigate the molecular changes associated with smoking in
the tumor tissue, we compared gene expression changes between
current and never (G/N) smokers (Table 1). To avoid potential
alteration of gene expression due to advanced tumor status, we
limited smoking comparisons in tumor tissue to the early stages
(stages I and II). Unless specified differently, “T” samples represent
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early stage adenocarcinomas. Results from the advanced tumor
stage tissues are reported for completeness in Appendix S2C.
Using stringent selection criteria (fold-change >1.5 and p-
value<<0.001), we identified 64 up- and 98 down-regulated probe-
sets, representing 54 up- and 81 down-regulated genes (Appendix
S2A, S2B). Most of the significantly up-regulated genes were
involved in cell cycle/mitosis/cell division (e.g., TTK, CENPF,
NEKZ2), while many of those down-regulated were involved in cell
adhesion/cell cycle arrest (e.g., ADRB2, APLP2, MACFI),
consistent with a role of these genes in neoplasia development.
The GoMiner results (Appendix S2D) confirmed that the mitosis
genes (12 altered genes among the 127 mitotic genes on the HG-
U133A chip, p<<0.001), and more generally those involved in cell
cycle were the most commonly altered in the tumor tissue (Table 2).

Lung cancer gene expression is similar in current and
former smokers

To verify whether the G/N smoking signature in the tumor was
present also in former smokers, we compared the G/N and F/N
signatures in T and found 26 probes (22 down- and 4 up-
regulated, representing 21 genes) that differentiated both G/N
and F/N using stringent selection criteria (Appendix S2E). Some
of these genes, e.g., STOM, SSX2IP, TRPC6, APLP2 (2 probes),
and DHRS?7, exhibited a persistent alteration even in subjects
(n = 6) who quit smoking more than 20 years before the study. The
GSEA analysis showed that among the 64 up- and 98 down-
regulated probes found in the CG/N comparison in T, 58 and 90
probes, representing 50 up- and 73 down-regulated genes, were
also up- and down-regulated, respectively in the F/N smoking
comparison (p<0.001, Fig. 1, and Appendix S2F, S2G). All cell
cycle genes that differentiated G/N were also altered in F/N,
although less prominently (Table 2), indicating that alterations of
these genes persist following smoking cessation. Importantly, the
mitosis/cell cycle genes identified in CG/N and F/N also
differentiated the early stage tumor from the non-tumor tissue
samples (T/NT, paired analysis) (Table 2), while pack years of
cigarette smoking, a composite index of intensity and duration that
does not consider the time when smoking occurred, were not
assoclated with gene expression in either T or NT.

Smoking signature in the noninvolved lung tissue
The G/N comparison in NT revealed 28 up- and 75 down-
regulated probes, representing 25 up- and 73 down-regulated

Table 1. Number of probes and genes differentiating current from never smokers (C/N) and former from never smokers (F/N) in all
tumor samples, early stage tumor samples (T), and all non-tumor (NT) tissue samples.

Criteria for

significance All stages Tumor

Stages | and Il Tumor (“T") Non-Tumor (“NT”)

Comparison 24 Current vs. 18 Former vs.

20 Current vs. 13 Former vs. 16 Current vs. 18 Former vs.

between smokers 16 Never 16 Never 10 Never 10 Never 15 Never 15 Never

FDR?® 8.5% 17.0% 9.5% 27.8% 7.8% 78.3%

Direction Down Up Down Up Down Up Down Up Down Up Down Up
p-value<0.001 Probes 142 119 25 105 126 106 31 40 211 71 7 2

Genes 119 104 22 97 104 89 25 35 191 64 7 2
p-value<0.001+ Probes 61 63 17 3 98 64 26 4 75 28 1 0
Fold change>1.5

Genes 48 56 15 3 81 54 21 4 73 25 1 0

°FDR =False Discovery Rate [2]
doi:10.1371/journal.pone.0001651.t001
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genes with the stringent selection criteria (Table 1, and Appendix
S3A, S3B). As expected, the CYP1IBI gene, known to be induced
by smoking[9,10] was strongly up-regulated. The GoMiner results
showed that the most smoking-altered genes were involved in
cellular defense response (5 of 90 cellular defense genes on the
chip, p<<0.001), and more generally in immune response
(Appendix S3C).

