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I. INTRODUCTION

Lung cancer (LC) is currently the leading cause of cancer death. This high
mortality rate is partly due to delayed diagnoses and challenges in differen-
tiating subgroups suitable for various treatment options. Moreover, it is widely
recognized that the use of light microscopy, hematoxylin-eosin staining,
immunohistochemistry and diagnoses according to the Tumor Node Metastasis
(TNM) system are not sufficient for evaluating prognoses or for providing suf-
ficient information regarding expected treatment response.

However, new methods are becoming available for the study and diagnosis
of various cancers, including LC.

High throughput technologies for the study of single nucleotide poly-
morphisms, mRNA and microRNA expression, DNA methylation, alternative
splicing and protein synthesis, represent useful tools for research studies and
clinical evaluations of various types of cancer. Moreover, whole genome
expression profiles can be obtained using gene microarrays. The application of
these techniques have the potential to facilitate a differentiation of various can-
cer subtypes, the evaluation of prognosis, the selection of patient subgroups for
different treatment modalities and the selection of novel markers or target mole-
cules for further research.

Already, previous studies of gene expression have identified a large number
of valuable molecular markers. Furthermore, it is hypothesized that different
sets of markers would be useful for diagnostic, prediction and prognostic aims,
since the use of a single molecular marker could be subject to variability and
would not accurately represent prognoses or predictions. In addition, a single
marker would be insufficient to describe the biology of an entire living
organism, including cancer cells.

In the current study, gene expression profiles of non-small cell lung cancer
(NSCLC) samples were obtained using genome-wide microarrays. Specifically,
data associated with the differentiation of NSCLC subtypes and gene expression
related to patient survival for each subtype, were analysed. These results
demonstrate the possibility of staging and treating NSCLC, or other cancer
types according to revised TNM staging system that incorporates gene expres-
sion details of tumour biology to improve patient diagnosis and prognosis.
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Il. LITERATURE REVIEW

Lung Cancer Epidemiology

LC is a malignant tumor of epithelial origin and exhibits classical cancer fea-
tures such as uncontrolled growth, tissue invasion, and the ability to metastasize
into lymph nodes and distant organs. The high incidence of this usually fatal
disease is relatively new phenomenon. The number of deaths attributed to LC
begun to rise in the late 1930s and then reached its highest levels by the early
1990s (Jemal et al., 2009).

In addition, the relationship between smoking as a main risk factor and LC
as a disease was historically noted by the German Nazi doctors Eberhard
Schairer and Erich Schoniger in 1943 and was subsequently published by Sir
Richard Doll in non-nazi world in 1950 (Doll and Hill, 2004, Doll et al., 2004,
Proctor, 1999, Doll, 1950, Doll and Hill, 1950, Schairer and Schoniger, 2001).

Typically LC disease affects patients usually in their 60s and 70s and has
remained uncommon in younger patients (age <40 years). LC is characterized as
a lifestyle-associated disease, which has a surprisingly poor prognosis even
among patients whose tumor is discovered early and treated with radical surgery
(Fry et al., 1999). Furthermore, LC currently affects males more often then
females, yet this gap is narrowing. Moreover, this trend has been consistently
observed in both United States and Europe. Main risk factors for LC include:
cigarette, pipe, cigar, and cannabis smoking, occupational exposure to radon,
asbestos, nickel, chromium, and arsenic as well as exposure to radiation, air
pollution, and passive smoking (Alberg et al., 2007, Aldington et al., 2008).
Moreover, there are approximately 60 carcinogens present in cigarette smoke,
with at least 16 components in smokeless tobacco products having sufficient
evidence of carcinogenity, and about 20 of them have strong association with
LC according to studies in laboratory animal models (Hecht, 2003, Hecht,
1999).

Correspondingly, when smoking has been discontinued, the risk of LC
diminishes significantly. However, carcinogenic damage of bronchial epi-
thelium cells remains for years after the cessation of smoking (Spira et al.,
2004, Sridhar et al., 2008).

LC has spread worldwide, and affects both genders depending on lifestyle
and habits. Although the estimated number of cancer deaths and new cancer
cases has slowly decreased, LC is main type of cancer diagnosed and the
leading cause of cancer deaths for males in developed countries (Jemal et al.,
2008, Jemal et al., 2009, Jemal et al., 2006, Jemal et al.).

Previously, a decrease in the incidence of LC was observed among men in
the late 1980s, and among women in 1999 (Rivera and Stover, 2004, Jemal
et al., 2005).

In Estonia, LC is second leading cause of cancer among men, and the
seventh leading cause of cancer in women. Correspondingly, the number of new
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LC cases diagnosed in men in 2006 was 509 and 154 in women. In general, the
incidence of LC has decreased among men and stabilized among women com-
pared to the previous decade. However, LC as a cause of death is not currently
able to be evaluated for the Estonian people due to governmental regulations
(Estonian Cancer Registry 2009, Eesti Arst 10; 2009).

Histological classification of lung cancer

According to currently valid World Health Organization (WHO) classification
guidelines, LC can be divided into two main types, non-small cell lung cancer
(NSCLC) and small cell lung cancer (SCLC). NSCLC is the predominant his-
tological cancer group accounting approximately 80—-85% of all lung cancers
while SCLC is the most typical neuroendocrine (NE) LC.

Moreover, there are four major most common histological types of LC, and
these include adenocarcinoma (AC), squamocellular carcinoma (SCC), large
cell carcinoma (LCC), and small cell carcinoma accounts for 99% of all LC
cases.

For cases of SCLC these are distinguished by more aggressive features, they
usually have metastases present at diagnosis and are associated with a sub-
stantially poorer prognosis than NSCLC (Brambilla et al., 2001).

- N

‘ Lung Cancer

N I vy
s I ™ e I ™
Small cell lung cancer Non small cell lung cancer
SCLC NSCLC
\7 7/‘ /’_\/
s ’ N - \
Adenocarcinoma
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A v - -
4 Others h
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Sarcomatoid carcinoma
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Figure 1. Classification of the histological forms of LC.
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Histological forms of NSCLC

LC may arise from the epithelium of major bronchi, smaller bronchi, bron-
chioles, or certain alveolar cells. Depending on the epithelial source and histo-
logical structure, LC has been divided into various subclasses.

Squamocellular cancer s. epidermoid cancer (SCC) mainly exhibits central
localization and originates in the bronchial metaplastic squamous epithelium.
This tumor type is microscopically quite heterogenous, and is characterized
depending on the differentiation grade determined according to keratinization
present, intercellular bridges, and rarely, keratine pearl formation. Precursor
lesions of this cancer type include bronchial squamous epithelium dysplasia and
carcinoma in situ (CIS)(Kerr, 2001).

Adenocarcinoma (AC) tends to have more peripheral localisation, is slightly
more common in females, and has a glandular epithelium origin. Exact histo-
logical structures and certain cell types of the respiratory tract that represent
possible sources of AC remain unknown. However, a few relatively more evi-
dent, precursor lesions of AC include atypical adenomatous hyperplasia (AAH)
of the peripheral airways, type Il pneumocytes, and Clara cells, which express
markers similar to AC of the lung (Yatabe et al., 2002, Chapman and Kerr,
2000).

AC is the most frequent histological subclass for both genders in many
countries, and its frequency has grown in the last decade. Currently, it is the
most prevalent form of LC in younger males and women of all ages, in non-
smokers, and former smokers (Wahbah et al., 2007). Furthermore, most ACs
are histologically heterogenous, with mixed type phenotypes (e.g. acinar,
papillar, bronchioloalveolar, and solid AC with mucin formation) being more
common than any single pattern type. In general, AC has been strongly asso-
ciated with with a poorer prognosis than squamocellular cancer (SCC). One
possible reason for this observation is the increased invasiveness and tendency
for blood vessels invasion to be associated with AC, which can facilitate the
occurrence of distant metastases (Bodendorf et al., 2009).

Bronchioloalveolar cancer (BAC) is a relatively rare subclass of AC which
exhibits mostly non-invasive, or slightly invasive, features (Brambilla et al.,
2001). Therefore, ACs with stromal, vascular, and pleural invasion are excluded
from this subclass. Furthermore, ACs exhibiting these features are classified as
AD mixed type with predominant bronchioloalveolar patterns, while BAC is
more often spread from satellite nodules. A substantial computed tomography
(CT) study of non-symptomatic patients showed that concomitant BAC nodules
were detected in 47% of cases. (Vasquez et al., 2001) Moreover, pneumonitis-
like tumors and metachronous-type tumors of BAC are also well-known forms
of this cancer.
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Patients with BAC tumours have also exhibited slightly better survival rates
when diagnosed histologically, or when distinguished using gene expression
profiles (Hayes et al., 2006).

