
Abstract. Smoking is associated with different serious diseases,
including cancer. The fact that only a minority of smokers
develops tobacco-associated diseases suggests the contribution
of other individual factors, which are still far from understood.
New technologies that can be referred to as ‘molecular profiling'
allow for investigating the deregulation of thousands of genes
simultaneously. Numerous such studies have investigated in vitro
and in vivo the effects of smoking in different cell types aiming at
a better understanding of smoking-induced diseases and the
detection of new biomarkers of exposure and harm. This review
is a short survey of these investigations and how they have
contributed to the detection of new biomarkers and to a better
understanding of smoking-induced harm.

There is compelling evidence that cigarette smoking is
associated with a plethora of diseases, notably cancer of the
aerodigestive tract and chronic obstructive pulmonary disease
(COPD). Smoking probably contributes to almost 30% of
human cancers in the developed world, and it is estimated that
more than 90% of lung cancer cases are attributable to
tobacco abuse. The fact that only a minority of smokers
develops cancer or other severe smoking-associated diseases
indicates that the process of tobacco-induced diseases is
complex and dependent on secondary individual factors such
as nutrition, genetic polymorphism, life style, or exposure to
other environmental toxins. Therefore, the identification of
reliable biomarkers of exposure and harm would help to
identify individuals at high risk and contribute to our
understanding of smoking-associated diseases. 

Recently, a number of new technologies have emerged
for monitoring global cellular responses to perturbation due
to disease, drug treatment, or toxicity. One can group these
technologies by the type of molecules being measured.
Serial analysis of gene expression (SAGE) and DNA
microarrays allow systematic detection of changes in the
mRNA levels of thousands of genes simultaneously.
Different proteomic approaches allow determination of the
expression, post-translational modification, localization, or
interaction of proteins. In particular, proteomic analysis
combining two-dimensional electrophoresis (2D-PAGE)
and mass spectrometry (MS) as well as database searches
provide a powerful high-throughput method for screening
proteins responsive to a variety of stimuli. 

The common objective of all these approaches is to
capture unique fingerprints of molecular changes and to
interpret them with the goal of class discovery, comparison
or prediction. The identified fingerprints reflect
cumulative responses of complex molecular interactions.
Given the high interindividual variation as well as
molecular differences in carcinogenesis, distinct molecular
and/or immunological signatures may significantly
contribute to improving the validity and reliability of
biomarkers of exposure and harm.

A growing number of published in vivo and in vitro
studies using SAGE, DNA microarray or proteomics
strategies investigate the effects of tobacco smoke or
nicotine on gene and/or protein expression profiles allowing
the classification of lung cancer, or for prediction of patient
survival. Currently there are no such studies using
metabolomics and/or metabonomics approaches, but these
methods are being applied with increasing frequency in
other related areas. Examples are the evaluation of
physiological influences on biofluid composition (1, 2) or in
the diagnosis of liver or ovarian cancer (3, 4). These
techniques will probably be applied to investigations of
topics related to this review in the near future. 
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Gene Expression Studies

In vitro and animal model studies of nicotine and cigarette smoke
effects on gene expression. A number of studies investigated the
effects of nicotine and cigarette smoke on gene expression in
animal models or in human cell lines (Table I).

Zhang et al. (5) performed the first systematic study
describing the differential gene expression related to
smoking. They measured nicotine-induced changes in gene
expression in the human coronary artery endothelial cell
line HCAEC. Expression changes detected included up-
regulation of type II phospatidylinositol-4-phosphate kinase
and a decrease in diacylglycerol kinase suggesting an
activation of the inositol phospholipid pathway by nicotine.
Moreover, the transcription factors CREB and NF-kappaB
were detected to be up- and down-regulated, respectively. 

Several other studies investigated the effect of nicotine or
cigarette smoke on cultured cells or in rodent or mouse
models of smoking. Dunckley et al. (8) investigated the effects
of nicotine exposure in human SH-SY5Y neuroblastoma cells.
The expression of 17 genes was significantly altered following
nicotine treatment. These genes can be functionally classified
into transcription factors, protein processing, RNA binding,
and plasma membrane-associated proteins. Bosio et al. (9)
exposed mouse SWISS 3T3 cells to non-toxic concentrations
of aqueous extracts of cigarette smoke. After 4-8 h of
treatment, they observed a distinct expression pattern of up-
and down-regulated genes. Up-regulated genes were mainly
antioxidant response genes, transcription factors, cell cycle
related genes, and genes coding for inflammatory/immune-
regulatory response mediators. Yoneda et al. (6, 7) used
primary human bronchial epithelial and immortalized human
bronchial epithelial HBE1 cells to investigate gene expression
and regulation associated with smoke- and hydrogen peroxide-
induced injury and repair. In total, 22 genes were found to be
induced in smoke- and H2O2-exposed cells. A time-course
Northern blot study of 14 of these genes identified at least
three phases of change in gene expression. The first
immediate up-regulation was seen 1 h after exposure,