MACF1, UBE21, and CBX7 (p<<0.001), and Cl160rf30
(p=0.001) were shared between T and NT G/N comparisons.
C160rf30 and UBE21, both on chromosome 16p13.3, are located
within 246kb, but they do not appear to share specific
transcriptional regulation mechanisms (Appendix S4A). The
GSEA analysis revealed some similarities between T and NT in
the overall pattern of smoking-induced alteration (p=0.08 and
0.04, for up- and down-regulated genes, respectively, Appendix
S4B, S4C, and S4D). Notably, NEK2 and TTK were among
those similarly altered in both T and NT in the GSEA analysis. In
contrast, the F/N comparison in NT showed no statistically
significant genes (Table 1), and was not further explored.
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Table 2. Cell cycle genes differentiating current from never smokers (C/N) in the early stage tumor (T) tissue samples, and
corresponding values in the former/never smoker (F/N) and in the smokers’ paired tumor/non-tumor tissue (T/NT) comparisons.
Probe ID Gene Chromosomal Current/Neveri N=30 Former/Never N=23 Tumor/Non-Tumor N=36
Symbol Location Fold-change p-value Fold-change p-value Fold-change  p-value
204641_at NEK2* 1932.2-g41 345 0.0001 2.84 0.0036 3.14 <0.0001
204822_at TTK* 6q13-921 3.27 <0.0001 2.08 0.0123 222 <0.0001
218009_s_at PRC1* 15926.1 299 0.0007 261 0.0109 2.60 <0.0001
207828_s_at CENPF* 1932-g41 2.88 <0.0001 2.28 0.0034 277 <0.0001
202095_s_at BIRC5* 17925 272 0.0002 2.10 0.0145 255 <0.0001
203362_s_at MAD2L1 4927 2,67 0.0003 1.93 0.0309 2.74 <0.0001
219918_s_at ASPM 1931 259 0.0008 2.12 0.0218 2.87 <0.0001
210559_s_at CcDC2 10921.1 2.54 0.0009 2.02 0.0298 237 <0.0001
201897_s_at CKS1B 1921.2 2.36 0.0002 1.89 0.0152 247 <0.0001
204170_s_at CKS2 9922 2.36 0.0006 2.02 0.0148 1.69 0.0015
222077_s_at RACGAP1* 12913.12 235 0.0003 1.91 0.0178 213 <0.0001
203214_x_at cbC2 10921.1 2.29 0.0006 1.98 0.0150 2.12 <0.0001
219306_at KIF15* 3p21.31 222 0.0002 2.00 0.0047 1.90 0-0001
209642_at BUB1* 2q14 217 0.0009 1.68 0.0507 2.02 0.0001
210052_s_at TPX2* 20g11.2 2.06 0.0006 1.87 0.0100 2.07 <0.0001
203418_at CCNA2 4q25-931 1.99 <0.0001 1.85 0.0012 1.82 <0.0001
212020_s_at MKI67 10925-qter 1.95 <0.0001 1.71 0.0016 141 0.0006
201088_at KPNA2 17923.1-923.3 1.82 <0.0001 1.53 0.0079 234 <0.0001
211519_s_at KIF2C* 1p34.1 1.78 0.0004 1.67 0.0062 1.51 0.0002
218252_at CKAP2 13q14 1.75 0.0008 1.52 0.0292 1.47 0.0001
204887_s_at PLK4 4927-928 1.74 0.0001 1.55 0.0066 1.48 <0.0001
211080_s_at NEK2* 1932.2-g41 1.57 0.0001 1.50 0.0019 136 0.0002
214894 _x_at MACF1 1p32-p31 0.65 0.0003 0.64 0.0016 0.52 <0.0001
208634_s_at MACF1 1p32-p31 0.60 0.0001 0.58 0.0004 0.42 <.0.0001
202284 _s_at CDKN1A 6p21.2 0.54 0.0003 0.70 0.0668 0.65 0.0082
208893_s_at DUSP6 12922-q23 0.34 0.0003 0.32 0.0012 0.84 0.3102
Probe selection restricted to estimates with p<0.001 and fold-change >1.5 or <0.6667, and within the most inclusive category of genes with p=0.001 in the GoMiner
*analysis (GO ID 7049, Appendix S2D).
Genes involved in the mitotic spindle formation. The double line separates up-regulated and down-regulated probes.
doi:10.1371/journal.pone.0001651.t002

Smoking-associated gene expression signature and
survival from lung cancer

We studied the overall gene expression signature of smoking in
T and NT (98+64 C/N in T, 75+28 C/N in NT, minus 3
overlapping probes between T and NT, for a total of 262 probe-
sets representing 230 genes) in relation to survival from
adenocarcinoma in smokers (n =54, Appendix S5A). Since only
262 probe-sets were included in this analysis, we used a less
stringent criterion of p<<0.01 for gene selection (Table 3). Altered
expression in NT of genes involved in the mitotic spindle
formation, e.g., NEK2 (p<<0.001) and TTK (p=0.001) were
associated with a 3-fold increased mortality risk (Table 3, analysis
adjusted for stage, sex, and smoking).

