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INTRODUCTION 

Cancer is the second leading cause of death after cardiovascular disease, and 
lung cancer is one of the most commonly diagnosed cancers worldwide. 
Currently there are more than 1.61 million new cases of lung cancer diagnosed 
each year (Ferlay et al., 2010). The most prevalent cause of death due to cancer 
(18.2%) is also caused by lung cancer, that accounts for 1.38 million deaths 
worldwide each year (Jemal et al., 2011). In Europe alone, it is predicted that 
lung cancer will be responsible for the deaths of 182 000 men and 76 000 
women in 2011 (Malvezzi et al., 2011). Moreover, lung cancer is a widespread 
disease in both developed and developing countries, thereby constituting a 
major public health problem and economic burden. 

The incidence of lung cancer, globally, started to rise during the 1950s, and 
was consistent with the increase in cigarette consumption that started at the 
beginning of the century (Proctor, 2004). According to the World Health Orga-
nization (WHO), the early export of tobacco from America to the rest of the 
world by Christopher Columbus now results in more than 5 million annual 
premature deaths, and is the main cause of lung cancer (Ezzati and Lopez, 
2003). Moreover, approximately 90% of lung cancer patients have a history of 
smoking at least one pack a day for 20 years, although not all smokers develop 
lung cancer. For example, there are lung cancer patients who have never been 
exposed to tobacco (Hecht, 1999), and this indicates that other factors are 
involved in the pathogenesis of this disease. Correspondingly, previous studies 
have identified that exposure to asbestos, heavy metals, silica, diesel exhaust, 
painting work, or cooking fumes, can represent significant risk factors in the 
development of lung cancer (Mollberg et al., 2011; Tse et al., 2011). In recent 
years, human papillomaviruses (HPVs), 16 and 18, which are mostly known as 
risk factors for cervical cancer, have also been associated with lung cancer, 
especially in Asian populations (Cheng et al., 2001; Klein, Amin Kotb, and 
Petersen, 2009; Koshiol et al., 2011). There have also been, several familial 
aggregation, candidate gene, and genome-wide association studies (GWAS) that 
have identified several heritable components of lung cancer (Amos et al., 2008; 
Bailey-Wilson et al., 2004; Hung et al., 2008; Lorenzo Bermejo and Hemminki, 
2005; Schwartz et al., 2007). 

Currently, the diagnosis and prognosis of lung cancer relies on anatomical 
Tumour size, Node involvement, and presence of Metastasis (TNM) staging 
system (Rami-Porta, Chansky, and Goldstraw, 2009; Tanoue and Detterbeck, 
2009), as well as histological classification (Brambilla et al., 2001). Histolo-
gically, lung cancer can be divided into small-cell lung cancer (SCLC), which is 
not radically treatable, and non-small cell lung cancer (NSCLC). The latter is 
further categorized into squamous cell cancer (SCC), large-cell carcinoma 
(LCC), and adenocarcinoma (AC) (which also includes a bronchioalveolar 
carcinoma (BAC) subtype) (details in Chapter 1.5.2) (Lacroix, Commo, and 
Soria, 2008). Currently, the most prevalent histological forms of lung cancer 
detected are SCC (30%) and AC (30%), while SCLC, LCC, and BAC equally 
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account for the remaining 40% (Garber et al., 2001). Despite improvements in 
lung cancer histology and staging, the prognosis and response to therapy by 
patients within the same subgroup has been observed to vary substantially (Cox 
et al., 2001; Hou et al., 2010). In addition, a considerable number of histological 
samples exhibit mixed features, which makes it difficult to obtain a clear classi-
fication (Bhattacharjee et al., 2001). 

In recent years, several candidate gene approaches and hypothesis-free 
GWAS have successfully identified genetic markers associated with an in-
creased risk for lung cancer. In addition, expression profiling has elucidated 
several new potential biomarkers from blood, saliva, and biopsy samples. How-
ever, despite the development of novel targeted treatments, the survival and 
recurrence-free periods for patients with lung cancer have not improved sub-
stantially, and standard treatment options have remained largely unchanged. 

In the current thesis, the subsequent literature review outlines the principles, 
challenges, and current state of GWAS and whole genome (WG) gene expres-
sion profiling of NSCLC. The experimental part of the current study was 
approved by the Ethics Review Committee on Human Research of the Uni-
versity of Tartu, and is based on samples collected from lung cancer patients 
between November 2002 and December 2006 from the Estonian population. 
These samples were subjected to GWAS and WG gene expression profiling, 
and these results are presented and discussed. 
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I. REVIEW OF LITERATURE 

1.1 Principles of genome-wide association studies 
(GWAS) 

In 2001, the Human Genome Project (HGP) reported an initial draft containing 
more than 1.4 million single nucleotide polymorphisms (SNPs) (Lander et al., 
2001). Subsequently, phase I and phase II Hap Map Projects validated these 
SNPs with linkage disequilibrium (LD) studies which were completed in 2005 
and 2007, respectively. Today, there are more than 4 million validated SNPs 
available for GWAS, however, only 0.5–1 million tagging SNPs (tagSNPs) are 
necessary to describe the genome (Li, Li, and Guan, 2008). Moreover, recent 
studies have established that missing genotypes can be covered by genome wide 
imputation (Anderson et al., 2008; Zhao et al., 2008), a method which predicts 
non-identified SNPs based on LD. As a result, several cancer-associated LD 
blocks have been identified (Varghese and Easton, 2010), of which locus 8q24 
is one of the most cited (Figure 1). 
 
 

 
 
Figure 1. LD plot of the 8q24 region adapted from Varghese and Easton (2010). Six 
blocks are represented which refer to regions associated with increased cancer risk. For 
example, SNP rs6983267 in Block 4 is associated with prostate cancer, colorectal 
cancer, and ovarian cancer. Separate susceptibility variants for breast and prostate 
cancer are associated with Block 3, and SNP rs9642880 in Block 6 is associated with an 
increased risk for bladder cancer. 
 
 
In 2005, the first GWAS that used commercially available genotyping micro-
arrays included 100 000 SNPs (Klein et al., 2005). This study of 96 age-related 
macular degeneration (AMD) cases and 50 controls identified the association of 
complement factor H (CFH) with age-related macular degeneration. Moreover, 
the effect size of the risk allele was found to be 4.6 for the heterozygous state, 
and 7.4 for the homozygous state. Today, more than 500 GWAS, and associa-
tions of more than 2000 SNPs, have been published, and these numbers are 
growing rapidly. However, with odds ratios (OR) of < 1.5 although the study 



11 

and control groups are much larger than in initial studies (Hindorff et al., 2009). 
It is also important to note that the vast majority of GWAS have identified 
chromosomal regions implicated with various traits and more extensive studies 
are needed to locate and describe the actual genetic markers responsible for a 
particular phenotype. For issues involving missing heritability, several strate-
gies are available, which include next-generation whole genome sequencing 
that can capture rare and non-coding variants, analyses of structural variations 
and re-arrangements, as well as investigations of gene-gene and gene-environ-
ment interactions (Manolio et al., 2009). 

Typically, GWAS use a case-control design in which cases are determined 
by the trait of interest. Ideally, the controls should be as similar to the cases 
being analysed as possible, except for the trait being studied. Recently, the use 
of reference cohort subjects has become popular (2007), and data for controls 
used in other studies can be obtained from the genotype-phenotype association 
database (http://www.ncbi.nlm.nih.gov/gap), the Illumina iControl database, 
and/or the Genetic Association Information Network and Wellcome Trust Case 
Control Consortium (http://www.wtccc.org.uk/). However, when using refe-
rence data obtained from different populations, the allele frequency may not 
vary according to the trait, but rather due to differences in ancestry. This 
population stratification can be controlled for by programs like PLINK (Purcell 
et al., 2007)  and EIGENSOFT (Price et al., 2006). Another important conside-
ration is that the majority of SNPs included in currently available arrays are 
selected with the goal of covering the genome equally, which is why only a 
small proportion of them affect protein structure or gene expression. As a result, 
chromosomal regions, rather than actual genetic variants responsible for a trait, 
are identified. Therefore, most findings from GWAS require further study, such 
as fine mapping or sequencing, in order to elucidate the true functional variant 
of interest (Frazer et al., 2009). 

