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Abstract
Tobacco smoking is the leading cause of lung cancer worldwide. Gene expression in
surgically resected and microdissected samples of non-small-cell lung cancers (18 squamous
cell carcinomas and nine adenocarcinomas), matched normal bronchial epithelium, and
peripheral lung tissue from both smokers (n = 22) and non-smokers (n = 5) was studied
using the Affymetrix U133A array. A subset of 15 differentially regulated genes was
validated by real-time PCR or immunohistochemistry. Hierarchical cluster analysis clearly
distinguished between benign and malignant tissue and between squamous cell carcinomas
and adenocarcinomas. The bronchial epithelium and adenocarcinomas could be divided
into the two subgroups of smokers and non-smokers. By comparison of the gene expression
profiles in the bronchial epithelium of non-smokers, smokers, and matched cancer tissues,
it was possible to identify a signature of 23 differentially expressed genes, which might
reflect early cigarette smoke-induced and cancer-relevant molecular lesions in the central
bronchial epithelium of smokers. Ten of these genes are involved in xenobiotic metabolism
and redox stress (eg AKR1B10, AKR1C1, and MT1K ). One gene is a tumour suppressor gene
(HLF ); two genes act as oncogenes (FGFR3 and LMO3 ); two genes are involved in matrix
degradation (MMP12 and PTHLH ); three genes are related to cell differentiation (SPRR1B,
RTN1, and MUC7 ); and five genes have not been well characterized to date. By comparison
of the tobacco-exposed peripheral alveolar lung tissue of smokers with non-smokers and
with adenocarcinomas from smokers, it was possible to identify a signature of 27 other
differentially expressed genes. These genes are involved in the metabolism of xenobiotics (eg
GPX2 and FMO3) and may represent cigarette smoke-induced, cancer-related molecular
targets that may be utilized to identify smokers with increased risk for lung cancer.
Copyright  2006 Pathological Society of Great Britain and Ireland. Published by John
Wiley & Sons, Ltd.
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Introduction

Lung cancer is the leading cause of cancer-related
deaths in industrialized nations, occurring predomi-
nantly in patients with long-term use of tobacco prod-
ucts [1]. Lung cancer is classified into two major
clinico-pathological groups, namely small-cell lung
cancers (SCLCs) and non-small-cell lung cancers
(NSCLCs). Squamous cell carcinomas (SqCs) and
adenocarcinomas (ACs) are the major histological sub-
groups of NSCLC. The majority of squamous cell
carcinomas arise centrally in the main stem of lob-
ular or segmental bronchi and originate from trans-
formed bronchial epithelium. Adenocarcinomas are
most frequently seen as peripheral nodules, which

are assumed to originate from the periphery of the
bronchioloalveolar part of the bronchial tree and the
peripheral alveolar lung tissue [2].

Previous studies have revealed distinct gene expres-
sion profiles in various histological types of lung
cancers [3], including clinically important patient
subgroups [4], smokers, and non-smokers [5], and
relative to patient survival [6]. Other studies have
shown that the gene expression patterns of embry-
onic lung development share some molecular signa-
tures with NSCLC. Various molecular alterations have
been studied in premalignant lesions [7,8] and in the
histologically normal epithelium of smokers [9–12].
Recently, persistent genomic dysregulation was found
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in the bronchial epithelium of previous smokers years
after smoking cessation [13].

Clinical technical advances in computed tomogra-
phy (CT) have improved the likelihood of detecting
NSCLCs at an earlier and potentially curable stage,
but spiral CT as a screening tool is insufficient in
the detection of in situ carcinomas and micro-invasive
cancers. Knowledge of the underlying genetic basis
of tobacco-related lung carcinogenesis suggests that
genetic changes may provide new methods for early
diagnosis and risk assessment. To find putative gene
expression signatures associated with cigarette smok-
ing and cancer, we used Affymetrix U133A gene
expression arrays to compare NSCLC, matched benign
bronchial epithelium, and alveolar lung tissue of smok-
ers and non-smokers.

Materials and methods

Patients and tissue samples

Our study included only patients with no prior treat-
ment, a known smoking history, informed consent, and
sufficient amounts of frozen tumour and normal tissue
for molecular analysis. Seven women and 20 men with
NSCLC and without pretreatment (mean age 61 years,
range 38–77 years) who underwent surgery at the Uni-
versity Hospital Regensburg (2001–2003) were stud-
ied (Table 1). The Institutional Ethics Committee (No
01/97) approved the study. Clinical information was
obtained through chart review. One pathologist (MW)
verified the histological diagnoses (nine Acs and 18
SqCs) and stage (pT1, n = 9 and pT2, n = 18; TNM
classification, UICC, WHO). A current smoking his-
tory with a mean of 40 pack years (range 12–85
pack years) was found in 22 patients. In the group of
squamous cell carcinomas, far more males (17 males
and one female) were identified, while female patients
were more often affected by adenocarcinomas (six
females and three males). Five individuals (two men
and three women) with adenocarcinomas were non-
smokers. Because adenocarcinoma cases from non-
smokers were specifically selected, we have an over-
representation of women in our study.

As controls, we used benign bronchial epithelium
and peripheral lung tissue from eight patients (mean
age 52 years; range 33–67 years) who were treated
only by surgery and who underwent lung resection
for a diagnosis other than NSCLC [four patients with
metastatic cancer (renal cell carcinoma, colorectal
carcinoma, testicular carcinoma, and melanoma) and
four patients with carcinoid tumours]. There were three
smokers (mean smoking history 31 pack years; range
7–45 pack years) in this group.