Validation and confirmation of gene expression smoking
signature

We selected 19 genes (20 probes) for validation by QRTPCR,
including 14 genes for T and 5 for NT tissue, based on fold change
(>2) and cancer relevance.
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Figure 1. Comparison of gene expression differentiating current from never smokers (C/N) and gene expression differentiating
former from never smokers (F/N) in early stage tumor tissue (T) using Gene Set Enrichment Analysis (GSEA). Left: Running Enrichment
Score (y axis) is calculated by walking down the entire list of probes from Affymetrix HG-U133A chip (numbered from 1 to 22,283 in the x axis)
ordered by the ANOVA coefficients divided by the standard error values from the Former/Never (F/N) smoking comparison. This running-sum statistic
increases when a given probe is in the Current/Never (C/N) Gene Set of interest and decreases when the probe is not in the C/N Gene Set, with the
magnitude of increment depending on the strength of the correlation between the probe and the F/N comparison. The Enrichment Score (ES) is the
maximum deviation of the Running Enrichment Score from zero encountered in the random walk and reflects the degree to which the Gene Set is
overrepresented at the extremes (top or bottom) of the entire ranked probe list. We report results for two different C/N Gene Sets: on the top, the 64
up-regulated probes, with ES=0.87 and, on the bottom, the 98 down-regulated probes, with ES= —0.90. A leading edge subset of the Gene Set is
defined as those probes in the Gene Set that appear in the probes ranked list at, or before, the point where the running sum reaches its maximum
deviation from zero. The leading edge for the Gene Set of the C/N up-regulated probes contains 58 probes over 64 and the leading edge for the Gene
Set of down-regulated probes contains 90 over 98 probes. This confirms that among the 64 up-regulated probes from the C/N comparison, 58 are
also found in the F/N comparison; and among the 98 down-regulated probes from the C/N comparison, 90 are also found in the F/N comparison.
Right: distributions of ES values created using a permutation procedure for (top) the Gene Set of up-regulated probes in C/N and (bottom) the Gene
Set of down-regulated probes in C/N. These distributions are used to calculate the statistical significance (nominal p-value) of the observed ES values
(p-value<<0.002 in both cases).

doi:10.1371/journal.pone.0001651.g001

Validation was based on 68 samples, including 43 T and 25 segregation of chromosomes between daughter cells during
NT, also used for the microarray analysis. All 19 genes were up- mitosis. Thus, mitotic alterations are highly relevant for carcino-
regulated in the G/N comparison in these samples (Table 4). genesis. We found that smoking induces deregulation of this very

Confirmation was based on 40 independent samples (19 T and mitotic process proceeding from lung tissue changes through
21 NT) from EAGLE (samples not used for microarray analysis) cancer development to cancer death or survival. In fact, the

and the Mayo Clinic, Rochester, MN. All the 14 genes in T and 4 smoking signature we identified comprises genes that regulate the
of 5 genes in NT were up-regulated by smoking also in the mitotic spindle formation. These genes, such as NEK2[11,12] and

independent samples (Table 4). CENPF[11] (both on 1q32-q41), TPX2[13,14] and STK6 (or
AURKA)[15] (related to the Aurora-A activation pathway
Discussion important in tumor progression[16]), TTK (linked to cell mitosis

through EGFR,[17] a critical drug target for lung adenocarcino-
In a population-based study with fresh frozen tissue samples of ma[18]), and BIRCS (Survivin),[19] have all been found over-

adenocarcinoma and noninvolved lung tissue (mostly paired expressed in smoking-related tumors. While previous studies have
samples), we identified a smoking signature that persists years proposed these genes as targets for therapeutic interven-
after smoking cessation and is related to lung cancer development tions,[16,18-21] our work suggests that they may be targets for
and survival. chemoprevention in smokers as well. In fact, they were strongly

Anecuploidy and chromosome instability are two of the most induced by smoking in the early stage tumor tissue and some, e.g.,
common abnormalities in cancer cells that arise through unequal NEK?2 and TTK, were also associated with increased mortality
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risk. The latter finding was most evident in non-tumor tissue, likely
reflecting the widely recognized field-cancerization effect by
smoking,[22] while in the tumor tissue, smoking-related genes’
effects on survival may be masked by extensive molecular
alterations occurring during tumorigenesis.