including MKP-1, mdm-2, and bcl-2. The expression of the
genes of the second phase, HSP40, HSP70, HSP90a, and
ubiquitin p62, was transient and returned to normal levels 15 h
after exposure. The third phase occurred 10 h after exposure
and included glutaredoxin, ferritin light chain, dihydrodiol
dehydrogenase, MMP-1, and SPRR1B.

Gebel et al. (12) analyzed the in vivo effects of cigarette
smoke on gene expression in respiratory nasal epithelium
(RNE) and lungs in a rat model. They exposed animals either
acutely or subchronically to mainstream cigarette smoke (CS)
with death immediately or 20 h after exposure. The number
of genes differentially expressed by >2-fold was higher in rats
immediately killed after exposure, with the gene most
strongly differentially expressed being cyp1a1, which was
induced 176-fold in the lung and 142-fold in the RNE of
subchronically exposed rats. The genes of the RNE of rats
exposed once to cigarette smoke showed most evident
differential gene expression characterized by the significant
up-regulation of genes coding for oxidative stress-responsive
and phase II drug-metabolizing enzymes. The strength of
expression of these genes was significantly reduced after 3
weeks of exposure suggesting for an adaptive response to
cigarette smoke. In contrast, the induced expression for genes
encoding phase I drug-metabolizing enzymes (cytochrome
P450, cyp1a1; aldehyde dehydrogenase-3) was not altered
after 3 weeks of exposure and showed similar levels in lungs
and RNE. Almost all changes in gene expression returned to
normal after 20 h in a CS-free environment.

Izzotti et al. (10) investigated the transcriptional effects of
cigarette smoke in Swiss albino mouse fetal livers after
transplacental exposure to environmental CS throughout the
pregnancy period. Exposure up-regulated 116 genes involved
in metabolism, response to oxidative stress, DNA and protein
repair, and signal transduction. Additionally, a number of
pro-apoptotic genes, cell cycle regulators, hypoxia-related
genes, oncogenes, and leukocyte proliferation and
differentiation receptors were found to be stimulated. Only
one gene, encoding for multiplication stimulating polypeptide
was found to be down-regulated after exposure to ECS. 
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Table I. Overview of in vitro and animal model studies of nicotine and cigarette smoke effects on gene expression.

Organism Model Treatment No. Genes studied Technology Reference

Human Cell line H2O2, smoke 9,600 EST membranes (6, 7)
Human Cell line Nicotine 5,000 cDNA microarray (8)
Human Cell line Nicotine 4,132 cDNA filters (5)
Mouse Cell line Cigarette smoke 513 cDNA glass chip (9)
Mouse Tissue Cigarette smoke 746 cDNA microarray (10)
Mouse Tissue Cigarette smoke 1,185 cDNA microarray (11)
Rat Tissue Cigarette smoke 2,031 cDNA microarray (12)
Mouse Tissue Cigarette smoke 36,000 Oligo microarray (13)
Mouse Tissue Cigarette smoke, LPS 39,000 Oligo microarray (14)



Another study conducted by Izzotti et al. (15) studied the
expression of cancer-related genes in the lungs of mice
carrying a dominant-negative germ-line p53 mutation. In mice
exposed to ECS, this mutation resulted in a lack of induction
of pro-apoptotic genes and in overexpression of genes
involved in cell proliferation, signal transduction, angiogenesis,
inflammation and immune response. In both wild-type and
mutant mice, ECS had little effect on the expression of
oncogenes, tumor suppressor genes, and DNA repair genes. 

Rangasamy et al. (13) studied the effect of cigarette
smoke on the induction of pulmonary emphysema in mice
deficient in the Nrf2 gene, a transcription factor involved in
regulation of detoxification and antioxidant genes. Mice
with disrupted Nrf2 showed more pronounced and earlier
onset of emphysema, accompanied with more severe
bronchoalveolar inflammation. By microarray analysis,
pulmonary expression profiles of cigarette smoke-exposed
Nrf2–/– and Nrf2+/+ animals were compared. About 50
antioxidant and cytoprotective Nrf2-dependent genes could
be identified, which are suspected of providing resistance
against the development of emphysema. 