RNA isolation and RNA pool preparation

Resected tumour specimens were evaluated by rou-
tine frozen section procedures and study samples were
snap-frozen and stored at −80 ◦C. Frozen samples

Table 1. Patients, histological diagnosis, tumour grade, and
stage according to the TNM classification and smoking history

Patient
ID Diagnosis Sex

Age at
surgery
(years) T N G

Smoking
history

(pack years)

1 SqC M 56 1 1 2 85
2 SqC M 70 2 0 2 40
3 SqC M 55 2 2 3 45
4 SqC M 75 2 0 2 50
5 SqC M 58 2 0 2 60
6 SqC F 57 2 0 3 60
7 SqC M 63 1 0 2 80
8 SqC M 67 2 0 2 50
9 SqC M 60 1 0 3 30

10 SqC M 60 2 0 3 40
11 SqC M 52 1 1 2 30
12 SqC M 66 1 0 3 30
13 SqC M 57 2 0 3 30
14 SqC M 50 2 1 2 30
15 SqC M 51 2 0 3 30
16 SqC M 63 2 0 2 30
17 AC M 68 1 2 2 30
18 AC M 63 1 1 3 30
19 AC M 38 1 0 3 40
20 AC F 60 2 2 2 25
21 AC F 39 2 0 3 30
22 AC F 59 2 0 3 12
23 AC M 67 2 0 2 NS
24 AC F 66 2 0 2 NS
25 AC F 71 2 0 2 NS
26 AC F 66 1 0 2 NS
27 AC M 77 2 0 2 NS
28 TuFr M 50 — — — NS
29 TuFr F 47 — — — NS
30 TuFr F 67 — — — NS
31 TuFr F 38 — — — NS
32 TuFr M 50 — — — NS
33 TuFr M 66 — — — 45
34 TuFr M 33 — — — 7
35 TuFr M 66 — — — 40

SqC = squamous cell cancer; AC = adenocarcinoma; TuFr = tumour-
free, without primary lung cancer; F = female; M = male.

were cut (5 µm) and stained with haematoxylin and
eosin. Using manual microdissection under an inverted
microscope or laser microdissection (PALM), tumour
cells, bronchial cells, and alveolar lung tissue were
selected. Touch preparations were used to isolate
bronchial epithelium [14]. Papanicolau-stained touch
preparations were examined to verify the absence of
contaminating cells in each case. Total RNA was iso-
lated using the RNeasy Mini Kit (Qiagen Science,
Maryland, USA) following the manufacturer’s proto-
col. The RNA was treated with DNase I (Qiagen).
The integrity and concentration of RNA were con-
firmed twice by spectrophotometry and the Agilent
2100 Bioanalyzer using RNA 6000 Nano Chips (Agi-
lent Technologies GmbH, Waldbronn, Germany). Only
high-quality RNA with two distinct ribosomal RNA
bands (18S and 28S rRNA) was used for subsequent
GeneChip hybridization.

Overall, we prepared 12 pools including 35 patients.
RNA pools with similarity in the histological type and
smoking history were combined to equal amounts of
RNA (Table 2).
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Table 2. RNA pool preparation

Histology PY Br RNA samples Ca RNA samples Lu RNA samples

SqC 60 PY (mean) Pool 1 (ID: 1–7) Pool 2 (ID: 1–8) Pool 3 (ID: 2–7)
SqC 60 PY (mean) Single probes (ID: 1–6)
SqC 31 PY (mean) Pool 4 (ID: 9–18)
AC 31 PY (mean) Pool 5 (ID: 19–21) Pool 6 (ID: 20–22)
AC Non-smokers Pool 7 (ID: 24–27) Pool 8 (ID: 23–25) Pool 9 (ID: 23–27)
AC 30 PY Single probes (ID: 21)
TuFr 30 PY (mean) Pool 10 (ID: 33–35)
TuFr Non-smokers Pool 11 (ID: 28–32) Pool 12 (ID: 28–32)

SqC = squamous cell cancer; AC = adenocarcinoma; TuFr = tumour-free, without primary lung cancer; PY = pack
years; Br RNA samples = bronchial RNA samples; Ca RNA samples = carcinoma RNA samples; Lu RNA
samples = alveolar lung tissue RNA samples; ID = patient ID.

RNA amplification and oligonucleotide microarray
analysis

A modified two-round amplification procedure [15]
starting with 300 ng of RNA was used to obtain suf-
ficient amounts of biotin-labelled cRNA suitable for
array hybridization. Labelled cRNA was purified on
RNeasy columns (Qiagen, Hilden, Germany), frag-
mented, and hybridized to HG-U133A microarrays
(Affymetrix, Santa Clara, CA, USA) following the
Affymetrix standard protocol. The arrays were washed
and stained according to the manufacturer’s recom-
mendation and finally scanned in a GeneArray Scanner
2500 (Agilent, Palo Alto, CA, USA). Array images
were processed to determine signals and detection
calls (present, absent, marginal) for each probe set
using Affymetrix Microarray Suite 5.0 software. Scal-
ing across all probe sets of a given array to an average
intensity of 1000 was performed to compensate for
variations in the amount and quality of the cRNA sam-
ples and other experimental variables of non-biological
origin.