In the non-tumor tissue, current smoking strongly altered
immune response genes, consistent with the defense mechanisms
of the lung tissue against the acute toxic effects of smoking. Among
the gene most strongly down-regulated in NT was CX3CRI1,
located on chromosome 3p21.3, an area known to be often deleted
in lung cancer,[23] particularly in smokers.[24]

Current knowledge of gene expression altered by cigarette
smoking is based on bronchoscopy-obtained airway epithelial cells
or macrophages[9,25-27] or peripheral leukocytes[10] from
healthy smokers rather than directly on lung tissue. The few
studies with lung tissue samples are very small[28] or used RNA
amplification[29] or RNA pooling[30] methods. Our results are
consistent with some previous findings, such as smoking-related
alteration of CYP1B1[9,10] or of the mitotic pathway in cancer
survival.[29] However, earlier studies were often limited by the
small sample size, or lacked information on potential confounders,
or availability of paired tumor and non-tumor lung tissue samples
for the distinction of gene changes involved in lung carcinogenesis
from those representing a transient smoking effect. We overcame
these pitfalls with a relatively large sample size of fresh tumor and
non-tumor lung tissues, detailed covariate information (e.g., sex,
age, stage, previous lung diseases or chemotherapy), biochemical
validation of the smoking status, and confirmation of the main
findings in independent tissue samples.

In conclusion, our study provides clues on how cigarette
smoking affects lung cancer development and survival. Functional
assays to confirm these findings are warranted. If confirmed, these
genes could become important targets for chemoprevention and
treatment for lung cancer in smokers.

@ PLoS ONE | www.plosone.org

Table 3. Mortality risk in smokers for gene expression differentiating current from never smokers (C/N) in lung tumor and non-
tumor tissue samples (p<<0.01)

Probe ID Gene Symbol p-value RR® 95% CI® Lowest 95% CIP Highest Tissue type©
Increased risk

204641_at NEK2 0.0008 26 1.5 4.7 NT

204822_at TTK 0.0011 29 15 55 NT

201292_at TOP2A 0.0041 3.1 1.4 6.7 NT

219306_at KIF15 0.0048 2.8 14 59 NT

218542_at C100rf3 0.0068 2.7 13 54 NT

209642_at BUB1 0.0084 2.8 13 59 NT
201637_s_at FXR1 0.0007 2.8 15 5.0

213189_at DKFZp667G2110 0.0088 2.0 12 34

Decreased risk

202068_s_at LDLR 0.0068 0.5 0.3 0.8 NT
214894_x_at MACF1 0.0091 0.4 0.2 0.8 NT

218804_at TMEM16A 0.0095 0.4 0.2 0.8 NT
201651_s_at PACSIN2 0.0046 0.4 0.2 0.8 T

°Relative Risk of death. Analysis based on 54 current and former smokers using 262 probes from the Current/Never smoking comparisons (98 down- and 64 up-
regulated probes from T and 75 down- and 28 up-regulated probes from NT, minus 3 overlapping probes in T and NT); models adjusted for tumor stage, sex, and
smoking status

95% Confidence Interval

“T=Lung adenocarcinoma samples of any stage (N=42); NT=Non-Tumor tissue samples (N =34)

doi:10.1371/journal.pone.0001651.t003

Supporting Information

Appendix S1 Quality Assurance. 1A Description of analysis of
sample quality assurance 1B Samples’ description 1C Surfactant
genes in Tumor (T) and Non-Tumor (NT) lung tissues by smoking
Found at: doi:10.1371/journal.pone.0001651.s001 (0.07 MB
DOC)

Appendix 82 Current/Never (C/N) and Former/Never (F/N)
smoking comparisons in early stage Tumor (T) tissue. 2A Current/
Never (C/N) comparison, early stage Tumor (T) tissues: up-
regulated probes. 2B Current/Never (CG/N) comparison, early
stage Tumor (T) tissues: down-regulated probes. 2C Current/
Never (C/N) comparison, late stage Tumor tissues: up+down-
regulated probes. 2D Gene Ontology (GO) functional categories
for the Current/Never (C/N) smoker comparison. 2E Current/
Never (C/N) and Former/Never (FF/N) comparisons: overlapping
probe list. 2F Gene list from GSEA comparison of up-regulated
C/N genes and F/N genes in early stage Tumor (T) tissues. 2G
Gene list from GSEA comparison of down-regulated C/N genes
and F/N genes in early stage Tumor (T) tissues.