The goal for data analyses of GWAS is to test every individual SNP in order 
to select those that exhibit a statistically significant association with a particular 
trait. As a result, hundreds of thousands of tests are generated, and a correction 
for multiple testing is applied to reduce the number of false positives obtained. 
For the Bonferroni correction, the p-value is divided by the number of tests 
conducted (Cardon and Bell, 2001). A less conservative approach is to use a 
false discovery rate, which provides the proportion of false positive associations 
present among the detected significant associations (Benjamini et al., 2001; 
Tusher, Tibshirani, and Chu, 2001).As a result of the potential confounding 
results due to multiple testing, population stratification, or technical errors in 
WGAS, positive findings need to be replicated in independent studies. Alter-
natively, meta-analysis can be performed, with the data from different studies 
combined to identify novel significant findings. 
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1.2 GWAS of NSCLC 

GWAS have led to the identification of more than 100 common, low-penetrance 
loci for cancer. At these loci, common genetic variants have been associated 
with a moderate increased risk for cancer, typically < 1.3-fold (Chung et al., 
2010; Varghese and Easton, 2010). However, the majority of these findings 
have not been replicated, nor translated to currently known pathways of 
carcinogenesis (Galvan, Ioannidis, and Dragani, 2010). In a series of familial 
aggregation studies of lung cancer, adjustments for family smoking patterns 
were conducted (Matakidou, Eisen, and Houlston, 2005; Mayne, Buenconsejo, 
and Janerich, 1999; Tokuhata and Lilienfeld, 1963), and three types of variants 
identified.  Most of the findings are speculated to be associated with lung cancer 
in three different ways (Rafnar et al., 2011): 

 variants that affect the risk of lung cancer regardless of smoking status; 
 variants that increase the vulnerability of smokers to the harmful effects 

of smoking; 
 variants that affect smoking behaviour. 

However, most of these studies were conducted in European-derived popu-
lations, which limits the worldwide applicability of these findings, as well as the 
range of marker alleles possibly associated with cancer. 

Most inherited cancer syndromes are associated with rare and highly penet-
rant monogenic mutations. For example, among the sporadic cancers, thyroid 
cancer is associated with a 53% heritable genetic component, while the heri-
table component of lung cancer is estimated to be 8% (Czene, Lichtenstein, and 
Hemminki, 2002). For lung cancer, several GWAS have been conducted, most 
of which have used a meta-analysis approach. In these studies, more than a 
thousand cases and controls were analysed, and a genome-wide significance 
level was achieved (p < 5 × 10–7) (2007). The results of these studies that have 
been replicated are listed in Table 1. 
 
 
Table 1. Results of WGAS performed to evaluate lung cancer risk. 
 

LC Gene Locus SNP OR Reference 
CLPTM1L 
TERT 

5p15.33 rs401681 1.3 (Broderick et al., 2009; Landi et al., 
2009; McKay et al., 2008; Wang et 
al., 2008; Yoon et al., 2010) 

BAT3 
MSH5 

6p21.33 rs3117582 1.24 (Broderick et al., 2009; Wang et al., 
2008) 

CHRNA3 
CHRNA5 

15q24-25.1 rs8034191 1.3 (Amos et al., 2008; Broderick et al., 
2009; Hung et al., 2008; 
Thorgeirsson et al., 2008) 

TP53BP1 15q15.2 rs748404 1.15 (Broderick et al., 2009; Rafnar et al., 
2011) 

C3orf21 3q29 rs2131877 1.33 (Yoon et al., 2010) 
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1.2.1 Locus 6p21 and lung cancer 

In 2008 and 2009, Wang et al. and Broderick et al., respectively, published 
GWAS that identified a lung cancer risk locus at 6p21.33. The initial study had 
consisted of 1952 cases and 1438 controls that were pooled with data from two 
other GWAS (which included 5095 cases and 5200 controls). In addition, 
replication experiments with 2484 cases and 3036 controls were conducted, and 
rs3117582 was identified as a lung cancer-associated risk locus (p = 4.97 × 10–10; 
OR = 1.2 for the AC genotype and OR = 1.8 for the CC genotype). This locus is 
located in the first intron of BAT3 that exhibits a strong LD with MSH5. 
Moreover, BAT3 is associated with the p53-mediated response to DNA damage 
(Sasaki et al., 2007), while MSH5 is associated with DNA mismatch repair 
(Wang et al., 2006). However, in 2009, when the association between smoking 
behaviour and the 6p locus was investigated, no correlation was found. 
 
 

1.2.2 Locus 15q15 and lung cancer 

15q15.2 is another lung cancer risk locus that has recently been identified in 
two independent multistep studies (Broderick et al., 2009; Rafnar et al., 2011). 
In the first meta-analysis study, conducted by Peter Broderick and co-workers 
the SNP, rs748404 (p = 1.08 × 10–6, OR = 1.15), was identified, which is 
located between two transglutaminase genes, TGM5 and TGM7. In the second 
study, by Rafnar and co-workers, the best association involving the 15q locus 
was mapped to the same SNP. This association reached a genome-wide 
significance level (p = 1.1 × 10–9), and the OR for the T allele was 1.15. How-
ever, no association between rs748404 and patient gender, age at diagnosis, or 
smoking quantity was detected. Based on these results, the authors hypothesized 
that multiple lung cancer risk loci are present in the region.   
 

 
1.2.3 Locus 15q25 and lung cancer 

Perhaps the most intriguing lung cancer risk locus found in GWAS has been 
15q25, which includes three nicotine acetylcholine receptor subunit genes 
(CHRNA3, CHRNA4, and CHRNA5) (Amos et al., 2008; Hung et al., 2008; 
Thorgeirsson et al., 2008). In three studies, the OR for 15q25 was found to be 
approximately 1.3. Moreover, the association of smoking habit with the 15q25 
locus has been confirmed in multiple studies (Saccone et al., 2007; Thor-
geirsson et al., 2008). For example, Thorgeirsson and co-workers demonstrated 
a significant association (p = 5 × 10–16) between the T allele of SNP rs1051730 
and the number of cigarettes smoked per day and a nicotine dependence scale. 
However, recent WGAS of lung cancer by Amos et al. and Hung et al. reached 
the opposite conclusion – namely, that the association of the 15q25 locus is with 
lung cancer, and not with smoking status. Due to inconsistencies in the data 
regarding this locus, larger samples of non-smoking lung cancer patients are 
needed. 
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1.2.4 Locus 5p15 and lung cancer 

The most cited lung cancer locus mapped by WGAS is 5p15.33 (Broderick et 
al., 2009; Landi et al., 2009; McKay et al., 2008; Wang et al., 2008; Yoon et al., 
2010). In this locus SNP rs2736100 is located within the coding region of the 
cleft lip and palate transmembrane protein 1-like protein (CLPTM1L), also 
known as cisplatin resistance-related protein 9, while SNP rs402710 is located 
within the telomerase reverse transcriptase (TERT) gene. Both of these genes 
have putative roles in cancer predisposition.   

One of the first GWAS that reported an association between 5p15.33 and 
lung cancer was conducted by James D. McKay and co-workers (2008). The 
SNP contained in this locus, rs402710 (p = 4 × 10–6), was tested for possible 
associations with histology, patient gender, smoking exposure, and age of onset 
of lung cancer as co-factors. However, no associations were detected for any of 
these factors. In the same volume of Nature, another study that also reported an 
association between 5p15.33 and lung cancer risk was published (Wang et al., 
2008). In this study, SNP rs401681 reached a statistically significant level (p = 
7.9 × 10–9), and ORs for the GA and AA genotypes were 0.86 and 0.77, 
respectively. In a Korean population, GWAS also found 5p15 to be a suscepti-
bility locus for lung cancer (Yoon et al., 2010), however, genome-wide signi-
ficance was not reached. In addition to these findings, Broderick and co-authors 
(2009) have estimated the individual risk of other major lung cancer-associated 
loci. According to these estimates, both the 5p15.33 and 6p21.33 loci account 
for 1% of excess familial risk, while the 15q25.1 locus accounts for 5%. 