Large cell carcinoma (LCC) represents a heterogenous group of undifferen-
tiated cancers, including five histologically different variants. One of these
variants, large neuroendocrine carcinoma (LNEC), is associated with neuro-
endocrine differentiation (NED). Moreover, LCNEC itself has four subclasses
depending on the morphological and immunohistochemical parameters
expressed (Brambilla et al., 2001, Travis, 2009). The main difference between
LNEC and SCLC is the larger size of the anaplastic cells present and a lack of
“salt and pepper” chromatin. Furthermore, a diagnosis of LCNEC is based on
the presentation of at least one common NED marker during immunohisto-
chemical evaluations.

A very rare precursor of NED tumours also includes diffuse idiopathic
neuroendocrine cell hyperplasia.

NED is a common feature, and is present in 16-20% of other NSCLC-type
cases (Sterlacci et al., 2009). While NED lung carcinomas do not exhibit the
morphology associated with NE phenotype under light microscopy, NED can be
detected in immunohistochemistry assays and/or electronmicroscopy studies.

Moreover, NED alone does not appear to be an independent prognostic
marker for recurrence or patient survival in cases of NSCLC (Linnoila et al.,
1994, Sterlacci et al., 2009, Howe et al., 2005), neither has it been found to be a
predictive marker for any other cancer treatment modality known so far
(Sterlacci et al., 2009).

Small cell lung cancer (SCLC) is the most common NE lung tumor diagnosed.
Cases od SCLC present with the proliferation of small cells with morphological
features that include minimal cytoplasm, ill-defined borders, finely granular
»salt and pepper chromatin, absent or inconspicuous nucleoli, frequent nuclear
molding, and high mitotic activity. Until recently, no phenotypically identifiable
lesion has been identified as a precursor of SCLC (Wistuba and Gazdar, 2006,
Dacic, 2007). Taking into an account the similarity with SCLC, it has been pro-
posed that it may originate from extensive and chronic damage present at the
molecular level of otherwise microscopically normal bronchial epithelium
(Wistuba and Gazdar, 2000, Wistuba et al., 2000).

Clinically, SCLC presents with a rapid and aggressive course, has a short-
lived response to chemoradiotherapy, and is associated with 2-year and 5-year
overall survival rates of 9% and 3% respectively (Paesmans et al., 2000).
Although SCLC, in general, is not a disease suitable for conventional surgical
treatment, in selected cases surgery has achieved a certain rate of success
(Chandra et al., 2006). However, identifying predictive and prognostic parame-
ters and markers of SCLC remain a challenge.
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In the current study, due to differences in clinical behavior, therapeutic
implications, and epidemiological features of LCNEC versus SCLC, these
tumour types are referred to separately. Moreover, in the analysis of gene
expression profiling performed, these two types of cancer are not considered.

Changes in histological distribution of lung cancer

Although LC is a relatively new disease, the distribution of different histo-
logical forms of it have changed over the past 25 years. For example, the inci-
dence of AC has increased in both genders (Devesa et al., 2005), although
previously, AC was the main histological form in women. Currently, AC is the
most common form of LC in men, and accounts for approximately 36% and
46% of cases diagnosed in men and women respectively (Alberg et al., 2005,
Rivera and Stover, 2004, Wahbah et al., 2007). Compared to corresponding
studies published in the 1980s, this indicates a gain of approximately 10% in the
number of cases for both genders. The same international study reported a
decrease in the number of small cell and SCC cases for both genders, although
SCLC remained the most common form of LC among women, with an inci-
dence of 18% versus 13% in men. This observation may reflect the changing
trend in smoking habits, since both, SCLC and SCC are forms of LC that are
strongly related to smoking habits (Alberg et al., 2005). Furthermore, the inci-
dence of LCC (undifferentiated) among men has increased slightly and
currently accounts for about 18% of LC cases. The same cancer type in women
has maintained a stable rate of incidence since 1980, and currently accounts for
about 10% of LC cases.

Since 1979, the possible role of viral infections, primarily human papilloma
virus (HPV), in the genesis of NSCLC has been investigated and mostly in
relation of SCC (Roglic et al., 1975, Rubel and Reynolds, 1979, Inoue et al.,
2001, Klein et al., 2009). For exemple, in a study of a population in Taiwan,
non-smoking women were observed to develop AC of the lung in relation to the
presence of oncogenic HPV (Cheng et al., 2001). However, a recent study
reported contrasting results (Koshiol et al.). Therefore, the exact role of HPV in
NSCLC remains unclear, and cannot be excluded as a potential co-carcinogen
in the development of any NSCLC histological subtype (Syrjanen, 2002).

TNM classification of Lung Cancer

The currently valid 7" NSCLC staging system consideres the size and location
of the primary tumor (T), the involvement of lymphnodes (N), and the presence
of metastases (M) (e.g., TNM staging). Furthermore, it incorporates an analysis
of data regarding clinical, surgical, pathological, and patient survival infor-
mation from 100,869 primary NSCLC patients (Rami-Porta et al., 2009a, Rami-
Porta et al., 2009b). However, despite the TNM staging criteria begin an essen-
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tial aspect of LC management and currently the best method for the description
of cancer spread, it requires further refinement. For example, it is also asso-
ciated with a large number of unexpected relapses, and therefore, does not
completely explain tumour behavior. The staging of the current study is based
on Lymph Node classification for Lung Cancer staging (Mountain and Dresler,
1997) and TNM classification of malignant tumours (6™ edition).

Molecular biological staging

Currently, biological staging is not included in TNM staging system, although it
has been proposed that the addition of molecular staging could further improve
the TNM system (D’ Amico, 2008).

Biological staging would identify target oncogenes, oncogenic protein
products, growth factors, and their receptors, adhesion molecules, and other
molecular markers which provide information regarding patient survival and
response to different therapy modalities. Biological staging could also be
applied to the characterization of primary tumours, lymph nodes, bone marrow,
serum or metastases.

Diagnosis and prognosis of NSCLC

Sampling is essential for a histological diagnosis of cancer and most tumors are
classified on the basis of light microscopy alone. Hematoxylin-eosin (HE)
staining and immunohistochemical staining are then used to confirm histo-
logical findings. Currently, the most important expression markers used to
characterize cancer tissue and to diagnose NSCLC include: AEI1/AE3,
CK5/CK6, CK7, CK20, TTF1 and some others (Chu et al., Camilo et al., 2006,
Su et al., 2006). Despite these tools, however, the ability to diagnose LC in its
early stages remain a challenge.

In general, the prognosis of NSCLC is poor, although survival differences
are associated with different cancer stages and treatment modalities. For
example, according to the Surveillance, Epidemiology, and End Results (SEER)
database, there are survival differences between younger (< 40 years) and older
patients (> 40 years), except for stage IV cases where survival is poor inde-
pendent of age (Subramanian et al.). Furthermore, for radically cured cases, the
S-year survival rate is 80% for stage Ia cases, 60% for stages Ib and Ila , 42%
for stage I1b, 30% for stage Illa, and ~ 20% for stages IlIb and IV (Goya et al.,
2005) .
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I1l. TREATMENT OF NSCLC

General considerations

Treatment of LC depends strongly on the extent of lymph node invasion and the
presence of distant metastases. In the latter case, metastases occur more often in
the later stages than in SCLC. Surgical treatment is the primary treatment option
for NSCLC patients that are fit for surgery and have a resectable tumour. For
example, radical treatment is possible for stage I cases with lobectomy or
pneumonectomy with lymphadenectomy considered standard procedures and
the best treatment option (Scott et al., 2007). For stage II — Illa patients, a
combination of surgery and chemo/chemoradiotherapy has been shown to be
beneficial (Alberts, 2007).

Modalities of chemo- and radiotherapy

Conventional cisplatin-based chemotherapy is used for patients with stage Ila—
IV LC. Chemotherapy is also considered for the treatment of stage Ib tumors
that have a diameter T>4 cm. Adjuvant therapy is prescribed when all de-
tectable disease appears to be removed, yet a risk for relapse due to occult
disease remains.