Cluster analysis

For unsupervised hierarchical clustering, signals of
individual probe sets were normalized to the median
probe set signal of all included arrays and log-
transformed. Log-transformed ratios were subjected
to UPGMA clustering using correlation as simi-
larity measure (Spotfire DecisionSite for functional
genomics). Only probe sets receiving present detection
calls in at least 30% of the arrays were evaluated.

Identification of differentially expressed genes

To identify differentially regulated transcripts, experi-
mental and baseline arrays were analysed by pair-wise
cross-comparison analysis using Affymetrix
GCOSv1.2 software. Comparisons were carried out
with GCOSv1.2, which calculates a Signal Log2 Ratio
as well as the significance (change p value, Wilcoxon
ranking test) of each change in gene expression based
on the signal differences between perfect match and
mismatch oligonucleotide probes of the respective
probe sets on the two arrays compared. Probe sets

showing greater than two-fold up- or down-regulation
and a change value less than or equal to 0.0045 and at
least one present detection call in the two single array
analyses of the array pair were identified by filtering
and defined as differentially expressed targets. Target
probe sets that met these criteria in more than 50% of
all possible cross-comparisons analysed were defined
as consistently dysregulated.

Identification of statistically overrepresented GO
terms within lists of target genes

To identify Gene Ontology categories which are over-
represented in target gene lists, we used the GOstat
tool [16] (http://gostat.wehi.edu.au) and Fisher exact
test for statistical significance. As a reference list,
all non-AFFX control probe sets (22215) of the HG-
U133A array were used. To correct for the multiple
testing problem, the Benjamini correction option was
chosen [17].

Real-time relative quantitative RT-PCR

Relative quantitative real-time PCR was used to con-
firm the differential expression of a selected number
of genes. Reverse transcription was performed with
1 µg of total RNA for 50 min at 42 ◦C using a ran-
dom hexamer primer dN6 (Roche Diagnostics GmbH,
Penzberg, Germany) and Superscript II reverse tran-
scriptase (Life Technologies, Inc) [18]. Real-time RT-
PCR analyses of eight genes were done using the
LightCycler and Faststart DNA Master SYBR Green
I kit (Roche Diagnostics GmbH, Penzberg, Germany).
The grancalcin (GCA) gene was chosen as a refer-
ence due to its constant expression at moderate level
in the cDNA array experiment. Each PCR result was
normalized against GCA RNA. cDNA from the cell
line HT26 was used as a calibrator. Quantification of
target gene expression was carried out using Relative
Quantification Software Version 1.0 (Roche Diagnos-
tics) with efficiency correction. Primer sequences are
given in Table 3.

Immunohistochemistry (IHC)

Immunohistochemical studies utilized an avidin–bio-
tin peroxidase method with a diaminobenzidine (DAB)
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Table 3. Primers and annealing temperatures used in real-time RT-PCR

Gene Primer T (◦C)∗ Base pair

AKR1B10 Fwd: AACGTGTTGCAATCCTCTCA 62 143
Rev: AGCTTGGCTAAAATGGGACA

ALDH3A1 Fwd: GCCAAGATGACCCAGCAC 62 150
Rev: CAGGTCAGCAGAGGAGTGG

BLU Fwd: AAGGTGGGCTGAGACCTACA 57 134
Rev: ACTCCCTGCAGCAATACCAC

GAS2 Fwd: CTGGATGATGCAGTGAAACG 62 156
Rev: TCCCACACGGACCATGAC

GCA Fwd: GTGTGAAGCTTCGAGCATTG 62 102
Rev: CCATAGTGCCCTGCAAAAA

MGP Fwd: TGAATCACATGAAAGCATGG 62 119
Rev: CTCGGATCCTCTCTTGGACTT

MSMB Fwd: TGCACTTGCTACGAAACAGAA 62 129
Rev: GTCCTTCTTCTCCACCACGA

SCG2 Fwd: AGAACGGGGAGGAATATGCT 62 140
Rev: GCCCCAGAGATGAGGAAAAT

WIF1 Fwd: AAGGTTGGCATGGAAGACAC 62 174
Rev: AAAACGTTTCAGATGTCGGAGT

∗ PCR annealing temperature.

chromatogen. Two-micrometre sections of formalin-
fixed, paraffin-embedded tissue samples were incu-
bated overnight and after antigen retrieval (microwave
oven for 35 min at 250 W). Immunohistochemistry
was carried out in a NEXES immunostainer (Ven-
tana, Tucson, AZ, USA) following the manufac-
turer’s instructions. The following primary antibod-
ies were used: WIF1 (1 : 50; as previously described
[19]), cyclin A (1 : 10; Santa Cruz Biotechnology
Inc, Heidelberg, Germany), MMP7 (1 : 20; Onco-
gen Research Products, Cambridge, MA, USA), β-
catenin (1 : 50; Santa Cruz Biotechnology Inc, Heidel-
berg, Germany), P-cadherin (1 : 30; Novocastra, UK),
FGFR3 (1 : 50; Santa Cruz Biotechnology Inc, Heidel-
berg, Germany), and monoclonal anti-human maspin
antibody (1 : 1000; BD Biosciences Pharmingen, San
Diego, CA, USA). Negative controls without primary
antibody were included in each experiment. The cyto-
plasmic and nuclear immunoreactivity was assessed
semi-quantitatively, based on the percentage of posi-
tive cells. Weak staining in less than 30% was defined
as 1+, intermediate in 30–70% as 2+, and strong
staining in more than 70% as 3+; when scoring cyclin
A staining, the percentage of positively stained cells
per 100 cells was determined.