In conclusion, lung cancer GWAS have mapped several important genomic 
loci. However, it appears that the limits of GWAS have been reached using the 
technology currently available. Therefore, deep sequencing of entire genomes, 
large meta-analyses, and the study of patients of non-European descent, need to 
be included in future studies in order to elucidate novel and rarer variants. 
 
 

1.3 Genome-wide gene expression profiling 

1.3.1 Gene expression analysis methods 

Several methods have been developed for the study of gene expression, and 
these can be divided according to their throughput. For example, northern 
blotting (Alwine, Kemp, and Stark, 1977) and reverse transcriptase polymerase 
chain reaction (RT-PCR) assays are considered low throughput methods, based 
on the relatively small number of samples and/or probes that can be analysed 
simultaneously. However, RT-PCR does have an advantage over methods 
associated with a higher throughput due to its precision and cost of the assay  
when only a few genes are analysed, and when absolute quantification is needed 
(Livak and Schmittgen, 2001). High-throughput gene expression methods 
include serial analysis of gene expression (Horan, 2009), cap analysis of gene 
expression (Kodzius et al., 2006), massively parallel signature sequencing 
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(Reinartz et al., 2002), microarray-based technologies (DeRisi et al., 1996; 
Schena et al., 1995), ribonucleic acid sequencing (RNA-Seq) (Ozsolak and 
Milos, 2011), and whole exome and transcriptome sequencing. Moreover, the 
application of a whole genome approach facilitates hypothesis-free study 
designs, and the discovery of molecular patterns and uncharacterized 
transcripts, rather than confirmation of single gene expression profiles. How-
ever, the disadvantages of most high-throughput methods are that they are not 
as precise as RT-PCR, and next-generation sequencing is still relatively 
expensive for routine use. 
 
 

1.3.2 Experimental steps and critical aspects of gene expression 
analysis using microarrays 

Overall, the principle steps of most gene expression experiments are similar 
(Figure 2). However, to obtain high-quality, meaningful, and statistically correct 
results from gene expression microarray experiments, several considerations 
need to be addressed prior to performing experiments. 
 

 
Figure 2. Overview of the steps associated with microarray-based gene expression 
profiling. 
 
One of the first challenges in design and realization of gene expression experi-
ments is the selection and availability of biological material. In lung cancer 
studies, the sample collection options include needle biopsy, tissue samples 
excision during surgery, blood sample or sputum sample collection. While the 
first three methods are most commonly used, they do represent invasive 
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methods. In contrast, the collection of sputum samples is not invasive and can 
therefore be easily applied in routine use, yet cancerous cells from the periphery 
of lung may not always be available. 

It is also important to consider the selection of control material, specifically 
whether controls will be collected from the same individual providing the 
cancer sample, or from another group. In the former case, environmental factors 
such as smoking exposure can be eliminated, thus facilitating a more precise 
analysis of direct gene expression changes that occur between two conditions.  

Thirdly, collection and storage methods need to be determined. Once RNA 
and other biomolecule samples are extracted, their quantity and quality is 
assessed. For RNA, the subsequent steps involve amplification and labelling. 
Currently, Affymetrix, Illumina, Roche, and Solid are leading suppliers of 
whole genome analysis platforms. Despite differences in the designs of each 
application available, signal intensities detected by each platform are trans-
formed into numerical values representing the gene expression. Furthermore, 
primary quality control for each experiment, as well as array performance, can 
be evaluated using software compatible with the array platform used. 
 

 
1.3.3 Data analysis of WG gene expression experiments 

Analysis of WG gene expression profiling consists of both a statistical phase 
and a descriptive phase. At the start of a statistical analysis, quality assessment 
and data normalisation are performed to check and smooth raw data values 
within and between the hybridisations, or calls, depending on the platform used. 
If the normalised signal intensities still have differing distributions, the outlier is 
reported and the sample is usually excluded from further analyses. To detect 
and avoid artefacts in gene expression array data, several methods are available. 
These include dye swap experiments for two colour array platforms, biological 
and technical replicates, and different normalisation algorithms (Do and Choi, 
2006; Dudoit and Speed, 2000; Schmid et al., 2010). Although the aim of WG 
gene expression profiling is the identification of larger patterns in the data, the 
statistical importance of every gene in a cluster can also be assessed. Therefore, 
correction for multiple testing, e.g. Bonferroni correction, is essential for the 
identification of significant results and the exclusion of false positives.  

In the second phase of gene expression analysis, grouping of genes and 
samples based on expression similarities and dissimilarities is performed to 
discover new relationships present in the samples. However, due to the matrix 
size associated with WG gene expression studies, visualisation methods are 
needed to identify patterns. These visualisation methods can include clustering 
(Figure 3), principal component analysis (PCA), as well as correlation analysis. 
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Figure 3. Example of a gene expression profile and hierarchical clustering of NSCLC 
data separated according to recurrent (R) and non-recurrent (NR) groups on the basis of 
discriminatory genes adopted from Mitra et al. (2011). Gene symbols are indicated 
along the right side of the figure. Red and blue are used to represent increased and 
decreased levels of gene expression, respectively, relative to the mean level of gene ex-
pression indicated in grey. 
 
 

1.3.4 Visualisation of WG gene expression data 

Clustering methods organize complex expression data sets into subgroups, or 
clusters, of genes that share similar expression patterns. As a result, patterns of 
co-regulation and possible common biological functions are identified (Eisen et 
al., 1998). The clustering algorithms used can either be hierarchical or partitional. 

Hierarchical clustering can be agglomerative (Ramoni, Sebastiani, and 
Kohane, 2002) or divisive (Herrero, Valencia, and Dopazo, 2001). In the former 
case, the clustering process is initiated with the lowest hierarchical levels first, 
and upon resolution, clustering is applied to increasingly higher levels. In 
contrast, divisive clustering involves resolution of the highest hierarchical levels 
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before lower hierarchical levels are resolved. The results of hierarchical 
clustering are displayed as dendrograms (to illustrate the hierarchy between 
genes and samples), (Figure 4 a) and/or heat-maps (where gene expression 
values are transformed into colour intensities). Additionally, distinctions 
between supervised and un-supervised clustering are used. Typically, super-
vised clustering is applied when there is additional data to consider in addition 
to gene expression values. 

Currently, K-means clustering is the most widely used partitional clustering 
method (Brazma and Vilo, 2000). The advantage of this method is that the 
scientist can assign the number of clusters. In every run, the algorithm computes 
the centroid, or average, of all data points in a particular cluster. Data are then 
reassigned so that the centroid is surrounded by similar samples. Computation is 
complete when samples remain in the same cluster. 

 
 

 
 
Figure 4. Adopted from Sanchez-Palencia (2010). Unsupervised hierarchical clustering 
(a) and (b) PCA of 91 samples using 10,263 differentially expressed sequences. 
Samples are colour-coded for their experimental condition: red bar: non-tumour tissue 
sample; blue bar: tumour tissue sample. 
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By performing PCA (Figure 4 b), dimensionality is reduced by recognising the 
most variable components present in the data (Raychaudhuri, Stuart, and 
Altman, 2000). As a result of this transformation, a two- or three-dimensional 
scatter plot is obtained, with each axis representing the direction in which the 
data vary the most. Typically, the first two to four principal components are 
highlighted, as the subsequent ones are not informative. 

Another method that can be used to visualize WG gene expression data is 
correlation analysis. Similar to a gene expression matrix, each sample and gene 
is treated as a vector of many dimensions, or a point in a higher dimensional 
space. Correspondingly, the closer two points are the smaller the distance 
between them, and vice versa. The most prominent algorithms used for gene 
expression data correlation analysis are the Pearson correlation and the Spear-
man rank correlation (Hack, 2004). 
 