In a meta-analyses of 4584 patients with NSCLC the benefit of adjuvant
cisplatin-based chemotherapy was observed to largely depend on stage of
disease being treated. For example patients with Ia experienced detrimental
effects, while the effects on stage Ib cases are still being evaluated. For stage 11
and III cases, improved survival data has been obtained (Pignon et al., 2008).

For patients with stage IIla N2 disease, cisplatin-based neoadjuvant chemo-
therapy is administred prior to surgery, with the goal of reducing the size of the
tumour. To evaluate any restaging that may occurred as a result of chemo-
therapy, a CT scan and minimal invasive diagnostic interventions are used. In
the case of persistent N2 disease, surgical treatment is not the best treatment,
and additional treatment strategies have to be considered.

Radiotherapy can be a treatment option for patients that have not undergone
a radical operation. Moreover, postoperative radiotherapy is not recommended
for stage I-II and Illa patients that have undergone radical resection, or patients
with mediastinal lymphnodes involvment. In contrast, curative radiotherapy as a
single treatment modality should be administered to patients with less-than-
standard surgical resections, or for patients unfit to undergo standard surgery.

For patients with locally advanced, unresectable stage III NSCLC, con-
current chemotherapy and thoracic radiotherapy should be considered
(D'Addario and Felip, 2008). In many cases, treatment results have also been
observed to be superior in women versus men (Brahmer et al.).
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Correspondingly, the Radiation therapy Oncology Group trials have ob-
served an overall better treatment effect in women, even with radiotherapy
alone (Werner-Wasik et al., 2000).

Treatment possibilities according to gene expression data

Currently, RNA expression microchips are used in clinical practice as part of
treatment strategies for breast cancer, with three expression-based tests being
commercially available. For example, Oncotype DX is the main predictive test
that is used, and it is based on an expression analysis of 21 genes. This test is
used to indicate which oestrogene-positive breast cancer patients can avoid
adjuvant chemotherapy (Albain et al.). Mammaprint is another commercially
available prognostic test which evaluates the expression of 70 genes in breast
cancer tissues (Glas et al., 2006, van ’t Veer et al., 2002). Lastly H/I is a two
gene ratio assay that predicts patient an outcome in response to tamoxifen
therapy, and is commercially produced by AvariaDx (Marchionni et al., 2008).

The application of chemotherapy to cases of NSCLC is mostly based on
histological patterns of the tumor detected, while gene expression profiling is
used to characterize histologically-specific features. For example, only non-
SCC patients have recently been observed to be good candidates for pemetrexed
and bevacizumab treatments. Moreover, gene expression assays detecting TTF I,
CK5, CK13 and EGFR have been associated with high specificity and sen-
sitivity for effective discrimination of AC and SCC (Subramanian et al.).
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IV. GENE EXPRESSION OF NSCLC

Gene expression is a process during which the heritable genetic information is
transcribed and applied to the synthesis of a functional product of a gene.
Correspondingly, there are two crucial steps during this process: transcription,
whereby a copy of mRNA is produced using a DNA strand as a template and
protein synthesis or translation, which results in the synthesis of a functional
protein. However, there are some genes that encode a functional non-coding
RNA. The flow of genetic information from DNA to RNA to protein is known
as central dogma of molecular biology and gene expression is the most funda-
mental process for any type of cell. Following gene expression, the genotype of
a cell becomes associated with corresponding phenotype, which allows the
processes performed by a cell, and its status to be evaluated accordingly. Using
whole genome microchips, gene expression profiles can be obtained, reflecting
changes in cell function. The data obtained from microchip analyses can also be
visualized graphically using a ‘“heatmap”, where up-regulated and down-
regulated genes are coloured to distinguish these two gene groups. Furthermore,
samples and genes are usually clustered hierarchically, thereby illustrating the
similarity of the samples based on gene expression data (Figure 2).

Lung cancer

TotalRNA extraction and quality control
o

ol Ll

20 25 30 35 40 45 50 55 60 (s
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. I m -
Case  Control i i

C mRNA amplification and preparation E Data statistical analysis
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Figure 2. Principles of gene expression analysis.

Analysis of gene expression data is a method in molecular biology to evaluate
thousands of known genes or transcripts simultaneously. For cancer, gene
expression is suitable for distinguishing different cancers based on expression
of a single gene (Llinares et al., 2004), or the profiling of a set of genes. More-
over, depending on the research question, gene expression data can be evaluated
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in relation to a primary tumor, metastases, or a particular cell line (Toffalorio et
al., 2009, Nevins and Potti, 2007, Hsu et al., 2009, Talbot et al., 2005). In some
cases, gene expression profiles can be extremely similar in different parts of the
same tumor, thereby suggesting that limited number of clinical samples that
collected can represent tumor biology overall (Raponi et al., 2006). In addition,
it is possible to perform RNA-based gene expression analyses using very small
quantities of tissue (Lim et al., 2003).

The first report describing the possibility of using gene expression profiling
for an evaluation of diffuse large B-cell lymphomas prognoses was published
by Alizadeh and coauthors in 2000 (Alizadeh et al., 2000). This classical study
was followed by similar studies of other malignant diseases including LC. For
example, basic study of lung ACs was published by Bhattacharjee and
coauthors, where different subtypes of AC and metastases associated with dif-
ferent primary tumours were detected using gene expression assays
(Bhattacharjee et al., 2001). By using gene expression profiling to identify dif-
ferent subtypes of cancer, it is possible to find associations between various pro-
files and patient survival (Wigle et al., 2002, Garber et al., 2001).

Previously, the main subtypes of NSCLC were elegantly differentiated by
Takeuchi and coauthors based on combination of expression data with EGFR
and K-ras mutational status. As a result, two terminal respiratory unit related
AC subtypes were revealed (Takeuchi et al., 2006, Dobbin et al., 2005). In addi-
tion, a significant correlation between £GFR mutations in terminal respiratory
unit- type ACs and a poor prognosis was identified. In contrast, K-ras
mutational status was not found to have an influence on AC patients outcame.

Reproducibility of microarray data for the purpose of differentiating LC sub-
groups is also challenge in NSCLC research. For example, in work by Hayes
and coauthors, the applicability of expression based differentiation to three
publicly available cohorts was demonstrated (Hayes et al., 2006).

Clinically, the value of NSCLC gene expression analyses is increasing. For
example, it is now possible to present prognostic and predictive markers prior to
treatment, to differentiate different types of cancers (Garber et al., 2001), dis-
tinguish metastases from primary tumors and to identify the source of metas-
tases of unknown primary tumors.

A prognostic marker is a patient or tumor characteristic that identifies a
better or worse outcome for a patient regardless of treatment modality. More-
over, a predictive marker is a patient or tumor characteristic that identifies the
type of outcome expected, e.g., better or worse than if treatment was not per-
formed (Coate et al., 2009).

There have been studies that not only provide evidence that gene expression
profiling can be used to predict treatment outcome and establish molecular
prognosticators, but can also be used to identify known and unknown genes
differentially expressed in cancers and normal tissues, e.g., ASs and SCCs, as
well as tumours associated with good or bad outcomes.
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As mentioned previously, conventional NSCLC chemotherapy is performed
using platinum based-medicines. Moreover, in the last few years a number of
molecular biological studies have been performed to assist in the selection of
chemoherapeutic agents based on gene expression profiles of the cancer present.
Specifically, expression of ERCC and RRM1 have been shown to predict cancer
response to these types of drugs.

For gene expression research related to NSCLC, the aim has been to mini-
mize the number of predictive and/or prognostic markers needed. Between 2002
and 2003, many of these studies were published, resulting in the identification
of a 3 gene set (Figure 3) (Beer et al., 2002, Tomida et al., 2004, Lu et al., 2006,
Bianchi et al., 2007, Chen et al., 2007, Lau et al., 2007, Zheng et al., 2007,
Raponi et al., 2006). However, accumulating evidence has indicated that a
single marker, or even a few markers, do not adequately describe the full extent
of a cancer's biology. Furthermore, gene expression data is not sufficient to pre-
dict a prognosis due to the inconsistency of gene expression patterns in cancers
from various patients (D’ Amico, 2008).

Number of prognostic markers

70
60 T
50
40 @ 2002 Beer et al.
Number of markers m 2004 Tomida et al.
30 02006 Raponi et al.
20 m 2007 Bianchi et al.
@ 2007 Chen et al.
10 2007 Lau et al.
0 02007 Zheng et al.
02006 Lu et al.
&
&

Figure 3. The number of NSCLC prognostic markers identified by studies performed
between 2002 and 2007.