Results

Unsupervised hierarchical cluster analysis

The unsupervised hierarchical cluster analysis sepa-
rated two main branches (Figure 1). The right main
branch included squamous cell carcinomas (pool 2,
single samples ID 1, 2, 4, 5, and 6) and adeno-
carcinomas of smokers (pool 6, sample ID 21) and
non-smokers (pool 8) clustered separately. The non-
malignant tissue within the left main branch dispersed
in one branch including peripheral alveolar lung tissue

(pools 3, 9, and 12) and another branch containing the
bronchial epithelium (pools 1, 4, 5, 7, 10, and 11),
which split into two sub-branches, one representing
smokers (pools 1, 4, 5, and 10) and the other contain-
ing non-smokers (pools 7 and 11).

Differentially expressed probe sets in NSCLC
Differentially expressed probe sets in squamous cell
cancers of smokers

To extract the cancer-related expression profiles,
we compared squamous cell carcinomas with the
bronchial epithelium from which they are assumed
to originate (cross-comparison: pool 2 versus pool
1 and pool 4). Supplementary Table 1 (available at
http://www.interscience.wiley.com/jpages/0022-3417/
suppmat.path.2039.html) shows the differentially
expressed genes. We found 2355 consistently dysreg-
ulated probe sets in squamous cell carcinoma; 974
of them were up-regulated and 1381 were down-
regulated.

Differentially expressed probe sets in
adenocarcinomas of smokers

Because the adenocarcinoma cells of smokers are
thought to differentiate from various cells of the
peripheral bronchioloalveolar tree or potentially even
descend from the alveolar part of the lung, we
compared separately the adenocarcinomas with the
bronchial epithelium and the peripheral alveolar lung
tissue. Comparison of adenocarcinomas with bronchi
showed 1479 differentially expressed probe sets (Sup-
plementary Table 2, available at http://www.
interscience.wiley.com/jpages/0022-3417/suppmat.
path.2039.html), including 342 that were up-regulated
and 1137 that were down-regulated (comparison: pool
6 versus pool 5). By comparing adenocarcinomas
with peripheral alveolar lung tissue, we identified

J Pathol 2006; 210: 192–204 DOI: 10.1002/path
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Figure 1. Two-dimensional unsupervised hierarchical cluster-
ing of 18 cDNA array analyses representing nine NSCLCs (six
squamous cell carcinomas and three adenocarcinomas), six sam-
ple pools from benign bronchial epithelium, and three sample
pools from peripheral lung tissue. Each row represents the
expression pattern of a single gene for all samples of tissues
(n = 15 384 genes), and each column the expression of all genes
in a tissue sample. Bars represent the type of lung cancer and
the smoking history of patients from whom the tissue samples
were taken. Orange, squamous cell carcinoma; pink, adenocar-
cinoma; blue, no primary NSCLC; grey, peripheral lung tissue;
hatched, non-smoker; filled, smoker

102 differentially expressed probe sets (Supplementary
Table 5, available at http://www.interscience.wiley.
com/jpages/0022-3417/suppmat.path.2039.html), in-
cluding 55 up-regulated and 47 down-regulated genes
(comparison: pool 6 versus pool 3).

Differentially expressed probe sets in adenocarcino-
mas of smokers compared with adenocarcinomas of
non-smokers

Comparing adenocarcinomas with and without a
smoking history (comparison: pool 6 versus pool
8), we found 948 differentially expressed probe
sets, listed in Supplementary Table 3 (available at
http://www.interscience.wiley.com/jpages/0022-3417/
suppmat.path.2039.html) (including 772 up-regulated
and 176 down-regulated genes).

Differentially expressed probe sets in
tobacco-exposed normal tissues
Differentially expressed probe sets in bronchial
epithelium of smokers

To identify smoking-related gene expression alter-
ations, we compared the expression profiles of the
bronchial epithelium of smokers and non-smokers
(cross-comparison: pools 1, 4, 5, 10 versus pools
7, 11). Dysregulated transcripts (244 genes down-
regulated, 199 genes up-regulated) were seen in
443 probe sets (Supplementary Table 4, available at
http://www.interscience.wiley.com/jpages/0022-3417/
suppmat.path.2039.html). The GOstat tool software
was used to identify genes with statistically overrep-
resented functional categories and it detected 30 dif-
ferentially expressed genes assigned to cell adhesion
(p < 0.0001; Table 4).

Differentially expressed probe sets in peripheral
alveolar lung tissue of smokers

The additionally performed comparison of differen-
tially expressed genes in compared peripheral alve-
olar lung tissue from smokers and non-smokers
is listed in Supplementary Table 5 (available at
http://www.interscience.wiley.com/jpages/0022-3417/
suppmat.path.2039.html) (comparison: pool 3 versus
pool 12) [102 differentially expressed probe sets (60
up-regulated, 42 down-regulated)].