 

1.4 Clinically important aspects of lung cancer 

An accurate diagnosis of lung cancer is a prerequisite for optimal therapy. Cur-
rently, a diagnosis of lung cancer is based on radiological imaging (e.g., com-
puted tomography, magnetic resonance tomography, positron emission tomo-
graphy) and evaluation of histomorphology (e.g., histology, dedifferentiation 
status, other molecular features) (Vollmer et al., 2010). The goal of radiological 
imaging is to determine the exact location and extent of the cancer present, to 
evaluate the structure and vasculature of the cancer and surrounding tissues, and 
to explore the presence of metastasis. Based on the radiographic findings 
obtained, TNM staging is determined, which addresses the size of the primary 
cancer, the involvement of lymph nodes, and the presence or absence of meta-
stasis, respectively (Haberkorn and Schoenberg, 2001). Currently, TNM staging 
is the best method available for obtaining a prognosis for lung cancer, although 
patients with the same stage often experience different outcomes. Correspon-
dingly, TNM staging is constantly being re-evaluated, and the increased need 
for molecular markers to be incorporated into the staging system has been 
discussed (Tanoue and Detterbeck, 2009). 

Histological evaluations can be performed prior to surgery using appropriate 
methods such as cryo-biopsy or needle aspiration, although the final, definitive 
histology of a cancer and its margins is assigned after surgery (Rivera, 
Detterbeck, and Mehta, 2003). However, histological evaluations can be 
difficult to assess. For example, it can be hard to distinguish between SCC and 
NSCLC, or to determine the correct subtype of NSCLC (Franklin, 2000). 
Correspondingly, this can have a significant impact on decisions regarding 
patient treatment. As a result, the importance of identifying new molecular 
markers, including new gene expression profiles, has become increasingly 
apparent, and an important area of investigation in order to apply these gene 
signatures to everyday clinical practice. 
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Once lung cancer is diagnosed, the most important issue is to select for the 
effective, and tolerable, therapy for the patient. Secondly, prognosis and 
prediction need to be addressed. Prognosis describes the outcome of the disease 
regardless of the treatment, and prediction refers to the efficacy, or toxicity, 
estimated for a given treatment (Ferte, Andre, and Soria, 2010). However, it is 
known that staging, as well as histomorphology of lung cancer are not 
informative enough to provide robust accuracy in the evaluation and prognosis 
of each lung cancer case. For example, while radiology can estimate the size 
and extent of the cancer present, and histomorphology can provide information 
regarding the morphology of the cancer, it is information from molecular 
methods that are based on DNA and RNA profiling that provides the most 
detailed characteristics of a cancerous tissue. Therefore, the development of 
novel approaches to evaluate genomic and transcriptome data are needed to 
evaluate disease pathogenesis. 

 
 

1.5 Genome-wide gene expression profiling of NSCLC 

During the past decade, a substantial number of gene expression profiling 
studies of lung cancer have been published. However, due to the hypothesis-free 
nature of WG profiling, the diversity and number of findings associated with 
these studies, as well as the corresponding interpretations, are difficult to 
succinctly summarise. Therefore, for the purpose of this literature review, only 
the clinically important aspects of these studies that relate to diagnosis (that 
relies on staging and histology), prognosis, and prediction of lung cancer will be 
presented. 
 
 

1.5.1 Gene expression profiles and TNM staging of NSCLC 

TNM staging is currently the gold standard for predicting lung cancer 
prognosis, and is used to select patient treatment (Tanoue, 2008). Therefore, 
TNM stage-associated gene expression profiles have been sought in most lung 
cancer studies. Unfortunately, the number of positive results obtained has been 
limited, suggesting that patients with the same stage of disease do not share the 
same molecular characteristics (Raponi et al., 2006; Tomida et al., 2004). This 
is further supported by the observation that staging is a poor prognostic factor 
(Raponi et al., 2006). However, in some studies, gene expression profiling has 
been evaluated in relation to nodal status and distant metastasis. Since lung 
cancer metastasis in local lymph nodes is a critical parameter for evaluating 
patient prognosis and treatment, the accurate evaluation and prediction of 
micro-metastases not detectable by histological and radiological methods could 
significantly improve lung cancer management. 

Currently, Takefumi Kikuchi is one of the leading scientists in the field of 
gene expression profiling studies of lung cancer metastasis and nodal status. In 
2003, he published a study of lung cancer lymph node profiles and sensitivity to 
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anti-cancer drugs (Kikuchi et al., 2003). For this work, Kikuchi and co-workers 
used laser capture microdissection technology to harvest cancerous tissues. 
Then, using gene expression profiling, ACs were distinguished from SCCs. 
Moreover, for the ACs, two clusters were detected that represented metastasis-
negative, and metastasis-positive, lymph node-associated genes. As mentioned 
above, lung cancer can give rise to distant metastasis, with the most common 
sites involving the brain (60%), breast (20%), skin (10%), and colon (5%) 
(Nathoo et al., 2005; Subramanian et al., 2002). In 2006, Kikuchi and 
colleagues used gene expression profiling and microdissection to characterize 
molecular patterns of primary lung AC and non-matched lung AC brain 
metastases (Kikuchi et al., 2006). Based on the results obtained, metastatic 
tumour cells were found to vary considerably from primary tumours. 

In another study of NSCLC using gene expression profiling, Minoru Takada 
and co-workers collected larger amounts of primary cancer sections (up to 5 
sections of 5 × 5 × 5 mm in size) from each patient studied for RNA extraction 
that enables to evaluate the broader molecular profiles of cancer (Takada et al., 
2004). Analysis of these samples revealed expression profiles associated with 
lymph-node positive, and lymph node-negative, ACs and SCCs. In addition, 
profiles associated with various tumour sizes were observed. However, these 
results were not validated using an independent sample set. 

In 2009, Yasumitsu Moriya and co-workers analysed 41 AC samples 
(Moriya et al., 2009) using gene expression profiling. A total of 15 predictor 
genes for lymph node metastasis were identified, and these findings were also 
evaluated using independent samples. Using these predictor genes, the accuracy 
in evaluating lymph node status was found to be 71%. Although the number of 
samples analysed in this study was relatively small, the authors concluded that a 
combined analysis of pathology and molecular classification has the potential to 
provide additional information, a better diagnosis, as well as improved treat-
ment, for patients with NSCLC. 
 
 

1.5.2 Gene expression profiles, prognosis, and histology of NSCLC 

A second important clinical factor in the diagnosis of lung cancer is histological 
classification, where lung cancer can be categorized as small cell lung cancer 
(SCLC) or NSCLC (Figure 5). In 80% of lung cancer cases, NSCLC is the 
diagnosis. Moreover, NSCLC can be further classified as AC, SCC, or giant cell 
carcinoma (Mitsuuchi and Testa, 2002; Rosell et al., 2004). In the former case, a 
bronchioalveolar subtype of AC also exists, that is associated with a more 
favourable prognosis. In general, adenocarcinoma arises from bronchioles and 
alveolus, and is localized in the periphery of the lung. In contrast, SCC can be 
associated with smoking, it is usually localized to the central airways, and 
originates from large or medium-sized bronchial epithelium (Nacht et al., 2001). 
Lastly, the origin of giant cell carcinoma is currently under debate, but it exhibits 
neuroendocrine features and is associated with a poor prognosis (Franklin, 2000). 
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Figure 5. Main histological types of lung cancer. 
 
 
Histological evaluations of lung cancer is usually straight-forward for 
experienced pathologists. However, there are cancer samples that have mixed, 
or confusing, histological features. For example, in a study published by 
Sorensen and colleagues, three lung pathologists independently examining the 
same set of samples consistently agreed only on a histology of lung AC in less 
than 50% of cases (Sorensen et al., 1993). It is hypothesized that the use of 
global gene expression profiling to identify molecular subtypes not detectable 
by histology could eventually help classify histologically mixed samples by 
identifying the tissue of origin and distinguishing cancer subtypes to obtain a 
more precise prognosis. Correspondingly, a study of NSCLC histology and 
molecular profiles was conducted by Dracheva et al. (2007) to identify distinct 
sets of genes associated with cancerous versus control lung tissue samples 
(Dracheva et al., 2007). To improve the validity of their study, four additional, 
independent datasets were evaluated. As a result, 20 genes were identified that 
provided robust discrimination of gene expression associated with cancerous 
tissue versus non-cancerous tissue. The development of this gene assay for the 
clinic is anticipated since only ̴300 cells are needed for the RNA extraction used 
in this protocol. 