Meng et al. (14) studied differentially expressed genes of
mice exposed to a combination of lipopolysaccharide (LPS)
and cigarette smoke to evaluate the use of this LPS-
compromised mouse model as a model for investigation of
COPD. They identified a number of genes and functional
modules that may serve as potential biomarkers for
monitoring COPD progression. 

In vivo human studies of cigarette smoke effects on gene
expression in epithelial cells of the pulmonary airways. To
date, few microarray studies have been performed in
humans to determine the effect of smoking on gene
expression in epithelial cells of the pulmonary airways (16-
19). An overview of these studies is given in Table II.

Hackett et al. (16) studied the expression of antioxidant-
related genes in airway epithelium cells in order to identify
candidate genes linked to the risk for chronic bronchitis in
association with cigarette smoking. From each subject in
smokers and non-smoker cohorts two independent samples
of airway epithelium cells were analyzed. Significant up-
regulation of 16 out of 44 antioxidant-related genes was
detected in smokers, whereas none of the antioxidant-
related genes were found to be down-regulated. Analysis of
the variability in expression of the antioxidant-related genes
within and among individual smokers revealed a marked
inter-individual variability for many of the upregulated
genes. Determination of the inter-individual variability in
expression levels among smokers demonstrated that the
extent of inter-individual variability was greater for the 16
up-regulated genes. For one gene, glutathione peroxidase 3,
a significant correlation between the gene expression level
and smoking history was revealed (r2=0.32, p=0.024). 

Kaplan et al. (17) compared gene expression patterns in
airway epithelium of healthy 20 pack-year smokers versus
nonsmokers. In total, 47 genes were significantly up- or
down-regulated in smokers (p<0.01). These included genes
known to be affected by cigarette smoke such as genes
involved in antioxidant mechanisms, xenobiotic detoxification
and activation, and genes whose expression is altered as part
of the normal epithelial airway response to cigarette smoke .
In addition, a number of genes not previously linked to
cigarette smoke exposure were significantly altered, e.g.
intermediary metabolism genes (transaldolase, transketolase,
phosphogluconate dehydrogenase, glucose 6-phosphate
dehydrogenase, and all genes of the pentose phosphate
pathway), genes related to carcinogenesis (hevin, tenascin-C)
as well as the transcription factor pirin. The paternally
imprinted gene H19 was found to have dramatically elevated
RNA levels in smokers compared to nonsmokers
(p<0.00001). The authors also showed that the up-regulation
of H19 was not due to loss of imprinting which is known to
be associated with lung cancer. Thus, it was speculated that
cigarette smoking induces up-regulation of the active H19
allele with eventual temporal progression to loss of
imprinting as the burden of smoking increases, paralleling the
sequential pathological transition of the airway epithelium. 

Spira et al. investigated the effect of cigarette smoke in
human pulmonary airway epithelial cells (18, 19). The study
described gene subsets expressed in large-airway epithelial
cells of healthy never smokers, genes whose expression was
altered by cigarette smoking, genes whose expression
correlated with cumulative pack-years of smoking, and
genes whose smoking-induced expression changes were
reversible when smoking was stopped. In total, 97 genes
were found to be differentially expressed between current
and never smokers (p<1.06x10–5), with 68 genes being up-
regulated in current smokers. Greatest increases were found
in genes coding for xenobiotic functions, antioxidants, and
genes involved in electron transport . Additionally cell
adhesion molecules and putative oncogenes were also
increased. Genes reduced in current smokers are generally
involved in regulation of inflammation or are putative
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Table II. Overview of in vivo human studies of nicotine and cigarette
smoke effects on gene expression in cells of pulmonary airways.