Consistently differentially expressed probe sets in
tobacco-exposed bronchi and peripheral alveolar lung
tissue

The results presented in Table 5 are based on a double
comparison. Table 5A shows dysregulated genes in
smokers with squamous cell carcinoma that were in
the same way up- or down-regulated in both tumour
and the bronchial epithelium of smokers (comparison:
single probes ID 1–6 versus pool 1 and pool 4).
These genes were not dysregulated in the bronchial
epithelium of non-smokers (comparison: pools 1, 4, 5,
10 versus pools 7, 11).
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Table 4. List of genes with changed expression that are significantly over- or under-represented in normal bronchus of smokers
versus non-smokers (GO functional categories)

Median expression value of

UniGene ID Gene symbol Gene title
smokers

(S)
Non-smokers

(NS)
Ratio

of S/NS

Up-regulated transcripts
Hs.408488 MSLN Mesothelin 253.25 46.85 5.4
Hs.436319 PARVA Parvin, alpha 466.5 178.15 2.6
Hs.369646 MUC 4 Mucin 4, tracheobronchial 1651.8 692.7 2.4
Hs.476018 CTNNB1 Catenin, beta 1 6437.85 2836 2.3
Hs.404119 TSTA3 Tissue-specific transplantation antigen P35B 744.05 366.15 2.0
Hs.483408 PPP2CA Protein phosphatse 2, catalytic subunit, alpha isoform 1967.1 1034.55 1.9

Down-regulated transcripts
Hs.120949 CD36 CD36 antigen (collagen type I receptor) 465.7 873.3 0.5
Hs.120950 TGFBI Transforming growth factor, beta-induced, 68 kD 1975.05 4047.45 0.5
Hs.120951 PECAM1 Platelet/endothelial cell adhesion molecule (CD31 antigen) 728.85 1499 0.5
Hs.41296 FLRT3 Fibronectin leucine-rich transmembrane protein 3 363.15 747.2 0.5
Hs.409034 COL15A1 Collagen, type XV, alpha 1 315.05 739.35 0.4
Hs.489646 LAMB1 Laminin, beta 1 378.35 890.45 0.4
Hs.511397 MCAM Melanoma cell adhesion molecule 878.35 2087.95 0.4
Hs.80552 DPT Dermatopontin 165.5 409.15 0.4
Hs.409662 COL14A1 Collagen, type XIV, alpha 1 (undulin) 317.6 788.1 0.4
Hs.440848 VWF von Willebrand factor 1003.85 2686.75 0.4
Hs.15154 SRPX Sushi-repeat-containing protein, X-linked 523.2 14445.2 0.4
Hs.522891 CXCL12 Chemokine (C-X-C motif) ligand 12 591.8 1717.4 0.3
Hs.196647 KIAA0527 KIAA0527 protein 45.55 135.95 0.3
Hs.131704 NRP1 Neuropilin 1 166.05 526.8 0.3
Hs.517227 JAM2 Junctional adhesion molecule 2 404.15 1284 0.3
Hs.89546 SELE Selectin E (endothelial adhesion molecule 1) 378.2 1300.1 0.3
Hs.371147 THBS2 Thrombospondin 2 722.4 2703.15 0.3
Hs.508597 ITGBL1 Integrin, beta-like 1(with EGF-like repeat domains) 116.2 440 0.3
Hs.387794 ChGn Chondroitin beta1,4 N-acetylgalactosaminyltransferase 557.55 2202.1 0.3
Hs.97199 C1QR1 Complement component 1, q subcomponent, receptor 1 939.35 3793.25 0.2
Hs.371199 SGCE Sarcoglycan, epsilon 518.6 2762.2 0.2
Hs.523446 COL11A1 Collagen, type XI, alpha 1 111.5 826.5 0.1
Hs.489142 COL1A2 Collagen, type I, alpha 2 660.85 5653.7 0.1
Hs.2799 HAPLN1 Hyaluronan and proteoglycan link protein 1 30.75 341.7 0.1

S = smoker; NS = non-smoker.

In Table 5B, the same strategy was applied to
the comparison of adenocarcinomas of smokers with
equally dysregulated genes in the bronchial epithelium
of smokers (comparison: pool 6 versus pool 5), but
were not dysregulated in the bronchial epithelium of
non-smokers (pools 1, 4, 5, 10 versus pools 7, 11).

Since adenocarcinomas could also descend from the
alveolar part of the lung, a further double comparison
was performed (Table 5C). Here we looked for equal
dysregulation in adenocarcinomas of smokers and the
peripheral alveolar lung tissue of smokers (compar-
ison: pool 6 versus pool 3). These genes were not
dysregulated in the alveolar lung tissue of non-smokers
(pool 3 versus pool 12).

Verification of expression changes by relative
quantitative RT-PCR

To confirm the expression levels obtained by the
expression arrays with an independent method, rel-
ative quantitative real-time PCR using the LightCy-
cler (Roche) was performed for eight different genes.
These included AKR1B10, ALDH3, BLU, GAS2MGP,
MSMB, SCG2, and WIF1 (Figure 2). Expression

of up-regulated (n = 2) and down-regulated (n = 6)
genes was examined in eight individual tumour speci-
mens and two pools (SqC, AC). Pools from bronchial
epithelia and alveolar lung tissue were tested as well.
The expression data generated by the Affymetrix array
and relative real-time RT-PCR were highly concordant
(92%), supporting the reliability of the array analyses
(Figure 2).

Verification of expression changes by
immunohistochemistry

Samples from similar patients that were investigated
by gene expression were also used for immunohisto-
chemistry, including WIF-1 (n = 18), cyclin A (n =
22), maspin (n = 25), FGFR3 (n = 25), P-cadherin
(n = 16), β-catenin (n = 27), and MMP 7 (n = 27).

WIF-1 staining (Figure 3A) showed perinuclear
cytoplasmic staining in the bronchi in 83% (15/18)
and negative or weak staining in 72% of cancer tissues
(13/18).