In addition, there have been several publications that have identified distinct 
molecular profiles for AC versus SCC, as well as different molecular subtypes 
within a particular histological type (Table 2). 
 
  

Lung Cancer

Small Cell 
Lung Cancer

20%

Non-Small Cell
Lung Cancer

80%

Squamous Cell
Lung Cancer

50%

Adeno-
carcinoma

40%

Giant Cell
Carcinoma

10%
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Table 2. List of publications containing gene expression data of lung cancers used to 
identify molecular subtypes. AC-adenocarcinoma, SCC-squamous cell lung cancer, 
SCLC- small cell lung cancer, LCC-large cell lung cancer, NSCLC- non-small cell lung 
cancer. 

 
In addition to the studies listed in Table 2, gene expression profiles that describe 
various prognostic gene sets have also been reported. For example, two sets of 
gene signatures including 35 genes versus 6 genes have been associated with 
the prediction of NSCLC recurrence (Guo et al., 2008; Lee et al., 2008), 64 
genes have been used to evaluate stage I NSCLC survival (involving a good 
versus bad prognosis) (Lu et al., 2006), 50 genes versus 12 genes have been 
associated with a prognostic signature for SCC (Raponi et al., 2006; Zhu et al., 
2010b), and 10 genes have been shown to provide a prognosis for stage I AC 
(Bianchi et al., 2007). 

In combination, these results demonstrate that molecular classification of 
tumours is a promising approach for identifying sub-classifications of 
histological groups of lung cancer. However, these results have not been 
reproducible and consistent (Ransohoff, 2007). For example, using molecular 
classification of ACs, Bhattacharjee et al. identified four subgroups, while 
Garber et al. identified three subgroups (Bhattacharjee et al., 2001; Garber et al., 
2001). Moreover, different sets of genes are associated with each study. In a 
recent review article, 16 sets of gene expression-based prognostic signatures for 
lung cancer were compared (Subramanian and Simon, 2010). The authors 
concluded that serious flaws existed in the design and analysis used in each of 
these studies, and the use of these signatures in clinical practice would not be 
reasonable. Therefore, it has become apparent that in order to achieve 
meaningful results associated with reduced noise, WG expression studies need 
to include a similar number of cases and controls as is used in WGAS, and new 
methods such as next-generation transcriptome sequencing need to be 
incorporated. 
 

 
Histology 
analysed 

No. 
samples

Molecular 
profiles 

Survival 
prediction

Article 

AC/SCC/Norm/SCLC/LCC 67 7 + (Garber et al., 2001) 

AC/SCC/Norm/SCLC/ 
Carcinoid/Metastasis 

220 9 + 
(Bhattacharjee et al., 
2001) 

AC 86 3 + (Beer et al., 2002) 

NSCLC 39 2 + (Wigle et al., 2002) 

AC/SCC 50 6 + (Tomida et al., 2004) 

AC/SCC 58 2 – (Kuner et al., 2009) 

AC/SCC/LCC/BAC/Carcinoid 178 5 + (Hou et al., 2010) 

AC/SCC/ASC (study on rats) 19 3 – (Bastide et al., 2010) 
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1.5.3 Gene expression profiles and predicted  
treatment responses of NSCLC 

Despite the apparent ability of surgeons to completely resect cancerous lung 
tissue, 33% of stage IA patients, and 77% of stage IIIA patients, die within 5 
years of initial diagnosis (Xie and Minna, 2010). This has mainly been 
attributed to metastatic disease present at the time of surgical resection. 
Furthermore, when adjuvant chemotherapy is administered following resection, 
patient survival has been shown to improve, yet is often accompanied by serious 
adverse effects (Douillard, 2010; Douillard et al., 2006; Winton et al., 2005). 
Therefore, a predictive biomarker, or combination of biomarkers, that could 
identify patient groups according to predicted treatment responses, would have 
a significant impact on clinical decisions concerning treatment selection. 
Currently, the most promising predictive gene expression marker for lung 
cancer is excision repair cross-complementation group 1 (ERCC1) (Olaussen et 
al., 2006), whose gene product has been shown to play a role in the repair of 
cisplatin-generated DNA adducts. Correspondingly, ERCC1-negative NSCLCs 
have been shown to be more responsive to cisplatin-based chemotherapy 
compared with ERCC1-positive NSCLCs (Figure 6). 
 
 

 
 
Figure 6. Progression-free survival (PFS) and overall survival (OS) curves of patients 
receiving platinum-based treatments according to ERCC1 expression. This figure is 
adopted from Hwang et al. (2008). 
 
 
Recently, Zhu and co-workers have described a predictive 15-gene expression 
signature (Zhu et al., 2010a) for evaluating patient prognosis. In this study, 
patients whose tumours were predicted to have a poor prognosis, yet received 
adjuvant chemotherapy, exhibited an improved response compared with patients 
whose tumours showed a poor prognosis signature and did not receive 
treatment. In contrast, patients with tumours associated with a good prognosis 
signature that received adjuvant chemotherapy did significantly worse than 
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patients with a good prognosis signature that did not receive treatment. 
Therefore, this gene expression signature appears to identify patients with a 
good prognosis who have an increased risk of performing worse following 
treatment, versus patients with a poor prognosis who would benefit from 
additional treatment. 

In addition, for genome-wide profiling, a large number of patients with 
accompanying clinical data, as well as good quality biological samples, are 
needed. Since treatment decisions and patient outcome are dependent on 
evaluations of these signatures, an independent training cohort and validation of 
the results obtained are also critical. 
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2. AIMS OF THE CURRENT STUDY 

The aims of the present studies included: 
 

I. To use genome-wide association study approach to identify new SNPs 
and LD blocks associated with predisposition to NSCLC. 
 

II. To use genome-wide gene expression profiling to discover novel lung 
cancer-associated genes and molecular patterns associated with diffe-
rent clinical features of NSCLC. 
 

III. To evaluate the degree of variance in gene expression profiles between 
three NSCLC samples and two lung tissue control samples obtained 
from the same patient before and after the administration of radio-
chemotherapy. 
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3. RESULTS AND DISCUSSION 

3.1 Lung cancer patients, clinical data, and biological 
samples used 

A total of 146 patients diagnosed with NSCLC underwent surgery between 
November 28, 2002 and December 31, 2006 at the Clinic of Cardiovascular and 
Thoracic Surgery of Tartu University Hospital, Estonia. All patients gave their 
written informed consent to participate in the study, to allow their biological 
samples to be genetically analysed, and for their clinical data to be reviewed. 
The Ethics Review Committee on Human Research of the University of Tartu 
approved the current study. Both tumour specimens and control samples were 
collected during the surgeries performed, and the departmental pathologist 
promptly examined all specimens. Tumour histology and stage for each 
collected sample were estimated according to WHO guidelines (Travis, Travis, 
and Devesa, 1995) and TNM staging criteria according to International Union 
Against Cancer (UICC) classifications (Mountain, 2000). Furthermore, the 
same pathologist determined all histological classifications. Control samples 
were also obtained from each cancer patient at a site distant from the tumour, 
and were approved as control samples by the pathologist. 
 