Samples No. of Study population Reference
genes

Smoker Nonsmoker

Airway epithelial cells 5,000 13 9 (16)
Airway epithelial cells 6,800 14 7 (17)
Airway epithelial cells 22,500 34 (current) 23 (18, 217)

18 (former)
Alveolar macrophages 5,600 5 5 (20)



tumor suppressor genes. Interestingly, three current
smokers failed to show increased expression of a number of
redox-related and xenobiotic genes and thus resembled
never smokers. Genes for which induced gene expression
could be correlated (p<3.1x10–6) with pack-years included
cystatin, involved in tumor growth and inflammation;
HBP17, enhancing fibroblast growth factor activity; and
BRD2, a transcription factor involved in activation of cell
cycle genes. Genes showing reduced expression correlating
with pack-years included genes involved in DNA repair. The
authors also studied the effects of smoking cessation for the
97 genes distinguishing current smokers from never
smokers. Former smokers discontinuing smoking <2 years
before the study tend to cluster with current smokers,
whereas those discontinuing >2 years before the study
group cluster more closely to never smokers. Genes showing
reversible expression were mainly drug-metabolizing and
antioxidant genes. However, thirteen genes did not return
to normal levels, even when subjects discontinued smoking
for 20-30 years (p<9.8x10–4). These genes included
potential tumor suppressor genes (TU3A, CX3CL1) being
permanently reduced, several putative oncogenes
(CEACAM6, HN1) and three metallothionein genes, which
were permanently increased. 

Gene expression studies on lung cancer. A number of studies
have been conducted in order to investigate the patterns of
differential gene expression in lung cancer. Three studies
have subclassified lung adenocarcinoma based on gene
expression profiles with microarrays of large cohorts and
studied the correlation of expression patterns with
pathological clinical parameters (21-24). These studies
observed a significant heterogeneity of lung adenocarcinoma,
but different and overlapping conclusions on important
subsets and genes were reached for disease classification and
prognosis. Two other studies (22, 23) were able to separate
squamous cell carcinoma, small cell lung carcinoma (SCLC)
and adenocarcinoma by specific gene expression profiles.

Two studies (22, 23) used gene expression profiling on
SCLC cell lines, resected SCLC tumors, xenograft tumors
and cell lines of different normal tissues to search for genes
that show a specific gene expression in tumor cells.
Hierarchical cluster analysis revealed that the cell lines
grouped into four clusters were clearly distinct from the
cluster formed by the normal tissues. Two subclusters
distinguished between classical and variant SCLC type with
a number of genes showing differential gene expression. All
xenografts clustered closest to the cell lines from which they
originated and showed almost identical expression profiles
to the cell culture cells. Many genes previously known to be
highly expressed in SCLC, including neuroendocrine
markers, oncogenes, cell proliferation and cell division
genes, were confirmed. Additionally, a number of genes not

previously associated with SCLC were identified. Most of
them were expressed not only in SCLC cell lines and
xenografts but also in the resected SCLC tumors.

Another group of studies analyzed differential gene
expression in lung adenocarcinomas of smokers and
nonsmokers (25-27). One study (22, 23) compared gene
expression profiles in resected samples of nonmalignant
lung tissue and tumor tissue of smokers and nonsmokers
with adenocarcinoma. Four times as many genes changed
expression in the transition from non-involved lung to
tumor in nonsmokers as in smokers. This suggested that
adenocarcinoma in nonsmokers evolves locally, whereas in
smokers it evolves in a field of genetically altered tissue.
Some similarities in gene expression between smokers and
nonsmokers were found, but differences were significant,
pointing to different pathways involved in cell
transformation and tumor formation. Multidimensional
scaling revealed that noninvolved lungs of smokers group
with tumors rather than non-involved lungs of nonsmokers. 

Miura et al. (25) studied tobacco smoking- and prognosis-
related molecular profiles of lung adenocarcinoma. Forty-
five genes were identified delineating smokers and
nonsmokers (p=0.0025), of which 30 were already known
genes and 15 were expressed sequence tags (ESTs) or genes
of unknown function. Additionally, 27 genes (18 known and
9 unknown genes) were differentially expressed in survivors
and nonsurvivors 5 years after surgery (p<0.0025). 