Molecular differences in gender,
and in smokers versus non-smokers

The biology and clinical course of NSCLC has been shown to be gender-
dependent (Mostertz et al., Cerfolio et al., 2006, Pauk et al., 2005). In addidtion,
epidemiological evidence supports the observation that the progression of LC
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patient survival and patient response to therapy differs between genders. For
example, prognoses, response to all methods of conventional therapy for all
stages, and histological forms, are more favorable in women (de Perrot et al.,
2000, Cerfolio et al., 2006, Fu et al., 2005).

Women are also three times more likely to carry a mutated KRAS than men,
and frequently, this mutation is associated with cases of lung AC in women
(Thomas et al., 2005). However, although this mutation is relatively wide-
spread, the mechanistic details that affect prognosis or prediction of treatment
outcome remain unclear.

Gene expression analyses of NSCLC have only detected 7 genes, which
exhibit significant differences in expression between men and women. All of
these genes localized on the sex chromosomes. These include JARIDID,
RPS4Y1, DDX3Y, EIF1AY, USP9Y and UTY, which are located in chromosome
Y, and XIST in chromosome X. However, none of these genes have been asso-
ciated with direct role in NSCLC(Planchard et al., 2009).

Women have been found to have a lower DNA repair capacity (DRC) than
men which is molecularly detectable and contributes to tobacco carcinogen-
induced carcinogenesis (Wei et al., 2000). In addition, mutated KRAS has been
found in women with resected NSCLC more often than in men, if the data are
normalized for exposure and histology (Nelson et al., 1999)

It is hypothesized that hormonal differences play a role as well. While these
influences have been more extensively studied relation to exposure to smoking
and hormone replacement therapy (HRT), the influence of HRT remains
controversial (Ganti et al., 2006, Schabath et al., 2004). For example, early
onset of menopause has been associated with a decreased risk of AC (Taioli and
Wynder, 1994). In contrast, the administration of estrogen replacement therapy
to patients who smoke, has been significantly associated with AC (Baik et al.).

Interestingly contributes the same feature to better common treatment out-
comes in women in all clinical stages.

Usually, a smoking habit is the most common cause for the onset of LC in
both women and men. However, the percentage of LC cases associated with
non-smoking patients, patients that have never smoked, and passively smoking
patients, is growing. In fact, LC that develops in non-smokers remains a unique
and poorly understood condition. There are several studies that have shown that
LC in smokers versus non-smokers is associated with significant molecular dif-
ferences, or even represents different diseases (Miura et al., 2002, Powell et al.,
2003, Sun et al., 2007). For cases of NSCLC in non-smokers versus smokers,
these have primarily been investigated in relation to the mutational status of
KRAS, EGFR, and TP-53, as a result of differences in clinical responses to tyro-
sine kinase inhibitors observed. Moreover, although significant expression pat-
terns for LC associated with smokers versus non-smokers have not been identi-
fied in all studies (Powell et al., 2003) (Powell et al., 2003), higher levels of
MKI67 and EGFR are relatively common in patients with LC that are exposed
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to smoke. In contrast, higher levels of AKT1 and CDKN1B have been associated
with LC cases involving non-smokers (Dutu et al., 2005).

Gene expression and cases of second primary NSCLC

Approximately 27% of radically treated stage I NSCLC patients experience
recurrence. Similarly, approximately one-third of stage I cases involve a second
primary cancer, ~30% of which are LCs (Martini et al., 1995). Currently,
primary LC and metastasis are distinguished based on certain clinical and his-
tological criteria, although the accuracy of these methods has been inconsistent
in many cases.

In recent studies, the potential for gene expression data to classify tumour
cell lines and tumours has been demonstrated. For example, Giordano and
coauthors were able to distinguish primary ACs from different sources by pro-
filing the expression of more than 6800 gene transcripts (Giordano et al., 2001).

In addition, they were able to identify two metastases that had previously
been considered primary cancers. In the same study, principal component
analysis (PCA) of the top genes was used as a means of visualizing the data
obtained. Of particular interest has been the identification of the highly
expressed, primary lung AC-specific marker, TTF1, which has been evaluated
both individually and as part of a marker set (Giordano et al., 2001, Reis-Filho
et al., 2000, Yatabe et al., 2002, Lazzaro et al., 1991).

Squamous cell cancers of the lung, or head and neck region, have been dis-
tinguished using the Affimetrix U133A chip containing 14,500 transcripts, in
combination with hierarchical clustering. Based on these results, a ten-gene
expression model was created (Vachani et al., 2007). Although there has been
some success in identifying primary cancers using this gene set, there is no
reliable or commercially available dataset for that. Furthermore, it has been
particularly challenging to distinguish cancers of the same anatomical region
and histological pattern, e.g., in the case of solitary pulmonary nodules.

The possibility of predicting survival
using RNA microchips

Single oncogenic markers cannot be used to predict patient prognosis due to the
frequency of aberrant expression, or inconsistent expression, of any one marker
in most tumors (D'Amico, 2008).

Therefore, different sets of prognostic markers have been investigated. For
example, Beer et al. (2002) and Bhattacharjee et al. (2001) identified corre-
lations between molecular signatures of lung AC and patient prognosis. In other
studies, patients have been stratified according to a good versus poor outcome,
and the genes associated with each corresponding patient group were con-
sidered a training set of markers. As a result, microarray studies using training
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sets of genes have revealed prognostic signatures for early stages of NSCLC
(Tomida et al., 2004, Raponi et al., 2006, Lu et al., 2006, Guo et al., 2008,
Larsen et al., 2007b, Larsen et al., 2007a, Shedden et al., 2008, Boutros et al.,
2009). However, due to complications associated with the reproducibility of
prognostic gene expression signatures, none of these training sets are still used.
Differences between microchips (e.g., variances in the size of the transcripts on
them), and differences in the mathematical models used for gene selection, are
additional considerations for the lack of reproducibility associated with prog-
nostic gene signatures.

In a study conducted to evaluate prognosis, or the predicted effectiveness of
different drugs, gene expression profiling was used to create a metagene model
(Potti et al., 2006).

A metagene model represents the dominant average pattern of expression of
gene clusters obtained across tumour samples. The metagene model introduced
by Potti and co-workers was designed to predict cancer recurrence and was
applied to three additional sample sets. As a result, the model was associated
with an accuracy rate of 72—-80%, which is a higher accuracy rate than that of
models which use clinical data alone (including patient age, patient gender,
tumor diameter, stage of disease, histologic subtype, and smoking history)
(Beane et al., 2009). Potti et al. are continuing to evaluate this metagene and its
ability to predict treatment response with cases of stage Ib high-risk patients.

Unlike the analysis of cases of breast cancer, prognostic microchip or
marker sets of NSCLC applicable for clinical work have not achieved wide-
spread use. This is primarily due to the relatively high price associated with
these analyses, the large number of markers required, and continuing challenges
associated with data reproducibility.

Expression of well-known predictor markers of cancer

Well-known molecular markers that are used in the profiling of NSCLC cases
include both EGFR and KRAS. These two genes are proto-oncogenes that are
commonly mutated in lung ACs. While the role of EGFR expression remains
unclear, the mutational status of EGFR is key. Mutations related to sensitivity to
tyrosine kinase inhibitors have been shown to include deletion of exon 19 and
L858R (Rosell et al., 2009), while Mitsudomi and coauthors also reported a role
for L858R, which was confirmed with deletions near codons 746-750.
(Mitsudomi et al., 2005). The mutation status of EGFR has also been associated
with sensitivity to small molecule tyrosine kinase inhibitors such as gefitinib
and erlotinib (Paez et al., 2004, Lynch et al., 2004, Mitsudomi et al., 2005).
Moreover, EGFR mutations are significantly associated with the histology of
AC, smoking status (particularly non-smokers and light smokers), female gen-
der, and East Asian ethnic groups (Shigematsu et al., 2005).
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KRAS is a Kirsten ras oncogene homolog from the mammalian ras gene
family that encodes a small GTPase. Ras proteins are pivotal regulators of cel-
lular proliferation, differentiation, motility, and apoptosis. A single amino acid
substitution has been shown to be responsible for generating an activating
mutation, and mutations in KRAS have been identified in 20-30% of NSCLC
cases. As a result, mutations in KRAS have been proposed to represent possible
prognostic and predictive markers. Correspondingly, protein products that result
from KRAS mutations have been implicated in various cancers, including lung
AC. Based on extensive investigations of KRAS mutations that have been per-
formed, these mutations are considered to be a weak predictor of prognosis
(Schiller et al., 2001). Currently, the mutational status of KRAS is also used to
predict resistance to cetuximab in treatments of metastatic colon cancer. For
NSCLC, it is being investigated as a potential marker for prognosis, and more
importantly, as a predictor of tyrosine kinase inhibitor therapy effectiveness in
combination with conventional chemotherapy. KRAS mutations are also more
often associated with lung ACs, and are present in cases of SCC of smokers
(Tam et al., 2006). Although this marker has been widely investigated, its role
as a predictor or prognostic marker remains controversial (Mao et al., 2009).
According to current knowledge and data from meta-analyses, mutated KRAS
appears to be a marker of poor prognosis in cases of NSCLC, especially in cases
of primary lung AC (Mascaux et al., 2005). Moreover, the combination of gene
profiles obtained for FGFR and KRAS has revealed three reproducible sub-
groups to be associated with different prognoses (Takeuchi et al., 2006). There-
fore, these markers can provide supporting information to gene expression data.