 

3.2 GWAS meta-analysis of lung cancer associated loci. 
Ref. I 

Although tobacco smoking is a major risk factor for lung cancer, an individual’s 
genetic background also plays an important role. For example, many WGAS 
have identified pathways and genes associated with lung cancer that can 
contribute to smoking addictions and smoking-related carcinogen-induced 
damage repair. Correspondingly, it is hypothesized that the study of subjects 
with a susceptible genetic background to smoking and lung cancer will 
represent an important step in improving personalised genetics and medicine. 
One approach to elucidate statistically significant novel loci, and to confirm 
previous results of WGAS of lung cancer, is the analysis of large, pooled 
datasets consisting of tens of thousands of samples and controls. Correspon-
dingly, a meta-analysis of 14 lung cancer studies involving individuals of 
European descent (described in Reference I) was performed. In this study, 
13 300 primary lung cancer cases and 19 666 controls were included, as well as 
109 Estonian samples and 874 controls (Ref. I, Table 1). Genome-wide analysis 
of the data confirmed all previous findings of lung cancer association studies 
that identified significant roles for the 5p15, 15q25, and 6p21 chromosomal 
regions, yet no novel statistically significant loci were identified (Ref. I, Suppl. 
Table 5). However, new candidate genes and SNPs of lung cancer susceptibility 
emerged (Ref. I, Suppl. Table 5–7), and these will need to be further 
investigated in fine mapping studies. Lung cancer association studies will also 
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need to be performed for samples of non-European descent for comparison with 
previously published findings. 
 
 

3.3 Gene expression profiles of NSCLC: survival 
prediction and new biomarkers. Ref. II 

Despite the well-defined histology associated with subtypes of NSCLC, a given 
stage is often associated with survival rates and treatment outcomes that vary 
considerably from patient to patient (Brambilla et al., 2001). In addition, a 
broad spectrum of lung cancer morphologies have been observed, with many 
tumours being atypical, or characterized by a lack of morphologic features 
necessary for an improved differential diagnosis. Therefore, lung cancer 
diagnoses based solely on morphological features are usually insufficient 
(D'Amico, 2008). As a result, there is an increased demand for the discovery 
and identification of new informative biomarkers that could be applied 
independently, or in combination, with histological and morphological 
evaluations for diagnosis and prognosis of lung malignancies. 

In the study presented in Reference II, an Illumina BeadChip platform and 
corresponding Human-6 Expression Whole-Genome arrays containing more 
than 48 000 transcript probes were employed to elucidate molecular profiles and 
novel biomarkers associated with NSCLC. After the exclusion of samples due 
to pre-operative chemotherapy, RNA degradation, and final diagnosis, 81 
samples were available for analysis (Ref. II, Table 1). Histology confirmed that 
13 cases involved BACs, 8 cases involved ACs, and 60 cases involved SCCs 
(Table 3). 

 

 
Table 3. Detailed clinical and pathological characteristics of patients enrolled in the 
gene expression study of Ref. II (N = 81) following medical exclusion and RNA 
integrity number (RIN) cut-off. 
 
Clinicopathological characteristics  No. of Patients % 
Histology     
Adenocarcinoma 8   9.90% 
Bronchioloalveolar carcinoma 13 16.00% 
Squamous cell carcinoma 60 74.10% 
Lymph node     
Positive 13 16.00% 
Negative 68 84.00% 
Differentiation     
Well/moderate 76 94.00% 
Poor/undifferentiated 5   6.00% 
Stage     
Ia 13 16.10% 
Ib 46 56.80% 
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Clinicopathological characteristics  No. of Patients % 
IIa 1   1.20% 
IIb 3   3.70% 
IIIa 7   8.60% 
IIIb 6   7.40% 
IV 5   6.20% 
T1 15 18.50% 
T2 56 69.10% 
T3 5   6.20% 
T4 5   6.20% 
Tumour size (mm)     
< 30 36 44.40% 
> 30 45 55.60% 
Surgical procedure     
Wedge resection 6    7.40% 
Lobectomy 54 66.70% 
Bilobectomy 3    3.70% 
Pneumonectomy 18 22.20% 
Gender     
Female 9 11.10% 
Male 72 88.90% 
Age, years     
Range 38-81   
Mean 65.8   
Median 68   
< 39 1    1.20% 
40–49 5    6.20% 
50–59 13 16.00% 
60–69 27 33.30% 
> 70 35 43.20% 
Smoking status     
Non-smoker 2    2.50% 
Smoker 79 97.50% 
 Family history of cancer 9 11.10% 
Occupational exposure 9  11.10% 
None 72 88.90% 
Possible 9 11.10% 

 
 

3.3.1 Differentially expressed NSCLC genes 

A total of 997 statistically significant, differentially expressed transcripts were 
identified from a comparison of paired NSCLC samples and control samples 
obtained from each individual. Of these, 326 involved up-regulated genes and 
671 involved down-regulated genes. Moreover, a large number of previously 
described NSCLC-associated genes were identified (Ref. II, Suppl. Table). 
Novel, up-regulated genes included SPAG5, POLQ, KIF23, and RAD54L, 
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which are associated with mitotic spindle formation, DNA repair, chromosome 
segregation, and dsDNA brake repair, respectively. The down-regulated genes 
included SGCG, NLRC4, SFTPA1B, MMRN1, and SFTPD, which have roles in 
extracellular matrix formation, apoptosis, blood vessel leakage, and 
inflammation, respectively (Table 4). 
 
 
Table 4. Novel up- and down-regulated genes associated with NSCLC. 
 

Adjusted 
p-value 

Mean 
fold 

change 

Gene 
symbol 

Gene name and source 

Up-regulated in cancer tissues 
5,41E-16 2,2 C6ORF129 Chromosome 6 open reading frame 129 
9,50E-14 3,6 SPAG5 Sperm-associated antigen 5, map126, deepest 
1,11E-11 3,3 POLQ DNA polymerase theta, [source: 

uniprot/swissprot; acc:o75417] 
5,42E-11 2,1 C6ORF125 Uncharacterized protein c6orf125 
3,13E-10 2,9 KIF23 Kinesin-like protein kif23 
1,01E-09 2,2 RAD54L DNA repair and recombination protein rad54-like 
1,24E-09 2,2 C12ORF48 upf0419 protein c12orf48 
2,04E-09 2,0 C16ORF33 u11/u12 snrnp 25 kDa protein (minus-99 protein) 
4,38E-09 2,0 RAB26 Ras-related protein rab-26 
4,94E-09 2,0 ARHGEF19 Rho guanine nucleotide exchange factor 19 

Down-regulated in cancer tissues 
3,14E-20 2,4 SGCG Gamma-sarcoglycan 
2,22E-17 3,5 NLRC4 Caspase recruitment domain-containing  

protein 12 
1,75E-16 2,1 VAPA Vesicle-associated membrane protein-associated 

protein 
3,11E-15 9,5 SFTPA1B Pulmonary surfactant-associated protein a1 

precursor 
2,65E-12 2,0 MMRN1 Multimerin-1 precursor (endothelial cell 

multimerin 1) 
3,52E-08 10,9 SFTPD Pulmonary surfactant-associated protein d 

precursor 
6,44E-07 2,0 SELPLG P-selectin glycoprotein ligand 1 precursor 
7,99E-07 2,1 PCDH17 Protocadherin-17 precursor (protocadherin-68) 

 
 
A hierarchical cluster analysis was also performed (Figure 7) to represent the 
distribution of the 997 differentially expressed transcripts identified. Two 
distinct groups of NSCLC genes were found (e.g., Group 1 and Group 2), while 
the control samples were associated with a single cluster. Different histological 
types were also observed to be randomly positioned. Based on this analysis, no 
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clear association between the NSCLC gene expression profiles obtained and 
NSCLC stage, smoking cessation, or patient gender were observed. 
 
 

 
 
Figure 7. Gene expression heat-map of NSCLC and control samples classified by TNM 
stage. Control sample = stage 0; Ia = stage 1; Ib = stage 2; IIa = stage 3; IIb = stage 4; 
IIIa = stage 5; IIIb = stage 6, and IV = stage 7. 
 