The objective of another group of studies was to identify
potential biomarkers and targets with diagnostic and
therapeutic value (28-30). Sugita et al. (28, 29) used a
combined approach using oligonucleotide and tissue
microarrays. First they searched for biomarkers
overexpressed in NSCLC and SCLC tumor cell lines. In a
second step, these data were validated by immuno-
histologically testing a tissue microarray containing NSCLC
clinical samples. Of the 20 most highly expressed genes in
the tumor cell lines, 6 were cancer/testis antigens (CTAs)
including 5 MAGE-A subfamily members and NY-ESO-1.
The expression of these CTAs was concluded to be a useful
marker for the early detection of lung cancer because of
their high specificity for central airway squamous and small
cell carcinomas. Feng and coworkers identified another
potential biomarker of early stage human lung carcinoma
(28). They screened for differentially expressed genes in
normal human bronchial epithelial (NHBE) cells and in the
tumorigenic cell line 1170-I. Beside other genes, they
identified the S100A2 gene to be differentially expressed.
Immunohistochemical staining identified the S100A2
protein in most tested normal and hyperplastic lung tissues,
whereas it was absent from the majority of metaplastic lung
tissues, squamous cell carcinoma and adenocarcinoma. The
authors concluded that expression of S100A2 is suppressed
early during lung carcinogenesis and that its loss may be a
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biomarker of early stage disease. Gordon et al. (31)
developed a prognostic test for patients with resected stage
I lung adenocarcinoma using gene expression profiling data
of two other published studies (21, 22). Fukumoto et al. (30)
used microarray analysis to search for genes overexpressed
in squamous cell carcinomas (SCC). Seven genes were
identified, including the aldo-keto reductase AKR1B10.
Further immunohistochemical analysis revealed AKR1B10
to be overexpressed in most cases of investigated SCC and
in many adenocarcinomas analyzed from smokers. Thus,
AKR1B10 might be involved in tobacco-related carcino-
genesis and is a potential diagnostic marker specific for
NSCLCs of smokers. 

Only recently, the group of Spira and co-workers identified
an 80-gene biomarker profile distinguishing smokers with and
without lung cancer. The investigators used the fact that
cigarette smoke creates a field of injury throughout the
airway, and determined a set of differentially expressed genes
in histologically normal large-airway epithelial cells (32). A
validation set consisting of 35 biopsies revealed an
approximate 90% sensitivity of their biomarker to identify
stage 1 lung cancer. Combining cytopathology of lower airway
cells with the biomarker yielded 95% sensitivity and a 95%
negative predictive value. A functional classification of genes
that differentiate lung cancer patients from smokers revealed
that many genes up-regulated in cancer patients belong to the
categories inflammation/immune function (like IL8, CD55),
cell cycle (TOB1, PPBP) and cytoskeleton/cell adhesion
(DMD, NELL2). Almost no genes of these categories were
expressed at lower levels in cancer patients as compared to
smokers without cancer. In contrast, differentially expressed
genes belonging to the categories antioxidant, ubiquitinilation
and DNA-repair were all down-regulated in cancer patients.
These results support the notion that smoking provokes a
cancer-specific airway-wide injury and concomitant cancer-
specific alterations in gene expression that might precede the
development of lung cancer by years. 

Gene expression studies on COPD. Chronic obstructive
pulmonary disease (COPD) is a slowly progressive and
irreversible disorder with functional abnormality of airway
obstruction. Largely, cigarette smoking causes COPD, but
only 10-15% of all smokers develop clinically apparent
disease. Currently two studies have been performed in order
to systematically investigate gene expression profiles in
patients with COPD. 

Ning et al. analyzed lung tissue from 14 smokers with
moderate COPD (GOLD-2-classification) and 12 control
smokers, which exhibited no pulmonary obstruction (GOLD-
0) (33). Global gene expression profiles were analyzed in a
complementary approach using SAGE and microarrays.
Comparison of gene expression patterns between GOLD-2
and GOLD-0 smokers revealed the differential expression of

327 genes. Genes overexpressed in GOLD-2 smokers encoded
proteins associated with inflammation (TGF-beta1, CX3CL1,
CTGF, CYR61, TNFSF10, IL1R), cell proliferation inhibitors
(CDKN1A, CDC2L1), transcription factors (FOS, EGR1,
KLF2, HEYL, HAX1, ILF3), and apoptosis-related proteins
(TEGT, TXNL, GRIM19, NCKAP1, BCAP31). Genes found
underrepresented in GOLD-2 smoker lungs were the ECM
genes COL-1A1, -3A1, -4A1, -6A1, and -18A1. Additionally a
number of genes involved in angiogenesis were differentially
expressed in GOLD-2 versus GOLD-0 smokers. The
expression of EGR-1, CTGF, and CYR61 was also analyzed in
independent lung tissue from six GOLD-2 and six GOLD-0
smokers. This analysis confirmed the differential expression
of these genes. The same three genes were also up-regulated
in severe COPD patients (GOLD-4; n=3).