The nucleotide excision repair (NER) pathway is critical for the repair of
DNA damage. Correspondingly, components of this pathway have been
assessed in LC, as well as other cancers, thereby providing potential prognostic
and predictive biomarkers.

ERCCI is a rate-limiting protein in the NER pathway, and in interstrand
cross-link repair (ICL-R) pathways. In the latter case, ERCCI1 recognizes and
removes platinium adducts by repairing interstrand cross-links (Vilmar and
Syrensen, 2009). Initially, investigations of ERCC1 were associated with
controversial results. For example, in 2005, ERCC1 expression was identified
as a potential prognostic marker (Simon et al., 2005), with overexpression of
ERCCI1 associated with a significantly longer survival for patients. These
results were consistent with the results of the International Adjuvant Lung
Cancer Biology Trial (IALT-Bio) that had been presented the year before
(Arriagada et al., 2004). Moreover, overexpression of ERCC1 in combination
with BRCA, MZF1, and RRM1 has been shown to confer a higher risk of
relapse, and accordingly, a shorter survival time and poorer response to cisplatin
therapy Although these findings were not significant, studies are ongoing with a
larger cohort to confirm the findings. However, Lord et al. (2002) observed that
the overall survival of patients with down-regulated ERCCI, but not over-
expressed ERCC1, was significantly prolonged following the administration of
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platinium-based chemotherapy. Moreover, this qualitative interaction was
highly significant (Lord et al., 2002).

In combination, RRMI and ERCCI are also considered to be promising
markers for the prediction of cisplatin-based treatments and prognoses (Gazdar,
2007, Toffalorio et al., 2009).

RRMLI is the regulatory component of ribonucleotide reductase, and cataly-
ses the formation of desoxyribonucleotides from ribonucleotides participating in
DNA repair. It also mediates the suppression of cell migration and tumor
metastasis by inducing PTEN, a prominent tumor-suppressor gene responsible
for the attenuation of growth factor pathway signalling. Overexpression of
RRM]1 has been found to be a good prognostic factor in cases of stage | NSCLC
(Zheng et al., 2007), while RRM1 is a target of the drug, gemcitabine (Gemzar)
(Cerqueira et al., 2007). However, while expression of RRMI correlates with
ERCC, it does not correlate with PTEN. Overexpression of RRM1 was a good
prognostic factor in case of stage I NSCLC.

BRCALI1 is another factor involved in transcription-coupled nucleotide repair,
and has a role in NSCLC. For example, increased levels of BRCAI mRNA have
been shown to strongly correlate with poor patient survival (Rosell et al., 2007).
Moreover, BRCAI has been found to be a marker of chemoresistance in various
cell lines, as well as for locally advanced cases of NSCLC evaluated in
randomized trials (Husain et al., 1998, Rosell et al., 2006).
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V. AIMS OF THE PRESENT STUDY

The aims of the present study included: 1) to molecularly characterize NSCLC
using gene expression profiling; and 2) to identify a set of gene markers that
provide a differentiation of cancerous versus cancer-free tissue, and a discrimi-
nation of different NSCLC subtypes, with the goal of identifying a minimal
gene set for that purpose.

Specifically, the objectives included:

e The creation of an Illumina-based NSCLC gene expression database for
further studies.

e An evaluation of the gene expression profiles obtained from surgically
resected samples of NSCLC patients treated at the Tartu University Hospital.

e The identification of differentially expressed, novel genes between NSCLC
and controls, as well as within various cancer subtypes.

e The identification of a gene set that predicts patient survival.
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VI. MATERIALS AND METHODS

Cohort description

A total of 146 patients with LC, or a peripheral malignant lesion, underwent
surgery at the Centre of Thoracic Surgery of Tartu University Hospital between
November 28, 2002 and April 1, 2006. Of these cases, 131 involved NSCLC.
Histological diagnoses of all samples were confirmed by two pathologists. The
cohort included 102 men and 29 women who ranged in age from 36 to 84 years
(median, 66), with an average age of 64 and 72 years, respectively. Patients
with non-malignant lesions, tumors with non-NSCLC histology, degraded
RNA, and patients who had received preoperative chemoradiotherapy, were
excluded.

Smokers were defined as: persons who had smoked more than 365 cigarettes
in their lifetime, persons who currently smoke, or persons who had stopped
smoking less than 12 months ago. Non-smokers were defined as persons who
had smoked less than 365 cigarettes in their lifetime, while former smokers
were persons who had smoked more than 365 cigarettes in their lifetime and
had stopped more than 12 months ago.

The heatmap generated was based on gene expression data obtained from 81
patients (72 men, 9 women), who ranged in age from 36 to 84 years (median,
66), with an average age of 64 and 72 years, respectively.

The follow-up period for this cohort has been maintained since 28.11.2002.
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Table 1. Patient characteristics associated with the heatmap generated.

No. Patients Percentage

(N=81) of samples

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

la 13 16.10%

Ib 46 56.80%

Ila 1 1.20%

lIb 3 3.70%

llla 7 8.60%

IlIb 6 7.40%

v 5 6.20%

T 15 18.50%

T2 56 69.10%

T3 5 6.20%

T4 5 6.20%
Tumor 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 (PY) 79 97.50%

Family history of cancer 9 11.00%
Occupational exposure

None 72 88.90%

Possible 9 11.10%
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Control cohort description

Twenty microscopically-determined, cancer-free lung specimens were used as
control samples. They were obtained from patients suffering from either LC,
tuberculoma, or a non-malignant pulmonary lesion. All samples were surgically
removed and immediately snap-frozen. Characteristics of the control patients
are listed in Table 2.

Table 2. Control cohort characteristics

Female/male 3/17
Age, years

Range 53-84

Mean 68.5

Median 68
Smokers 18
Current 18
Ex 0
Pack years (mean) 51.5

Laboratory methods
RNA isolation and amplification

Tissue specimens were immediately cut into smaller pieces (e.g., 1 cm’) before
being submerged in liquid nitrogen and stored at —80°C. Typically, 50 mg tissue
was used for the extraction and purification of each RNA sample using a
Ribopure Kit (Ambion, Cat. #:AM1924) according to the manufacturer’s proto-
col. If necessary, tissue samples were cut into smaller pieces in order to be
treated with RNAlater®-ICE (Ambion, Cat#AM7030) prior to RNA extraction.
For tissue disruption, an IKA Ultra-Turrax T8 homogenizer was used. RNA
concentrations and quality were assessed using a NanoDrop-1000 spectro-
photometer and Agilent Bioanalyzer Lab-on-a-Chip technology (Agilent RNA
6000 Nano Kit, cat# 5067-1511), respectively. An RNA Integrity Number
(RIN) cut-off value of 7 was applied. An Illumina® TotalPrep RNA Ampli-
fication Kit (Ambion, Cat. #: AMIL1971) was used for RNA amplification and
labeling. An Illumina Bead Array Scanner was also used.

Gene Expression Microarray

An Illumina (www.illumina.com) BeadChip platform and a HumanWG-6_V2
Expression Bead Chip containing 48,000 transcript probes were used for
microarray gene expression experiments. According to the manufacturer’s pro-
tocol, 1.5 pg of amplified cRNA was hybridized to each array. Slides were
immediately scanned using a BeadArray reader (Illumina) following hybridi-
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zation. Internal controls provided by Illumina and BeadStudio software were
used to evaluate data consistency and quality control of the hybridization.