 
Since survival prediction is one of the key parameters associated with molecular 
diagnostics, Kaplan-Meier survival curves were generated based on the gene 
expression profiles associated with Group 1 and Group 2 (identified above), as 
well as histology. Although the time between the initial surgical resection and 
survival analysis was limited to less than 7 years, and the results of the analysis 
did not achieve statistical significance (p = 0.0691 for expression-based groups 
and p = 0.0198 for histology-based groups), enhanced predictive p-values were 
detected for a group that was selected based on gene expression profiles (Figure 
8). 
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Figure 8. Kaplan-Meier survival curves for NSCLC patients. Patients were grouped 
according to the gene expression profiles of statistically significant up- and down-regulated 
genes (n = 997). It was observed that survival curves based on gene expression profiles of 
NSCLC patients yielded improved survival predictions than groupings based on histology. 
AD/BA = AC and bronchioalveolar cancer; EPI = epidermoid cancer (SCC). 
 

 
3.3.2 Tumour RNA degradation and prognosis of NSCLC 

To investigate the hypothesis that RNA degradation in NSCLC specimens is 
associated with disease prognosis, a survival analysis was performed for 
patients with lung AC. Based on these data, it was observed that patient survival 
associated with cancer samples containing intact RNA was found to be 
significantly improved compared with patients that had RNA degradation 
detected in their cancer samples (p = 0.0474) (Figure 9). 
 

 
 

Figure 9. Kaplan-Meier survival curves for patients with lung AC grouped according to 
RNA integrity. Twelve 12 AC samples were associated with low RNA integrity (RIN < 7), 
while 21 samples exhibited high levels of RNA integrity. Lung AC patients whose tumour 
specimens contained intact RNA had a statistically significantly higher survival prediction  
(p = 0.0474). 
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3.4 Gene expression-based approaches for the 
differentiation of metastases versus a second primary 

tumour site. Ref. III 

Cancer treatment schemes differ substantially for metastasis events versus 
primary tumours, for differentiated versus de-differentiated tumours, and for 
AC versus SCC. Moreover, an accurate diagnosis for patients with multiple 
cancers at different sites, whether within the same organ or not, can be extre-
mely difficult. In the latter case, the combination of histological evaluations and 
gene expression profiling has the potential to improve diagnosis. In addition, 
since gene expression profiling can detect thousands of genes simultaneously, 
treatment decisions can be made according to a specific individual’s genetic 
background and disease nature. 

In the study described in Reference III, an Illumina whole-genome 
HumanHT-12 v3 Expression BeadChip was used to explore the gene expression 
profiles of three consecutive NSCLC samples, and three paired control samples, 
obtained from the same patient (Figure 10). Based on the histological patterns 
and clinical performance of this patient (which were better than predicted for a 
patient with metastatic cancer), the presence of a second primary disease, rather 
than metastasis, was considered. Therefore, gene ontology (GO) and PCA were 
performed to elucidate and compare the biological patterns and clinical make-up 
of the samples collected. 

 
 

 
 
Figure 10. Clinical aspects of a patient that presented with NSCLC for evaluation. 
Three boxes represent the location and order of the cancers diagnosed. 
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GO analysis (Table 5) of the primary cancer and a potential metastasis 
identified gene expression changes associated with system and organ 
development, adhesion, oxidative stress, homeostasis, as well as ossification of 
the metastasis sample. However, well-characterized biological hallmarks of 
metastasis-associated processes such as dedifferentiation, extensive metabolism, 
DNA synthesis, and inflammation were not noted. In addition, the genes that 
were found to be down-regulated in the proposed metastasis sample involved 
deactivation of genes with a role in cellular localization, cytoskeleton and 
organelle organization, glucose catabolism, and locomotion. Therefore, this 
profile was more consistent with an active primary cancer than a metastasis. 
Correspondingly, GO analyses also did not support the presence of a metastasis. 
 
 
Table 5. GO analysis of a primary cancer versus a recurrent or a metastatic cancer. 
 

 
 
 

PCA (Figure 11) revealed similar gene expression changes in control samples 
excised during a first and third operation, despite two chemotherapy treatments 
that were administered between these two collections. The recurrent dediffe-
rentiated cancer sample that was removed during the second operation showed 

9,11E-29 GO:0007399 nervous system development 2,04E-08 GO:0042221 response to chemical stimulus

1,94E-26 GO:0048731 system development 9,46E-08 GO:0048731 system development

5,98E-26 GO:0007275 multicellular organismal development 1,07E-07 GO:0032502 developmental process

1,12E-24 GO:0048856 anatomical structure development 1,62E-07 GO:0007275 multicellular organismal development

2,18E-23 GO:0032502 developmental process 2,41E-07 GO:0048856 anatomical structure development

2,56E-17 GO:0032501 multicellular organismal process 2,54E-07 GO:0001501 skeletal system development

2,90E-17 GO:0022008 neurogenesis 3,24E-07 GO:0065008 regulation of biological quality

4,12E-17 GO:0048699 generation of neurons 1,43E-06 GO:0007584 response to nutrient

4,45E-14 GO:0030154 cell differentiation 1,53E-06 GO:0006950 response to stress

1,72E-13 GO:0048869 cellular developmental process 2,44E-06 GO:0007155 cell adhesion

2,87E-13 GO:0030182 neuron differentiation 2,53E-06 GO:0022610 biological adhesion

1,22E-11 GO:0007409 axonogenesis 2,64E-06 GO:0006979 response to oxidative stress

1,24E-10 GO:0048667 cell morphogenesis involved in neuron differentiation 3,01E-06 GO:0009607 response to biotic stimulus

1,60E-10 GO:0031175 neuron projection development 3,46E-06 GO:0032501 multicellular organismal process

2,80E-10 GO:0000904 cell morphogenesis involved in differentiation 4,68E-06 GO:0042592 homeostatic process

3,18E-10 GO:0048812 neuron projection morphogenesis 8,14E-06 GO:0002376 immune system process

8,15E-10 GO:0048666 neuron development 9,29E-06 GO:0048513 organ development

1,88E-09 GO:0048513 organ development 9,63E-06 GO:0019725 cellular homeostasis

2,18E-09 GO:0065007 biological regulation 9,69E-06 GO:0051707 response to other organism

2,26E-09 GO:0007417 central nervous system development 1,10E-05 GO:0009719 response to endogenous stimulus

2,56E-09 GO:0048858 cell projection morphogenesis 1,39E-05 GO:0006518 peptide metabolic process

4,41E-09 GO:0009653 anatomical structure morphogenesis 1,89E-05 GO:0033273 response to vitamin

8,95E-09 GO:0032990 cell part morphogenesis 1,97E-05 GO:0051704 multi-organism process

3,19E-08 GO:0050767 regulation of neurogenesis 2,05E-05 GO:0010035 response to inorganic substance

3,35E-08 GO:0016043 cellular component organization 2,13E-05 GO:0001503 ossification

6,50E-08 GO:0060284 regulation of cell development 2,20E-05 GO:0010033 response to organic substance

1,10E-07 GO:0007411 axon guidance 2,48E-05 GO:0060348 bone development

1,29E-07 GO:0051960 regulation of nervous system development 2,60E-05 GO:0090066 regulation of anatomical structure size

1,52E-07 GO:0050789 regulation of biological process
1,62E-07 GO:0048468 cell development
2,28E-07 GO:0000902 cell morphogenesis
2,43E-07 GO:0030030 cell projection organization
3,14E-07 GO:0051239 regulation of multicellular organismal process
6,13E-07 GO:0043062 extracellular structure organization
6,19E-07 GO:0045664 regulation of neuron differentiation
9,15E-07 GO:0007420 brain development
1,25E-06 GO:0050794 regulation of cellular process
1,46E-06 GO:0032989 cellular component morphogenesis
4,39E-06 GO:0050793 regulation of developmental process
6,06E-06 GO:0009987 cellular process
9,62E-06 GO:0045595 regulation of cell differentiation
1,32E-05 GO:0009719 response to endogenous stimulus
2,50E-05 GO:0007154 cell communication
2,59E-05 GO:0033554 cellular response to stress
2,81E-05 GO:0010035 response to inorganic substance
2,82E-05 GO:0010769 regulation of cell morphogenesis involved in differentiation

GO. analysis  based on upregulated genes in R cancer (comparison of primary and 
recurrent cancer)

GO. analysis based on upregulated genes in M cancer (comparison of primary and 
metastasis)
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the largest difference (distance) from the controls. Moreover, in PCA chart the 
potential metastasis sample was located much closer to the control sample than 
the primary cancer. 
 