Found at: doi:10.1371/journal.pone.0001651.s002 (0.62 MB
DOC)

Appendix 83 Current/Never (C/N) smoking comparisons in
Non-Tumor (NT) lung tissue. 3A Current/Never (C/N) compar-
ison in Non-Tumor (NT) lung tissues: up-regulated probes. 3B
Current/Never (C/N) comparison in Non-Tumor (NT) lung
tissues: down-regulated probes 3C Gene Ontology (GO)
functional categories for the Current/Never (C/N) comparison
(up and down-regulated genes) in Non-Tumor (NT) lung tissues.
Found at: doi:10.1371/journal.pone.0001651.s003 (0.21 MB
DOC)

Appendix S4 Comparison between Tumor (T) and Non-Tumor
(NT) lung tissue for the genes whose expression significantly

February 2008 | Volume 3 | Issue 2 | e1651



Smoking Signature in Lung

Table 4. Quantitative Real-Time PCR validation of microarray results of genes differentiating current from never smokers (C/N) in
tumor (T) and non-tumor (NT) tissue samples and confirmation in independent samples
Gene Name ABI Assay ID Average expression in validation samples® Average expression in confirmation samples®
Current Never Fold Change Current Never Fold Change
Smokers Smokers C/N°© Smokers Smokers C/N¢
Early Stage Adenocarcinoma N=27 N=16 N=12 N=7
AURKA Hs00269212_m1 16.57 17.37 1.74 19.13 20.21 2.10
BIRC5 Hs00153353_m1 10.48 11.46 1.97 12.31 13.42 2.16
BIRC5 Hs00977611_g1 10.84 12.45 3.07 13.13 14.24 2.16
CCNA2 Hs00153138_m1 13.13 13.42 1.22 15.16 15.93 1.71
CENPF Hs00193201_m!1 11.23 12.87 3.13 12.89 13.00 1.08
C100rf23 Hs00216688_m1 11.78 12.58 1.74 13.72 14.74 2.03
CKS1B Hs01029137_g1 9.36 9.91 1.46 11.19 11.69 1.41
FOXM1 Hs00153543_m1 10.43 11.65 233 12.25 12.92 1.60
GGH Hs00608257_m1 11.92 13.75 3.55 14.79 15.70 1.88
KIF20A Hs00194882_m1 12.40 13.65 238 15.26 15.76 1.41
KIF4A Hs00602211_g1 12.42 13.66 237 14.64 15.82 227
MKI67 Hs00267195_m1 1253 12.71 1.14 13.95 14.57 1.54
NEK2 Hs00601227_mH 12.61 14.52 3.74 1591 18.01 4.27
TPX2 Hs00201616_m1 10.60 11.73 2.19 12,57 13.30 1.66
TTK Hs00177412_m1 11.49 12.80 247 13.12 13.28 1.1
Non-Tumor Lung Tissue N=18 N=7 N=12 N=9
CEACAM5 Hs00237075_m1 10.98 14.85 14.58 13.30 13.51 1.16
CYBB Hs00166163_m1 5.86 8.19 5.03 8.20 9.30 2.15
CYTL1 Hs00184064_m1 11.54 14.61 8.36 14.16 14.09 0.96
FGG Hs00241037_m1 9.05 11.99 7.71 11.03 15.36 20.13
TM7SF4 Hs00229255_m!1 14.99 18.20 8.15 17.42 18.47 2.07
?Validation in 68 samples used also for microarray analysis;
PConfirmation in 40 independent samples from EAGLE and Mayo Clinic
“C/N = Current/Never smoking comparison
doi:10.1371/journal.pone.0001651.t004
differentiates Current from Never smokers (C/N) in early stage lung Acknowledgments