Spira et al. performed a second gene expression profiling
study on COPD (18). They investigated differentially
expressed genes in lung tissues of smokers being severely
emphysematous (n=20) and normal or mildly emphysematous
(n=14). Due to the limited number of samples, several class
prediction algorithms were used to identify genes whose
expression in the lung samples allowed the distinction between
severe emphysema from no or mild emphysema. In total 102
genes were identified by at least four of the used algorithms.
A total of 75 genes were up-regulated in the lung samples of
smokers with severe emphysema compared to samples of
smokers with no or mild emphysema. A large proportion of
these genes were extracellular matrix (ECM)-related genes.
Immune and cell signaling-related genes were downregulated
in severe emphysema lung samples . The authors analyzed the
correlation of expression with pulmonary phenotypic
expressions of the disease, such as the diffusion capacity for
carbon monoxide (DLCO) and with the forced expiratory
volume at 1s (FEV1). This analysis revealed 92 genes whose
level of expression strongly correlated with DLCO (p<0.001),
73 genes correlated significantly with FEV1 (p<0.001), and 33
genes correlated with both DLCO and FEV1. One of the
striking findings of this study was the large number of ECM-
related genes upregulated in severe emphysema. 

A recent study by Heguy et al. aimed to identify new
genes linked to early events in the molecular pathogenesis
of COPD (20). Since cigarette smoke is suggested to
activate the release of multiple COPD mediators in alveolar
macrophages (AM) they applied gene expression profiling
to investigate AM in phenotypically normal, 20 pack-year
smokers. In total, 75 genes were identified that showed
difference in expression in smokers when compared to
healthy nonsmokers. Sixty-nine of these genes have not
been previously known to show altered gene expression in
AM in association with COPD or smoking. Most of these
genes were associated with functions related to immune
response/inflammation, signal transduction, cell adhesion,
extracellular matrix, and transcription.
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Protein expression studies. Only a few studies related to
smoking using proteomic approaches have been performed
so far (see Table III). 

Using 2D-PAGE and MS, Gao et al. identified more than
40 protein spots, which were deregulated upon benz[a]pyrene
(B[a]P) treatment in human amnion epithelial cells stably
transfected with the CYP1A1 cDNA (34). Among them, 20
spots were only present in controls, whilst 6 were only
detected in B[a]P-treated cells. Statistical analysis indicated
that an additional 21 protein spots were significantly changed
(p<0.05), including 10 upregulated and 11 downregulated
proteins following B[a]P treatment. A total of 22 proteins
could be identified by MALDI-MS. Many of the deregulated
genes were zinc finger proteins and other transcription
regulators, indicating a general reaction in the response to
B[a]P (34). Of interest, B[a]P also up-regulated PINCH, a
component of integrin and growth factor signaling pathways,
which is upregulated in the stroma of cancers (42) as well as
SNF2L1, which is linked to chromatin remodeling processes
and transcription regulation (43). 

He et al. searched for tumor related proteins in oral
tongue carcinoma, an aggressive tumor that particularly
affects chronic smokers, drinkers and betel squid chewers.
The protein expression profiles of 10 carcinomas and their
matched normal mucosal resection margins were examined
by 2D-PAGE and MALDI/MS. The study identified a
number of tumor-associated proteins including heat-shock
protein HSP60, HSP27, alpha B-crystalline, ATP synthase
beta, calgranulin B, myosin, tropomyosin and galectin 1,
which were consistently found to be significantly
overexpressed in malignant tissues. The expression profile
portrayed a global protein alteration that appeared specific
to oral tongue cancer (35). 

A second study conducted by the same group on
squamous cell carcinoma (SCC) of the buccal mucosa
revealed a number of proteins that were significantly

overexpressed in cancer tissues (n=10) as compared to
normal mucosa (36). These included glycolytic enzymes,
heat-shock proteins, tumor antigens, cytoskeleton proteins,
enzymes involved in detoxification and antioxidation systems,
and proteins involved in mitochondrial and intracellular
signaling pathways. Only one gene (alpha B-crystalline) was
substantially down-regulated. This study did not identify a
specific biomarker for buccal SCC since all identified
proteins have been identified in other cancers as well. 