 

 
 
Figure 11. PCA of recurrent (R), metastasis (M), control of metastasis (CM), primary 
(P) and primary control (CP) samples. Replicate array data were available for all of 
these except the M sample. 
 
 
Thus, according to GO analyses, the potential metastasis only differed mini-
mally from the primary cancer, and no activation of processes characteristic of 
metastatic cancers, such as matrix remodelling, metastasis, dedifferentiation, 
mitosis, etc., were detected. These data were consistent with the interpretation 
of the PCA, thereby supporting the need to re-evaluate the proposed metastasis 
as a second primary cancer. In addition, although there were no histological 
signs of chemotherapy administration in the proposed metastasis sample, the 
GO analysis revealed that processes associated with a chemical stimulus were 
up-regulated. Therefore, it is hypothesized that the proposed metastasis was 
present, but not yet detectable, at the time of treatment for the recurrent cancer. 
  



36 

CONCLUSIONS 

The following conclusions are made based on the studies conducted in the 
current thesis: 
 

I. In WGAS of lung cancer described in the current thesis, 13 300 primary 
lung cancer cases and 19 666 controls were analysed. Genome-wide 
analysis of these data confirmed the findings of previous lung cancer 
association studies that mapped to the 5p15, 15q25, and 6p21 chromo-
somal regions, and no additional statistically significant loci were 
identified. Based on these results, one can hypothesize that, with the 
technology applied, the limits of WGAS have been reached. Therefore, 
the discovery of new associations will require deep sequencing of 
whole genomes, larger meta-analyses, and an analysis of patients of 
non-European descent. 
 

II. Diagnosis, prognosis, and prediction are key aspects for the accurate 
treatment of any disease. WG expression profiling of lung cancer has 
been successfully applied to address all of these aspects, although 
overlap of the results obtained has been relatively modest. This may be 
due to the small number of studies that have been performed, and 
substantial differences that exist between individuals with lung cancer. 
However, one approach that has not been employed in the analysis of 
lung cancer gene expression profiling is a large meta-analysis of thou-
sands of samples and controls. In expression profiling experiments of 
whole genomes, which are described in the current thesis, novel, poten-
tial lung cancer biomarkers were identified, as well as molecular pro-
files that predicted the outcome of patients with greater accuracy than 
histology. Moreover, an analysis of AC samples identified statistically 
significant correlations between RNA degradation and patient survival. 
 

III. In the third publication of this thesis, PCA and GO analyses were 
applied to WG expression profiling data obtained from a patient pre-
senting with NSCLC in order to investigate the presence of a metastatic 
tumour versus a second primary tumour. Moreover, due to the availa-
bility of different samples, we were able to demonstrate that gene 
expression profiling represents a valuable method for the diagnosis of 
complicated tumour samples. 
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SUMMARY IN ESTONIAN 

Mitteväikerakulise kopsuvähi kogugenoomi  
geeniekspressiooni- ja assotsiatsiooniuuringud  

Maailmas avastatakse igal aastal 1.6 miljonit uut kopsuvähi juhtu, Eestis ligi-
kaudu 700, millest valdav enamus on diagnoosimise hetkeks juba kaugele are-
nenud ning radikaalset ravi ei rakendata. Kuigi kopsuvähi peamisteks riski-
faktoriteks on suitsetamine ja õhusaaste, kokkupuude asbesti ja raskmetallidega, 
mängib haiguse tekkes ja arengus olulist rolli ka indiviidi geneetiline taust. 

Nii nagu enamus haiguste puhul, on ka kopsuvähi ravistrateegia valiku ja 
prognoosi aluseks täpne diagnoos. Kopsuvähi määratlemise aluseks on TNM 
klassifikatsioon ja histoloogiline analüüs. Kuigi TNM klassifikatsioon on 
aastate jookul oluliselt täpsustunud, on siiski gruppide sisene ravivastus ja elu-
lemus väga varieeruv. Samuti esineb märkimisväärsel hulgal vähkkasvajaid, 
mille histoloogiline määratlemine on võimatu, kas siis dediferentseerumise või 
segatüübilise kasvaja tõttu. Sellest tulenevalt on asutud otsima uusi prognostilisi 
ja diagnostilisi molekulaarseid  markereid, mis võimaldaksid täpsemalt klassifit-
seerida kopsuvähki ja juhtida raviarsti sobilikuma ravi valikul. 

 Käesolevas doktoritöös on kasutatud kogu genoomi hõlmavat assotsiat-
siooni- ja geeniekspressiooni analüüsi eesmärkidega identifitseerida kopsuvähi 
riskialleele ning vähkkasvajate spetsiifilisi ekspressiooniprofiile. 

Geneetilisest taustast tingitud kopsuvähi ja suitsetamisest kergesti sõltuvesse 
jäävate isikute tuvastamine on oluline aspekt nii personaalgeneetikas kui ka –
meditsiinis. Enamus tuvastatud kopsuvähi riskialleele asub kromosoomipiir-
kondades, kus paiknevad geenid, mis on seotud kas tubakasuitsetamise sõltu-
vusega või tubakasuitsust tingitud kartsinogeense toime neutraliseerimisega. 
Käesolevas töös käsitletud assostsiatsiooniuuringu metaanalüüsi käigus kasutati 
13 300 kopsuvähi ja 19 666 kontrollindiviidi genoomi andmeid, mille tulemusel 
leidsid kinnitust kõik eelnevalt identifitseeritud kopsuvähi riskilookused. 
Samuti tuvastati uusi potentsiaalseid kopsuvähiga seotud kromosoomilookuseid, 
mis aga kahjuks ei osutunud statistiliselt olulisteks. Sellest tulenevalt võib järel-
dada, et käsoleval hetkel rakendatavate metoodikatega on kopsuvähi valdkonnas 
jõutud piirini, kus uusi riskiallele on raske tuvastada. Kogu genoomi sekve-
neerimine, veelgi suuremad metaanalüüsid ning mitteeuroopa päritolu patsien-
tide kasutamine on tõenäoliselt moodusteks, mis võimaldavad kopsuvähi 
assotsiatsiooniuuringutes uusi positiivseid tulemusi. 

Kopsuvähi kogugenoomi ekspressiooniprofiilide analüüsid on andnud palju-
tõotavaid tulemusi nii vähkkasvajate diferentseerimise, prognoosi, diagnoosi kui 
ka ravivastuse osas. Kahjuks on enamus tulemusi omavahel võrreldamatud või 
mittekattuvad, mille põhjusteks võib olla iga individuaalse kopsuvähi ekspres-
sioonimustri suur varieeruvus või siiski veel väike uuringute üldarv. Käesoleva 
töö raames teostatud kogugenoomi geeniekspressiooni analüüsil identifitseeriti 
uued potentsiaalsed kopsuvähi biomarkerid ning molekulaarsed profiilid, mis 
ennustasid patsientide elulemust paremini kui histoloogiline klassifitseerimine. 
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Lisaks avastati, et patsiendid, kellede adenokartsinoomi proovides oli RNA 
lagunenud, omasid ka statistiliselt olulist kehvemat prognoosi. 

Käesoleva doktoritöö kolmandas artiklis on uuritud ühe patsiendi kahe 
kontrollkoe ja kolme kopsuvähi kasvaja kogugenoomi geeniekspressiooni 
profiile selgitamaks metastaasi või teise primaarkasvaja hüpoteesi. Lisaks 
geeniekspressiooni profiilide rakendamise testimisest personaalses meditsiinis 
oli töö ajendatud ka asjaolust, et nii prognoos kui ka ravistrateegia on metasta-
seerunud ja mittemetastaseerunud kopsuvähi korral väga erinev. Geenionto-
loogia, peakomponent- ning korrelatsioonianalüüs viitasid üheselt uue primaar-
kasvaja tekkele, mida kinnitab ka tänaseni säilinud patsiendi suhteliselt hea 
kliiniline pilt. 
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