Cyclin A was negative in the bronchial cells and
strongly up-regulated in about 30% of tumour cells
(Figure 3B).
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Table 5. Consistent molecular alterations in tobacco smoke-exposed benign and malignant tissues

(A) Genes consistently dysregulated in smokers’ normal bronchial epithelium (Br) and squamous cell carcinoma (SqC)

Br (S) vs Br (NS) SqC (S) vs Br (NS)

UniGene ID Gene symbol Gene title n Regulation n Regulation

Hs. 80962 NTS Neurotensin 7/8 Down 8/12 Down
Hs. 17109 ITM2A Integral membrane protein-2 6/8 Down 8/12 Down
Hs. 445350 FMO3 Flavin-containing monooxygenase 3 7/8 Down 10/12 Down
Hs. 137367 ANK2 Ankyrin 2, neuronal 5/8 Down 7/12 Down
Hs. 196952 HLF Hepatic leukaemia factor 7/8 Down 7/12 Down
Hs. 143811 APIN Apin protein 5/8 Down 7/12 Down
Hs. 196952 HLF Hepatic leukaemia factor 6/8 Down 8/12 Down
Hs. 4 ADH1B Alcohol dehydrogenase IB (class I) 6/8 Down 9/12 Down
Hs. 150595 CYP26A1 Cytochrome P450, family 26, subfamily A 7/8 Down 9/12 Down
Hs. 368626 RTN1 Reticulon 1 5/8 Down 9/12 Down
Hs. 144912 FMO2 Flavin-containing monooxygenase 2 7/8 Down 9/12 Down
Hs. 103944 MUC7 Mucin 7, salivary 6/8 Down 9/12 Down
Hs. 504908 LMO3 LIM domain only 3 (rhombotin-like 2) 5/8 Down 10/12 Down
Hs. 59889 HMGCS2 Cytoplasmic HMG-CoA synthase 2 6/8 Down 10/12 Down
Hs. 28988 GLRX Glutaredoxin 5/8 Down 10/12 Down
Hs. 116724 ALKR1B10 Aldo-keto reductase family 1, member B10 6/8 Up 7/12 Up
Hs. 89626 PTHLH Parathyroid hormone-like hormone 7/8 Up 10/12 Up
Hs. 1076 SPRR1B Small proline-rich protein 1B (comifin) 5/8 Up 9/12 Up
Hs. 1695 MMP12 Matrix metalloproteinase 12 5/8 Up 12/12 Up
Hs. 81134 IL1RN Interleukin 1 receptor antagonist 5/8 Up 10/12 Up

(B) Genes consistently dysregulated in smokers’ normal bronchial epithelium (Br) and adenocarcinomas (ACs)

Br (S) vs Br (NS) AC (S) vs Br (S)

UniGene ID Gene symbol Gene Title n Regulation n Regulation

Hs. 445350 FMO3 Flavin-containing monooxygenase 3 7/8 Down 1/1 Down
Hs. 103944 MUC7 Mucin 7, salivary 6/8 Down 1/1 Down
Hs. 188518 MT1K Metallothionein 1K 7/8 Down 1/1 Down
Hs. 13872 CYTL1 Cytokine-like 1 8/8 Down 1/1 Down
Hs. 487046 SOD2 Superoxide dismutase 2, mitochondrial 6/8 Up 1/1 Up
Hs. 498513 AKR1C1/AKR1C2 Aldo-keto reductase family 1, member C1/C2 6/8 Up 1/1 Up

(C) Genes consistently dysregulated in smokers’ normal alveolar epithelium (lung) and adenocarcinomas (AC)

Lung (S) vs lung (NS) AC (S) vs lung (NS)

UniGene ID Gene symbol Gene title n Regulation n Regulation

Hs. 2704 GPX2 Glutathione peroxidase 2 (gastrointestinal) 1/1 Up 1/1 Up
Hs. 40499 DKK1 Dickkopf homologue 1 (Xenopus laevis) 1/1 Up 1/1 Up
Hs. 27879 MAGEA1 Melanoma antigen family A,1 1/1 Up 1/1 Up
Hs. 271580 UPK1B Uroplakin 1B 1/1 Up 1/1 Up
Hs. 244723 CCNE1 Cyclin E1 1/1 Up 1/1 Up
Hs. 130546 FLJ20449 Hypothetical protein FLJ20449 1/1 Up 1/1 Up

H2 histone family H2 histone family 1/1 Up 1/1 Up
Hs. 20833 HMOX1 Heme oxygenase (decycling) 1 1/1 Down 1/1 Down
Hs. 77348 HPGD 15-Hydroxyprostaglandin-dehydrogenase 15-(NAD) 1/1 Down 1/1 Down
Hs. 82002 EDNRB Endothelin receptor type B 1/1 Down 1/1 Down
Hs. 78061 TCF21 Transcription factor 21 1/1 Down 1/1 Down
Hs. 646 CPA3 Carboxypeptidase A3 (mast cell) 1/1 Down 1/1 Down
Hs. 237868 IL7R Interleukin-7 receptor 1/1 Down 1/1 Down
Hs. 94592 KL Klotho 1/1 Down 1/1 Down
Hs. 80876 FMO3 Flavin-containing monooxygenase 3 1/1 Down 1/1 Down
M98399 CD36 CD36 (Collagen type I receptor) 1/1 Down 1/1 Down
M24317 Alcohol dehydrogenase IB (class I) 1/1 Down 1/1 Down
U58913 Chemokine (C-C motif) ligand 23 1/1 Down 1/1 Down
Hs. 202949 KIAA1102 KIAA1102 protein 1/1 Down 1/1 Down
Hs. 25956 SOSTDC1 Sclerostin domain-containing protein 1 1/1 Down 1/1 Down
Hs. 293441 IGHA1 Immunoglobin heavy constant alpha 1 1/1 Down 1/1 Down
Hs. 173233 FLJ10970 Hypothetical protein FLJ10970 1/1 Down 1/1 Down
Hs. 105468 GIMAP6 IMAP family member 6′′ 1/1 Down 1/1 Down
Hs. 211869 DKK2 Dickkopf homologue 2 (Xenopus laevis) 1/1 Down 1/1 Down
AA807056 — Major histocompatibility complex 1/1 Down 1/1 Down
M83772 FMO3 Flavin-containing monooxygenase 3 1/1 Down 1/1 Down