Tumor (T). 4A Cl60orf30 and UBE21 transcription sites. 4B
Comparison of C:/N results in early stage Tumor (T) tissues vs. C/
N results in Non-Tumor (NT) lung tissues by GSEA analysis. 4C
Gene list from GSEA comparison of up-regulated C/N genes
between early stage Tumor (1) tissues and Non-Tumor (NT) tissues.
4D Gene list from GSEA comparison of down-regulated C/N genes
between early stage Tumor (T) tissues and Non-Tumor (NT) tissues.
Found at: doi:10.1371/journal.pone.0001651.s004 (0.51 MB
DOC)

Appendix 85 Mortality risk in smokers associated with the
expression of genes differentiating Current from Never smokers
(C/N) in Tumor and Non-Tumor tissue samples. 5A Current/
Never (C/N) genes and related mortality risk in Tumor and Non-
Tumor lung tissues (all stages) from Current and Former smokers.

Found at: doi:10.1371/journal.pone.0001651.s005 (0.55 MB
DOC)
References

1. Bryant A, Cerfolio R] (2007) Differences in epidemiology, histology, and survival
between cigarette smokers and never-smokers who develop non-small cell lung
cancer. Chest 132: 185-192.

2. Benjamini Y, Hochberg Y (1995) Controlling the False Discovery Rate: a
practical and powerful approach to multiple testing. ] Royal Stat Soc Ser B 57:
289-300.

@ PLoS ONE | www.plosone.org

We thank Ms. Juliet Joly for her technical help with the manuscript
preparation, and Drs. Subhashree Madhavan and Wei Lin for their help
with the CEL files on the GEO site, Drs. Abbas Shakoori and Konstantin
Shilo for assistance with the pathology specimens, and Dr. Kenneth
Buetow for support.

Author Contributions

Conceived and designed the experiments: SW JJ ML JS PB NC. Performed
the experiments: TD HL FM JF MH SM. Analyzed the data: SW J] ML JF
JS DC AP PB TD MR AD AB NC. Contributed reagents/materials/
analysis tools: ][] PY ML PB NC. Wrote the paper: ML. Other: Participated
in data interpretation: DC PB PY AP AD JF TD HL AB SM JJ NC JS SW
MR. Read and approved the manuscript: J] NC DC PB PY AP JF AB SM
HL TD AD JS SW MR. Interpreted the data: ML.

3. Ashburner M, Ball CA, Blake JA, Botstein D, Buter H, et al. (2000) Gene
ontology: tool for the unification of biology. The Gene Ontology Consortium.
Nat Genet 25: 25-29.

4. Subramanian A, Tamayo P, Mootha VK, Mukherjee S, Ebert BL, et al. (2005)
Gene set enrichment analysis: a knowledge-based approach for interpreting

genome-wide expression profiles. Proc Natl Acad Sci U S A 102: 15545-15550.

February 2008 | Volume 3 | Issue 2 | e1651



. Baonza A, Murawsky

. Hochreiter S, Clevert DA, Obermayer K (2006) A new summarization method

for Affymetrix probe level data. Bioinformatics 22: 943-949.

. Cox D (1972) Regression models and life tables (with discussion). J Roy Stat

Soc B 4: 187-220.

. Hecht SS, Carmella SG, Chen M, Dor Koch JF, Miller AT, et al. (1999)

Quantitation of urinary metabolites of a tobacco-specific lung carcinogen after
smoking cessation. Cancer Res 59: 590-596.

. Zeeberg BR, Feng W, Wang G, Wang MD, Fojo AT, et al. (2003) GoMiner: a

resource for biological interpretation of genomic and proteomic data. Genome
Biol 4: R28.

Spira A, Beane J, Shah V, Liu G, Schembri F, et al. (2004) Effects of cigarette
smoke on the human airway epithelial cell transcriptome. Proc Natl Acad
Sci U S A 101: 10143-10148.

. Lampe JW, Stepaniants SB, Mao M, Radich JP, Dai H, et al. (2004) Signatures

of environmental exposures using peripheral leukocyte gene expression: tobacco
smoke. Cancer Epidemiol Biomarkers Prev 13: 445-453.

. Petersen S, Aninat-Meyer M, Schluns K, Gellert K, Dietel M, et al. (2000)

Chromosomal alterations in the clonal evolution to the metastatic stage of
squamous cell carcinomas of the lung. Br J Cancer 82: 65-73.

. LouY, Yao J, Zereshki A, Dou Z, Ahmed K, et al. (2004) NEK2A interacts with

MADI and possibly functions as a novel integrator of the spindle checkpoint
signaling. J Biol Chem 279: 20049-20057.