Brichory et al. used a combined approach using 2D-
PAGE and Western-blot analysis to identify proteins that
induce an antibody response in patients with lung cancer
(37). Proteins from tumor tissue or tumor cell lines were
separated by 2D-PAGE, transferred to membranes and
hybridized to sera from 64 cancer patients. Proteins that
specifically reacted with patient sera were identified by
MALDI/MS. Additionally the sera of 99 patients with
other types of cancer, and 71 noncancer controls were
tested (46 healthy nonsmokers, 15 chronic smokers, 10
chronic lung disease). In sera of 9 out of 64 lung cancer
patients, autoantibodies against the neurospecific PGP 9.5
antigen, which was previously described as a marker for
non-small cell lung carcinoma and which is identical to
ubiquitin thiolesterase, were detected. Subsequently,
immunohistochemistry revealed the expression of PGP 9.5
protein in 100% of all small cell carcinomas and
neuroendocrine differentiated adenocarcinoma (22/22),
63% of adenocarcinoma (21/33), and 85% of SCC (23/27).
In contrast, no PGP 9.5 protein was detectable in healthy
mucosa (0/16). PGP 9.5 protein has also been detected in
the secreted fraction of the adenocarcinoma cell line A549
and in the serum of 2 lung cancer patients with no
detectable PGP 9.5 autoantibodies. 

Two 2D-PAGE/MALDI-MS studies by Chen et al. analyzed
lung adenocarcinomas (38, 39). In the first study, they
compared malignant specimens (64 stage I and 29 stage III)
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Table III. Overview of protein expression studies. 

Tissue Technology Samples References

Human CYP1A1 transfected 2D; MS Cell line treated with B[a]P (34)
amnion epithelial cell line
Oral tongue carcinoma 2D; MS 10 patients (35)
SCC of buccal mucosa 2D; MS 10 patients (36)
Lung cancer 2D; Western Blot; MS Serum: 163 cancer, 71 non cancer; 

Tissue: 82 lung tumors, 16 tumor adjacent normal tissue (37)
Lung adenocarcinoma 2D; MS; DNA microarrays 93 Lung adenocarcinoma, 10 control lung samples (38)
Lung adenocarcinoma 2D; MS 90 Lung adenocarcinomas, 10 Control lung samples (39)
Lung cancer MS 10 Lung cancer samples, 10 Normal lung tissue samples (40).
COPD bronchoalveolar lavage fluids MS 10 COPD smokers, 8 Non COPD smokers, (41)

8 Non COPD nonsmokers

MS, mass spectrometry, 2D, 2-dimensional gel electrophoresis.



and uninvolved lung samples and also determined associations
between overexpressed proteins and clinicopathological
features. In addition, microarray analysis was performed on 76
of the tumors and 9 of the normal lung samples. In total
isoforms of 9 enzyme proteins showing significantly increased
expression in adenocarcinoma were identified. These enzymes
included proteins involved in energy-related pathways and
antioxidation or detoxification, with GSTM4 being the most
consistently overexpressed protein in 96.8% of all tumors.
Correlation analysis of overexpression with clinicopathological
variables revealed that AOE372 and TPI correlated with tumor
differentiation. PPase correlated with tumor subhistology and
was increased in bronchial-derived adenocarcinomas (p=0.02).
Together with TPI and UCHL1, PPase was also found to
correlate with smoking history. P4HB was found to be reduced
in tumors showing a positive lymphocytic response (p=0.03).
Comparison of mRNA expression and protein expression
values revealed only for GRP58 isoforms significant
correlations (p<0.05), indicating that increase of protein
expression in tumors of these isoforms is due to transcriptional
regulation. Analysis of the relative mRNA expression of all
these genes between lung adenocarcinomas and normal lung
tissues revealed significant increase of mRNA levels for
AOE372, GRP58, P4HB, TPI, and UCHL1 (p<0.005), but not
for ATP5D, B4GALT, PPase, and GSTM4 (38). 

The second study by Chen et al. analyzed protein profiles
associated with patients survival (39). A total of 682 individual
protein spots were quantified in 90 lung adenocarcinomas (62
stage I, 28 stage III) and 10 non-neoplastic lung tissues using
2D-PAGE analysis. Forty-six proteins were reported to
predict patient survival when used together in protein
expression profiles or as individual protein candidates. A
leave-one-out cross-validation procedure using the top 20
survival-associated proteins indicated that protein profiles as a
whole can predict survival in stage I patients (p=0.01). A
combined analysis using microarray gene expression and
protein expression data revealed that 11 components of the
glycolytic pathway were associated with poor survival. For four
components an increased protein expression and for seven
components, an increased mRNA expression in lung
adenocarcinomas and association with poor survival was
shown. Only phosphoglycerate kinase (PKG1) was
significantly deregulated at both mRNA and protein levels.
An elevated level of PKG1 in the serum was also significantly
associated with poor survival as found by the analysis of a
validation set of 107 patients using ELISA analysis.