Microarray validation

To validate gene expression levels detected by microarray analysis, quantitative
real-time PCR (qRT-PCR) was performed for the top four genes in pattern L.
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Figure 4. Validation of microarray data. A. Using qRT-PCR assays, the top four up-
regulated and down-regulated genes identified from microarray data were analysed.
Black bars represent the average log fold-change for paired LC samples (n = 21), white
bars represent qRT-PCR averaged log fold-change values for the LC sample pairs (n =
8), and the grey bars represent qRT-PCR averaged log fold-change values for the LC
sample pairs that were not presented on the microarray (n = 3). Error bars indicate the
standard error of the mean (SEM). B. Correlation between array log2(signaltumor) -
log2(signalnormal) and qRT-PCR AACt for validated genes using the same sample pairs
as previous graph (n = 8). Pearson correlation coefficients (R), correlation test p-values,
and best-fitting (least squares) lines are shown.
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These included: 77K (Dual specificity protein kinase), CCNB2 (Cyclin B2),
BUBIB (budding uninhibited by benzimidazoles 1 homolog beta (yeast)), and
PTTG2 (pituitary tumor-transforming 2). Four genes from pattern Il were also
analysed: CLIC5 (Chloride intracellular channel protein 5), GPRI16 (G-protein
coupled receptor 116), AGER (advanced glycosylation end product-specific
receptor), and TNNC! (troponin C type 1). ESD (esterase D/formylglutathione
hydrolase) was selected as the endogenous reference for the qRT-PCR assays
since it was previously identified as an invariant molecule in clinical LC speci-
mens (Kuner et al., 2009, Saviozzi et al., 2006). Transcripts obtained were
amplified using a Maxima SYBR Green /ROX qPCR Master mix (Fermentas)
and sequenced (ABI Prism 7900HT, Applied Biosystems). Eight sample pairs
(e.g., each tumor sample with corresponding normal lung sample) were present
in each array, along with three sample pairs which were not, were used in the
gRT-PCR experiment. Gene expression levels were calculated using the relative
quantification method (Applied Biosystems).
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Statistical methods

Differential gene expression analysis was performed using t-tests, with empiri-
cal Bayes correction applied, available in the Bioconductor Limma package
(Smyth, 2004). Bonferroni correction for used for multiple testing, and a sig-
nificance level of a = 0.05 was used in all comparisons. Gene Ontology (GO)
enrichments were calculated using the g:Profiler web toolkit (Reimand et al.,
2007) and Genecodis 2.0 (Nogales-Cadenas et al., 2009, Carmona-Saez et al.,
2007). Statistically significant, differentially expressed genes were clustered
hierarchically using correlation distance, and were visualized using a heatmap.
In addition to the statistical parameters described previously, a minimum two-
fold change in expression was used to reduce the number of differentially
expressed NSCLC-specific genes identified for further analysis.

To visualize the gene expression data of metastasis versus primary cancer
and controls, additional correlation heatmaps and principal component analyses
were performed.

The dimensionality of the data were reduced by clustering genes with similar
profiles using complete linkage hierarchical clustering with correlation distance.
Correspondingly, data were divided into 500 groups and the average profile of
each cluster formed a metagene in the stage Ib patient group. Analyses per-
formed used the sparse Bayesian probit model for binary response data (Hoti
and Sillanpaa, 2006, Albert and Chib, 1993).
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VIl. RESULTS AND DISCUSSION

mMmRNA expression associated with NSCLC
compared with cancer-free lung tissue
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Figure 5. A heatmap of genes exhibiting a greater than 2-fold change and a p-value
<107 for cancer-free versus tumor samples. Additional color coding is provided at the
top of the heatmap which represents labeling of data according to tumor stage, patient
gender, and tissue type.
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Gene expression analysis of 48,000 transcripts using a fold-change of at least 2
and a p-value > 10 revealed 1103 genes that were up-regulated in NSCLC
tissue versus cancer-free tissue, and 672 genes that were down-regulated.
Moreover, unsupervised gene expression analysis clearly distinguished cancer
tissue from cancer-free lung tissue as shown in the heatmap of Figure 5, as well
as in the PCA shown in Figure 9.

GO analysis of the up-regulated genes identified processes related to cell
cycle, cell division, mitosis, DNA replication, DNA repair, spindle organi-
zation, etc. (Supp. Table 1). In contrast, the variety and number of down-
regulated processes identified in the GO analysis was much larger, and included
the identification of various signal transduction pathways, the inflammatory
response, cell-cell and cell-matrix adhesion, cell differentiation, immune
response, etc. (Supp. Table 2).

An analysis of the differentially expressed genes revealed a large number of
previously described NSCLC-associated genes, as well as several potentially
novel biomarkers. The group of novel up-regulated genes associated with
NSCLC included: SPAGS, POLQ, KIF23, RAD54L, RAB26 and ARHGEF19, as
well as four previously uncharacterized open reading frames. The group of
novel down-regulated genes associated with NSCLC included: SGCG, NLRC4,
VAPA, SFTPAIB, MMRNI, SFTPD, SELPLG and PCDH17.
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In one case, primary cancer, local recurrence, and a second primary tumor were
able to be distinguished using PCA of gene expression data (Ref. II). Specifi-
cally, patient #17 was diagnosed with SCC LC with cavitation in the left lower
lobe. During the follow-up period for this patient, a small tumour was also
diagnosed and removed from the contralateral lung. Initially, this tumour was
identified as a stage IV carcinoma. However, the clustering of gene expression
data in the PCA that was performed indicated that this tumour was more likely
to be a primary cancer. Subsequent survival data supported the stage I clustering
obtained, and the presence of a second primary tumour in the contralateral lung,
rather than a primary cancer with metastasis.
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Figure 6. PCA of gene expression data from primary, recurrent, suggested metastasis,

control samples of primary, and control sample of suggested metastasis samples. Repli-
cate array data were available for all samples except the suggested metastasis sample.

Gene expression of different NSCLC subtypes

Analyses of gene expression data were able to effectively differentiate the main
histological subgroups of NSCLC. For example, AC was able to be distin-
guished from SCC (Figure 7), although AC was not able to be distinguished
from BAC. Furthermore, analysis of AC and BAC gene expression data did not
reveal a single marker, or a combination of markers, that were significantly
differentially expressed between the two cancer types, despite these cancer
types being clustered relatively close to each other. Moreover, according to the
current body of knowledge regarding BAC, this cancer type should exhibit a
non-invasive phenotype and a possible multifocal appearance, while being
associated with a slightly better prognosis and better response to chemotherapy.
Although AC and its subtypes clustered differently on a heatmap, distin-
guishing markers with acceptable p-values could not be identified. A possible
reason for this is the small sample size of both groups that included 13 and 8
patients, respectively. In addition, a high degree of morphological similarity, as
well as potential functional similarities, of these cancer types, and the role of
host-related factors may also have contributed. However, future studies with a
larger sample size would be expected to be able to distinguish BAC, or at least
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AC, without invasive features. Similarly, Bhattacharjee and co-workers ob-
served that AC and cancer-free tissue were more closely clustered than SCC
(Bhattacharjee et al., 2001).
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Figure 7. Heatmap of gene expression profiles obtained for different NSCLC subtypes
using 1103 up-regulated genes and 672 down-regulated genes.

The up-regulated genes associated with SCC versus AC were primarily found to
be related to keratinisation, keratinocytic development, epidermis development,
and some metabolic processes. However, genes related to apoptosis, induction
of apoptosis, and adhesion were also identified. For SCLC, well-known molecu-
lar markers were identified, particularly the cytokeratins, AE1/AE3, CK7, and
CK 20. These were associated with large fold-changes in expression and high p-
values (Table 5). Correspondingly, cytokeratin expression has previously found
to be one of the best ways of differentiating SCLC. In the present research, the
cytokeratins, KRT 6C and KRT 17, were found to be expressed in samples of
AC (Figure 8). This expression peculiarity would be consistent with the
presence of both AC and squamous cell patterns in the same sample, as pre-
viously observed with dimorphic and adenosquamous cancers (Bastide et al.).
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Table 5. Up-regulated cytokeratins detected in SCC samples.