. Gruss QJ, Vernos I (2004) The mechanism of spindle assembly: functions of Ran

and its target TPX2. J Cell Biol 166: 949-955.

. Tonon G, Wong KK, Maulik G, Brennan C, Feng B, et al. (2005) High-

resolution genomic profiles of human lung cancer. Proc Natl Acad Sci U S A
102: 9625-9630.

. Kufer TA, Sillje HH, Korner R, Gruss OJ, Meraldi P, et al. (2002) Human

TPX2 is required for targeting Aurora-A kinase to the spindle. J Cell Biol 158:
617-623.

. Keen N, Taylor S (2004) Aurora-kinase inhibitors as anticancer agents. Nat Rev

Cancer 4: 927-936.

M, Travers AA, Freeman M (2002) Pointed and
Tramtrack69 establish an EGFR-dependent transcriptional switch to regulate
mitosis. Nat Cell Biol 4: 976-980.

Sharma SV, Bell DW, Settleman ], Haber DA (2007) Epidermal growth factor
receptor mutations in lung cancer. Nat Rev Cancer 7: 169-181.

@ PLoS ONE | www.plosone.org

24.

27.

28.

30.

Smoking Signature in Lung

Goga A, Yang D, Tward AD, Morgan DO, Bishop JM (2007) Inhibition of
CDKI as a potential therapy for tumors over-expressing MYC. Nat Med 13:
820-827.

Santamaria A, Neef R, Eberspacher U, Eis K, Husemann M, et al. (2007) Use of
the novel PlkI inhibitor ZK-thiazolidinone to elucidate functions of Plk1 in early
and late stages of mitosis. Mol Biol Cell 18: 4024-4036.

. Perez dC, I, de CG, Malumbres M (2007) A census of mitotic cancer genes: new

insights into tumor cell biology and cancer therapy. Carcinogenesis 28: 899-912.

. Borczuk AC, Powell CA (2007) Expression profiling and lung cancer

development. Proc Am Thorac Soc 4: 127-132.

. Lerman MI, Minna JD (2000) The 630-kb lung cancer homozygous deletion

region on human chromosome 3p21.3: identification and evaluation of the
resident candidate tumor suppressor genes. The International Lung Cancer
Chromosome 3p21.3 Tumor Suppressor Gene Consortium. Cancer Res 60:
6116-6133.

Wistuba II, Behrens C, Virmani AK, Mele G, Milchgrub S, et al. (2000) High
resolution chromosome 3p allelotyping of human lung cancer and preneoplas-
tic/preinvasive bronchial epithelium reveals multiple, discontinuous sites of 3p
allele loss and three regions of frequent breakpoints. Cancer Res 60: 1949-1960.

. Woodruff PG, Koth LL, Yang YH, Rodriguez MW, Favoreto S, et al. (2005) A

distinctive alveolar macrophage activation state induced by cigarette smoking.

Am J Respir Crit Care Med 172: 1383-1392.

. Heguy A, O’Connor TP, Luettich K, Worgall S, Cieciuch A, et al. (2006) Gene

expression profiling of human alveolar macrophages of phenotypically normal
smokers and nonsmokers reveals a previously unrecognized subset of genes
modulated by cigarette smoking. J Mol Med 84: 318-328.

Harvey BG, Heguy A, Leopold PL, Carolan BJ, Ferris B, et al. (2007)
Modification of gene expression of the small airway epithelium in response to
cigarette smoking. ] Mol Med 85: 39-53.

Powell CA, Spira A, Derti A, DeLisi C, Liu G, et al. (2003) Gene expression in
lung adenocarcinomas of smokers and nonsmokers. Am J Respir Cell Mol Biol
29: 157-162.

. Miura K, Bowman ED, Simon R, Peng AC, Robles Al, et al. (2002) Laser

capture microdissection and microarray expression analysis of lung adenocar-
cinoma reveals tobacco smoking- and prognosis-related molecular profiles.
Cancer Res 62: 3244-3250.

Woenckhaus M, Klein-Hitpass L, Grepmeier U, Merk ], Pfeifer M, et al. (2006)
Smoking and cancer-related gene expression in bronchial epithelium and non-
small-cell lung cancers. J Pathol 210: 192-204.

February 2008 | Volume 3 | Issue 2 | e1651