S = smoker; NS = non-smoker; n = number.
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Nuclear maspin (SERPINB5) staining was basally
localized in the bronchi in 88% (22/25) and cytoplas-
mic staining (2+ or 3+) was predominantly seen in
88% of squamous cell cancers (21/24). Fifty-six per
cent (11/25) of SqC cases showed nuclear staining
(Figure 3C).

Both FGFR3 and P-cadherin only focally stained
basal bronchial cells. P-cadherin showed strong stain-
ing in only 42% (6/16) of carcinomas (Figure 3D),
whereas 18% (3/16) showed heterogeneous weak
positivity and 43% (7/16) were negative. MMP
7 (Figure 3E) was diffusely and heterogeneously
detectable in 74% of cancers (20/27). Most squamous

cell carcinomas showed intermediate (+2) or strong
(+3) FGFR3 up-regulation in 78% of tumours (21/27)
(Figure 3F). β-Catenin showed strong cytoplasmic
staining in all bronchi and cancers of patients
with a smoking history (27/27) (Figure 3G1) and
weaker expression in the bronchi of non-smokers
(Figure 3G2). Peripheral alveolar lung tissue was neg-
ative in all cases and immunohistochemical differences
between smokers and non-smokers were not seen.
All the immunohistochemical results confirmed the
findings of RNA expression, except for P-cadherin,
where several tumours with strongly up-regulated
RNA levels were negative by immunohistochemistry.

Figure 2. Verification of GeneChip analyses by real-time RT-PCR. Expression analyses of eight selected genes are shown. �,
Expression intensity (signal) from GeneChip analyses; �, average diff-LC: average values of double determinations normalized to
GCA from real-time PCR
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Discussion

The present gene expression profiling study was per-
formed to provide further insight into the molecu-
lar mechanisms of lung carcinogenesis and to iden-
tify smoking-associated and cancer-related molecu-
lar alterations of bronchial epithelium and matched
NSCLC. Tissue microdissection is crucial for reli-
able exact molecular analysis [20,21], and manual
microdissection, laser microdissection or touch prepa-
rations were used in every case to exclude contaminat-
ing non-target cells. Even though RNA isolation of the
single-layer bronchial epithelium performed by laser
microdissection and touch preparations generates the
same amounts of RNA, the quality of the RNA sam-
ples was better using touch preparations. We used the
more cell-sparing touch preparation method controlled
by microscopy in bronchi because this technique yields
high-quality RNA samples [14].

Epidemiological studies in patients with squamous
cell carcinomas have demonstrated a predominance
of males, while adenocarcinomas develop more fre-
quently in non-smoking women [1]. Adenocarcinomas

from non-smokers were specifically selected, which
accounts for the overrepresentation of women in our
study. Only RNA samples from cases with simi-
lar histological type and smoking status were com-
bined. Sample pooling enabled us to investigate small
bronchial samples by providing enough high-quality
RNA for subsequent confirming RT-PCR. In addition,
we investigated single probes because gene expression
profiling of pooled samples may show the dominant
expression pattern of combined samples and could
repress individual alterations [22]. Hierarchical clus-
ter analysis showed single squamous cell carcinomas
within the pooled squamous differentiated branches
and single adenocarcinomas beside the pools of ade-
nocarcinomas, demonstrating the purity of microdis-
sected pooled and single probes.

Hierarchical cluster analysis distinguished benign
from malignant tissue, and squamous cell carcino-
mas and adenocarcinomas. The cluster arrangement
was consistent with the smoking history in patients
with adenocarcinomas with and without a smoking
history. This matches the results of Powell et al

Figure 3. Immunoreactivity for WIF1, cyclin A, maspin, P-cadherin, FGFR3, MMP 7, and β-catenin in NSCLC and matched benign
bronchial epithelium, corresponding to RNA expression levels: WIF1 (A) with strong reduction in squamous cell carcinoma.
Cyclin A (B) with weak nuclear staining in normal bronchial epithelium and stronger expression in tumour cells. Maspin (C) with
predominantly nuclear expression in basal cells of the bronchial epithelium and positive cytoplasmic and nuclear staining in cancer
tissue. (D) P-cadherin with basal bronchial staining and scattered staining in carcinoma. (E) MMP 7 with negative bronchial staining
and membranous cytoplasmic staining in carcinoma. (F) FGFR 3 in a predominantly basal location in bronchi and diffuse cytoplasmic
staining in carcinoma. (G1) Strong cytoplasmic staining for β-catenin in bronchi and cancer tissue. Original magnification: ×200,
except WIF1 carcinoma and β-catenin bronchi, ×400. (G2) Strong cytoplasmic staining bronchi of patients with smoking history
and a weaker expression in the bronchi of non-smokers
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Figure 3. Continued