Campa et al. performed a MALDI/MS study in lung cancer
to search for overexpressed proteins as potentially novel
molecular targets (40). In total tumor tissue/normal tissue
lysate pairs of 40 patients were used. The most statistically
significant differentially expressed proteins were identified as
MIF and CyP-A. MIF is a cytokine causing T-cell activation,
and has been described as being overexpressed in lung

adenocarcinoma previously. CyP-A is a member of the
immunophilin family and possesses peptidyl cis-trans
isomerase activity. Both proteins were detected in 27/34
tumor lysates and in only 1/40 nonmalignant tissue lysates
(79% sensitivity, 98% specificity). When examined
individually, MIF was seen in 30 of 34 tumor lysates and 3 of
40 nonmalignant lysates (88% sensitivity, 93 % specificity),
and CyP-A was found in 27 of 34 tumor lysates and in 1 of
40 nonmalignant lysates (79% sensitivity, 98% specificity). 

Merkel et al. investigated bronchoalveolar lavage fluids
from smokers with COPD and identified a number of
proteins and peptides as potential diagnostic markers for
COPD (41). They applied a combination of surface-
enhanced laser desorption/ionization-MS and reversed-
phase chromatography with subsequent MALDI-MS or
nanoliquid chromatography MS/MS analysis. Beside other
differences, they found that smokers with COPD showed
increased levels of neutrophil defensins 1 and 2, calgranulin
A and B compared to smokers without COPD.

Discussion

Expression profiling studies of cigarette smoking-related
diseases have already provided important information about
molecular abnormalities, pathways mediating disease
progression, and potential diagnostic and therapeutic
markers. To date, several hundred-gene expression studies
have been published that present analyses of human cancer
samples. These analyses identified gene expression signatures
for different cancer types and subtypes and uncovered gene
expression patterns that correlate with various characteristics
of tumors, such as tumor grade, differentiation, metastatic
potential, or patient survival. Moreover, novel tissue and
serum biomarkers as well as potential therapeutic targets
have been identified using these screenings. Unfortunately,
many authors tend to present only one interpretation of their
data and selectively only reported on a subset of genes that
were of interest for their hypothesis.

Taken together, most of the studies at present – as like
studies using large clinically important datasets in general –
are rarely reported or poorly done so that many of them are
not comparable or even reproducible. This is supported by
at least two publications that systematically reviewed
molecular and biological tumor markers in neuroblastoma
(44), and microarray studies with major clinical outcome in
cancer (45), respectively. Both reviews concluded that
results were often limited by small sample sizes, poor
statistical reporting, and large heterogeneity. Ioannidis and
coworkers thus recommended the classification of molecular
prognostic studies into three phases: phase 1 being early
exploratory probing associations, phase 2 being exploratory
with extensive analysis, and phase 3 being large
confirmatory studies with prestated hypotheses and a
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precise quantification of the effect. Only studies that had
undergone phase 3 should be considered robust enough for
use in clinical practice. Currently most studies can
considered as phase 1 or some as phase 2.

Beside the poor design of the studies, data communication
has also been limited. The Microarray Gene Expression Data
Society has proposed a set of guidelines (MIAME) for the
reporting of microarray data, and that all microarray data
should be deposited in public databases. MIAME, the
minimal information for the annotation of a microarray
experiment, specifies which data and contextual information
should be supplied. Some journals have already begun to
endorse or encourage MIAME compliance for publications.
Beside MIAME, a standardized data format (MAGE-ML)
for exchange of data between microarray data producers and
users has been defined (46). 

But disclosure of data is not enough unless there is
consensus on the appropriate statistical analyses. Many of
them are developed on a case-by-case basis and may not even
be reproducible by the authors themselves. There is currently
no simple answer to this problem; a standardized statistical
package would be one solution, which would allow
users/readers of such data to quickly repeat an entire analysis.
Some published studies are accompanied by supplements to
the publication containing a transcript of the respective
statistical analyses that allow reproduction of the performed
analysis. Another solution to this problem is the generation of
databases, hosting large datasets, which support the
established common standards for data exchange and
comparison. Ideally these databases support effective analysis,
data mining, and visualization of the results in a way that users
without computational or expression profiling related
analytical expertise can access the data. 

The full potential of cancer microarray data will only be
assessed when the complete datasets of all published studies

will be unified, analyzed and made available to the whole
cancer research community. There are already a number of
databases publicly available which aim for this goal. Three of
them (Gene Expression Omnibus, ArrayExpress, and the
Stanford Microarray Database) serve as large data repositories
for general high-throughput expression data (see Table IV). 
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