Gene ID Fold change Adj. p-value Used in marker
KRT6A 15,00 4,14E-05 AE1/AE3
KRT17 11,02 4,62E-06 none
KRT5 10,33 1,47E-04 AE1/AE3
KRT6B 10,27 3,53E-04 AE1/AE3
KRT6C 7,46 1,33E-03 AE1/AE3
KRT13 6,07 2,04E-03 AE1/AE3
KRT16 5,54 1,49E-03 AE1/AE3
KRT14 4,64 6,78E-03 AE1/AE3
KRT15 4,50 5,41E-03 AE1/AE3
KRT5 KRT6A KRT6B
g
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Figure 8. Boxplots show the expression of cytokeratins detected in three different tissue
types: cancer-free tissue (blue), SCC (red), AC and BAC (yellow). Each point repre-

sents normalized and logarithmic expression signals.




Gene list of differentially expressed markers of SCC and AC.

Genes up-regulated in AC/BAC compared to

SCC

Gene ID
A2ABK7_HUMAN
GAGD2_HUMAN
FOLR1
SFTA2_HUMAN
LMO3

PGC

MUC1
NKX2-1
NP_689672,3
SCGB3A1
SFTPC
AYTL2
SFTPB
CLDN3
SPINK1
C4BPA
CEACAM®6
MLPH

MSLN

TESC
SFTPD
ABCC3
ABCA3
Q5SQA0_HUMAN
TMEM125
KRT7
ACSL5
DPP4

TMC5
TMPRSS2
DMBT1
SELENBP1
GPRC5A
SCGB3A2
ATOHS8
AGR3
SERPINA1
PLA2G10
FBP1

ATAD4
HOP_HUMAN
SUSD2
EEF1A2
ST3GAL5
ATHL1
RNASE1
TFPI2
ALDH3B1
CGN

FC

6,88
6,55
5,61
5,42
511
5,09
4,69
4,60
4,46
4,38
4,34
4,19
4,16
3,97
3,93
3,93
3,90
3,81
3,80
3,48
3,33
3,29
3,28
3,28
3,25
3,24
3,22
3,17
3,14
3,07
3,01
3,00
2,87
2,85
2,85
2,85
2,82
2,77
2,76
2,74
2,73
2,70
2,70
2,67
2,62
2,62
2,62
2,62
2,60

Adj.P-value

2,17E-08
8,61E-04
4,14E-05
3,75E-03
5,03E-05
1,11E-04
2,35E-06
4,62E-06
4,14E-05
6,59E-03
2,67E-02
1,06E-06
2,32E-02
8,77E-04
4,96E-04
9,78E-03
1,45E-03
1,04E-06
1,36E-04
3,46E-06
3,50E-02
1,20E-04
3,35E-03
1,52E-05
1,02E-05
1,55E-03
5,39E-07
1,94E-06
6,01E-06
1,08E-04
1,95E-02
5,03E-05
1,29E-03
4,03E-02
4,14E-05
2,58E-03
5,562E-03
4,93E-06
4,14E-04
1,41E-05
2,02E-03
2,95E-03
6,39E-03
1,06E-06
1,73E-04
1,29E-03
1,02E-03
5,39E-07
2,24E-04
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Genes down regulated in AC/BAC

compared to SCC

Gene ID
KRT6A
KRT17
KRT5
KRT6B
SERPINB5
KRT6C
CALML3
S100A2
KRT13
KRT16
AKR1B10
TP63
CLCA2
LEG7_HUMAN
DAPLA1
CSTA
SERPINB13
KRT14
KRT15
WDR72
AKR1C2
DSG3
MMP10
SERPINB3
PNCK
SPRR3
CNTNAP2
PI3
SPRR1B
COL7A1
SLC2A1
CTSL2
NTS
ANXAS8L1
S100A7
MAGEA9B
ADH7
PERP
GJB2

FST
MLLT11
SPRR2D
DSC3
PTPRZ1
SPRR2A
IGFBP2
TRIM29
NDUFA4L2
MMP1

FC
15,00
11,02
10,33
10,27
9,33
7,46
7,16
6,89
6,07
5,54
5,42
5,22
5,12
5,10
5,07
4,97
4,78
4,64
4,50
4,38
4,19
4,16
3,96
3,90
3,88
3,80
3,67
3,58
3,56
3,47
3,44
3,23
3,19
3,15
3,10
3,08
2,95
2,93
2,82
2,76
2,68
2,68
2,66
2,65
2,65
2,65
2,61
2,57
2,55

Adj. P-value
4,14E-05
4,62E-06
1,47E-04
3,53E-04
3,77E-06
1,33E-03
1,37E-03
8,85E-04
2,04E-03
1,49E-03
1,47E-02
3,54E-04
3,53E-04
1,11E-03
9,22E-04
1,08E-04
3,67E-04
6,78E-03
5,41E-03
1,08E-04
1,90E-02
1,34E-03
3,24E-03
9,22E-04
5,60E-04
7,63E-03
1,93E-04
1,44E-02
6,12E-03
6,01E-04
1,83E-04
8,50E-05
2,90E-02
9,60E-03
2,95E-02
3,13E-03
2,51E-02
4,96E-04
9,77E-03
5,36E-04
1,63E-03
1,74E-02
3,48E-03
2,32E-03
1,02E-02
4,27E-03
1,04E-03
2,58E-03
3,81E-02



Molecular discrimination of clinical stages

The clinical stages analysed did not differ significantly from each other in the
hierarchical clustering or PCA performed, as illustrated in the heatmap of
Figure 5, and the PC analysis of stages in Figure 9. These results are consistent
with the current strategy for clinical staging which primarily considers tumour
spread, rather than tumour growth and the molecular features of cancerous
tissue. However, molecular and cellular markers related to clinical stages have
been investigated by Ju and coauthors, and limited success in using the expres-
sion of regulatory T cell markers as stage markers was reported (Ju et al., 2009).
Unfortunately, this approach is currently not reliable, or sufficiently cost effec-
tive, to apply in the clinic. Therefore, a molecular description of either clinical
or molecular stages of cancers remains a challenge.
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Figure 9. PCA of gene expression profiles obtained for all genes present on the array.
The axes represent the first two principle components evaluated, while each point repre-
sents a single sample.
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Survival and gene expression profiles

Two significantly different gene expression patterns were observed for — and —
samples. These findings were associated with a significantly better prognostic
value for AC or SCC histology, although they did not correlate with histological
subtypes of NSCLC.

Expression based survival

Probability

P=0.018

Time (years)

Histology bassd survival

Probability

P = 0.0881

— ADBA[N=21)
.0 EPI(N=57)
T T T
1

T T T
2 3 4 5 e

Time (years)

Figure 10. Gene expression profiling and Kaplan-Meier survival curves. The grouping
of patients used for NSCLC patient survival curves was based on the gene expression
profiles of significantly up- and down-regulated genes (n = 997). These survival curves
provided better survival predictions than histological groupings.

Using a sparse Bayesian regression model for stage Ib outcome analysis, four
out of 500 metagenes were found to be significantly related to survival (Ref.
IIT), with two of the metagenes being clearly more prognostic. The first
metagene contained MAGE A9B and MAGE A 10, which are located in Xq28
and belong to the melanoma antigene family. The third member of this
metagene, NLRP2, belongs to the (NLR) family and localizes to 19q13.42.
These results are consistent with previous characterizations of melanoma anti-
gene family members in the context of LC. Moreover, these antigenes have
been identified as potential vaccine targets (Mellstedt et al.).
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The second metagene contained CYP3AS (cytochrome 450 family 3
subfamily A polypeptide 5), the highly functional gene AKR 1B1 (aldoketo
reductase family 1 member B1), and FAM 46B (family with sequence similarity
46 member B), which localize to 7q21.2, 7q35, and 1p36.11, respectively. In an
analysis of survival patterns according to metagene expression, a time period of
1000 days was associated with the ability to distinguish a good versus bad

prognosis (Figure 11A).

Expression of a single known, or previously unknown, marker was not found
to predict survival in the current cohort (Ref. I and III). One possible reason for
this is that a short follow-up period of less than 7 years was associated with
many of the cases analysed. However, these results do not exclude the possi-

bility that a survival marker will be discovered in future studies.
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Figure 11. A, B The top two top metagenes related to patient survival.
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Additional findings

Two tumors were identified with gene expression patterns that differed from the
other tumor samples. One of them represented a metastasis of NSCLC, while
the other tumour exhibited a different histological pattern. These results are
consistent with those of Bhattacharjee and co-workers which demonstrated that
gene expression profiles can serve as diagnostic tools to confirm and identify
metastases to the lung, as well as the type of primary tumor present (Bhattachar-
jee et al., 2001).