[5], who investigated the gene expression profiles of
adenocarcinomas from smokers and non-smokers in a
larger number of cases. Yatabe et al [23] described
bronchioalveolar carcinomas affecting females and
non-smokers that showed a mutation of EGFR.
Three of our non-smokers with adenocarcinomas were
female and two showed a bronchioalveolar growth pat-
tern. All squamous cell carcinomas with a positive
smoking history clustered in one subgroup, indepen-
dent of the varying load of tobacco exposure [60 pack
years (PY) on average in pool 1 and 31 PY in pool

4]. We found differentially expressed genes controlling
cell proliferation in both squamous cell cancers and
adenocarcinomas of smokers. These included GMNN,
CCNA2, Elf3, and CCNB1 [24–27] in squamous car-
cinomas, and CDKN3 and CCNG2 [26] in adeno-
carcinomas. Other genes play a role in signal trans-
duction (DDK3, WIF-1 ) [19,28] and development
(SPRPB1, SPRPB2 ) [29] in squamous cancers, and in
adenocarcinomas (MUC5, MUC13, MAGEA2, SFRP4,
HOXA10 [30–32]). Genes involved in remodelling of
the extracellular matrix included SERPIN5 (maspin),
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MMP11, MMP12, and COL11A1 in squamous cell
carcinomas, and COL3A1, MMP7, MMP13, LAMB1,
and COL 11 A [33,34] in adenocarcinomas.

Relative quantitative real-time PCR was used to
confirm the differential expression of eight selected
genes which are involved in detoxification (AKR1B10,
ALDH3 [35,36]), tumour suppressor genes (BLU,
GAS2, MGP, MSM, WIF1 [37–39]), and are known as
a neuroendocrine marker (SCG2 [40]). Immunohisto-
chemistry of six selected gene products that were dif-
ferentially expressed at the RNA level found consistent
results. These genes include an oncogene (FGFR3),
a cell proliferation gene (cyclin A [24]) and matrix
remodelling genes (β-catenin [41], wif-1 [19], maspin
[33], MMP-7 [42], P-cadherin [43]). Although P-
cadherin showed strong up-regulation at the RNA
level, the immunohistochemical staining of tumour
tissue was negative, which could be explained by
post-transcriptional degradation. The other immuno-
histochemical staining results confirmed the findings
of RNA expression.

The other major arm of our hierarchical cluster anal-
ysis contained only benign tissue samples and split
into benign bronchial and peripheral alveolar tissue.
While alveolar lung tissue showed no further segre-
gation, the bronchial epithelium of smokers and non-
smokers was arranged in two subgroups. Using the
GOstat tool in the analysis of bronchial epithelium of
current smokers and non-smokers, we found 30 sig-
nificantly overrepresented genes in the categories cell
adhesion and inflammation. Tobacco smoke-exposed
bronchial samples revealed down-regulated differen-
tially expressed genes that are involved in endothe-
lial differentiation (eg CD31, thrombospondin 2),
possibly representing chronic bronchitis. However, a
direct effect of tobacco smoke on the expression
of these genes cannot be excluded. Strongly up-
regulated β-catenin and nuclear expression is found
in many malignant tumours and is a sign of dys-
regulation of the wnt pathway [44]. These data sug-
gest that smoking can influence the wnt pathway
directly [41]. We performed cross-comparative analy-
ses to find other putative molecular markers for cancer
risk assessment by searching for consistent molecu-
lar alterations in bronchial epithelium and squamous
cell carcinomas of smokers. Consistently up-regulated
aldoketoreductase (AKR1B10 ) [35,45,46] and down-
regulated flavin-containing monooxygenases (FMO2,
FMO3 ) in tobacco smoke-exposed tissues mediate the
metabolic activation of drugs and xenobiotic com-
pounds to carcinogenic intermediates [47]. Eleven
other genes were consistently down-regulated (ie
GLRX-1, ALDH1B, CYP26A1, HMGCS2, HLF, APIN,
RTN1, LMO3, ITM2A, NTS, ANK2 [48–50]) and
are involved in detoxification processes. Decreased
expression of ALDH1B and GLRX-1 is associated
with multiple head and neck squamous cell can-
cers of smokers [51,52]. Up-regulation of SPRP1B
(small proline-rich protein) is associated with early
metaplastic squamous differentiation and lung

carcinogenesis [29]. Results obtained in adenocarcino-
mas show superoxide dismutase 2 (SOD2 ), which is
a member of the antioxidant defence system. FGFR3
(fibroblast growth factor receptor 3) is an oncogene
in many bladder cancers [53]. Because adenocarcino-
mas may derive from the alveolar part of the lung,
we looked for consistent molecular alterations in the
alveolar lung tissue of smokers. Glutathione perox-
idase [54], which is involved in detoxification, is
one example of a consistently up-regulated gene. The
down-regulated probe set identified carboxypeptidase
A3 [55], which regulates cancer-related pathways.

Since the present study included only a limited
number of probes, further studies with validation
experiments and downstream analyses are necessary
and must validate these markers in sputum samples
from high-risk smokers. Such gene signatures may be
utilized to identify smokers at increased risk for lung
cancer.
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