In addition, sample #104 was diagnosed as AC histologically. Corre-
spondingly, the gene methylation profile associated with this patient was found
to differ from the other AC patient samples analysed. As a result, this case was
identified as a potential epidermoid cancer. When this sample underwent addi-
tional histological evaluations, the sample was found to exhibit characteristics
of both AC and SCLC.

Limitations of this study

1. Tumor tissues were frozen in liquid nitrogen at the time of surgical resection
in order to extract the highest quality RNA. It is not known whether our
results are generalizable to formalin-fixed tissues and cytology specimens,
although similar investigations using an Ambion Recovery Kit and Affi-
metrix platform have recently been successfully performed (Jacobson et al.).

2. The amount of tissue used in the current investigation was relatively high. In
order to introduce gene expression analyses into clinical practice, a protocol
using clinically acceptable amounts of tissue would need to be developed.

3. Due to limited differences between AC and BAC, as well as a small sample
size, BA and AC could not be effectively discriminated molecularly, which
represents the larger challenge facing the field of NSCLC research.

4. This study was limited to patients with phenotypes more commonly asso-
ciated with NSCLC. In future investigations, less common subtypes of
NSCLC would be analyzed as well.

5. Possible reasons for de-regulation of gene expression were not investigated,
including genomic rearrangements (deletions, duplications and translocations),
changes in methylation profiles, and the influence of microRNA on gene ex-
pression, which represent considerations being addressed in ongoing research.

Further Research suggestions

Future studies will need to confirm the applicability of the different prognostic
and predictive gene sets identified from the cohort evaluated. Comparison of the
gene expression data obtained with methylation profiles, microRNA expression,
and genome-wide association data also need to be performed. Continued
collection of clinical data from patient follow-ups will also help further refine data
regarding patient survival and patient response to different treatment modalities.
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VIil. SUMMARY AND CONCLUDING REMARKS

In this thesis, 48,000 known transcripts of the human genome were analyzed in
NSCLC tissues in comparison with corresponding cancer-free lung tissue. For
genes exhibiting at least a 2-fold change in expression, and a p-value of at least
10°°, 1,775 markers were identified that distinguished NSCLC tissue from
normal tissue. In addition, 18 potentially novel biomarkers were identified for
NSCLC (Vilk et al. 2010).

Two metagenes, associated with a prognostic value for stage Ib patients,
were able to distinguish the entire cohort into two different survival groups;
those surviving > 1000 days, and those surviving < 1000 days (Urgard et al.
2011). The contribution of this thesis to cancer biology includes the potential
identification of novel biomarkers for NSCLC, and an improved understanding
of the NSCLC microenvironment. The microarray data generated as part of this
thesis is also a valuable contribution to the NSCLC field, and also demonstrates
the complications associated with interpretation of this type of data.

The results of this thesis also have clinical value in that the design of array-
based diagnostic, prognostic, and predictive tests were demonstrated for
NSCLC. Integration of the gene expression data obtained with data regarding
environmental risk factors, epidemiologic data, and clinical course (including
prognostic and predictive data) will further help to elucidate mechanistic details
of NSCLC, and these will need to be confirmed with additional studies.

Conclusions

1. Characterization of the NSCLC transcriptome has further defined the
molecular processes underlying the tumorigenesis of this disease.

2. Gene expression is a powerful tool for the distinguishing of different cancers
and cancer types which may be problematic in clinical practice.

3. Gene expression profiling using microarrays can provide a valuable and
rapid screening method for the detection of novel, cancer-related genes, and
their underlying pathways, for further research.

4. Analysis of gene expression profile may provide information about the
source of a primary cancer.

5. Gene expression profiling may facilitate evaluations of patient prognosis in
cases of cancer.

6. Gene expression data are not an endpoint for characterization of a cancer
since it does adequately elucidate the details of the gene regulation that is
detected, nor the qualitative and quantitative status of protein synthesis.
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SUMMARY IN ESTONIAN

Mittevaikerakulise kopsuvahi histoloogiliste alatiitlipide
molekulaarsed erinevused ja sarnasused

Kéesoleval ajal kasutuses olevad véhi diagnostika meetodid nagu valgusmik-
roskoopia, preparaadi hematoksiiliin-eosiin varvimine, immuunohistokeemia ja
TNM siisteemil pdhinev toopiline diagnoosimine, on paljudel juhtudel haiguse
prognoosi ja eeldatava raviefekti hindamisel ebapiisavad.

Kopsuvihi geeniekspressiooni analiiiisimine koiki teadaolevaid kodeerivaid
geene holmavate kiipidega teadusuuringutes ja kindlaid geenimarkereid kasu-
tades kliinilistes uuringutes on jargmiseks loogiliseks sammuks. Geeniekspres-
siooni analiiiisi tuntuimad rakendused oleksid vdhi erinevate alatiiiipide erista-
mine, prognoosi hindamine, ravimeetodite sobivuse hindamine ja teadus- ning
kliinilisteks uuringuteks sobivate uute markerite leidmine.

Igapédevaselt on diagnostilistel, prediktiivsetel ja prognostilistel eesmérkidel
ratsionaalne kasutada markerite komplekte.

Kéesolevas uuringus analiiilisiti mittevéikerakulise kopsuvihi geeniekspres-
siooni, kasutades selleks iilegenoomi mikrokiipe. Saadud andmetega teostati
mitteviikerakulise kopsuvéhiga haigete elulemuse analiilis ning eristati peamisi
vihi alatiiiipe.

Uurimistoo eesmargid

Kéesoleva uuringu pohiliseks eesmairgiks oli kasutada geeniekspressiooni

profiile Tartu Ulikooli Kliinikumis kirurgiliselt ravitud kopsuvihi patsientide

vahiproovide ja samade haigete vihivaba kontrollkoe hindamiseks.

Sellele lisaks

e luua edasisteks uuringuteks Illumina platvormi pohine mittevdikerakulise
kopsuvihi geeniekspressiooni andmebaas.

e tuua vilja normaalset kopsukude, kopsu adenokartsinoomi, bronhioloalveo-
laarset vihki ja kopsu lamerakulist vihki eristavad geenid.

e leida elulemust méidrav geenikomplekt voi iiksikmarker ning uusi kopsu-
vahiga seoses olevaid geene.

e leida TNM Kklassifikatsiooni staadiumeid eristavaid markereid vdi markerite
komplekt.

Materjalid ja meetodid

Uuringuks kasutati Tartu Ulikooli Kliinikumi Kardiovaskulaar ja torakaal-
kirurgia Kliinikus ning Torakaalkirurgia Keskuses ajavahemikul 2002-2007
mittevdikerakulise kopsuvihi tottu opereeritud 147 patsiendi koematerjali ning
fenotiiiibi ja elulemuse andmeid. Kohordi koeproovidest eraldati Ambioni
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RiboPure Kit’i kasutades kvaliteetne RNA 81 juhust. Sellega viidi l&dbi
ekspressiooni kiibikatse Illumina Human-6 iilegenoomi kiibiga mis sisaldab
rohkem kui 48000 transkripti. Geeniekspressiooni katsest saadud andmete
analiiiisiks kasutati t-testi koos empiirilise Bayesi korrektsiooniga Biocon-
ductori Limma teegist. Olulisustdendosuste korrektsioon mitmese testimise
vastu viidi 1dbi kasutades Bonferroni meetodit ja koik testid viidi 14bi usaldus-
nivool 0,05. Leitud markerite arvu vihendamiseks séilitati geenid mis néitasid
viahemalt kahekordset ekspressiooni erinevust vdhivabast normkoest. Geeni-
ontoloogia analiiiisiks kasutati vorgu tarkvara g:Profiler. Bioloogiliste prot-
sesside analiitisiks kasutati vOrgus vabavarana kéttesaadavat programmi Gene-
codis 2.0. Statistiliselt oluliselt ekspresseerunud geenid on hierarhiliselt klaster-
datud ja visualiseeritud heatmap’ ile kasutades R-paketti. Erinevate vihitiilipide
ja staadiumite molekulaarsete profiilide erinevuste visualiseerimiseks kasutati
peakomponentanaliiiisi. Metageeni leidmiseks piirati andmestiku suurust, klas-
terdades sarnase ekspressiooniga geene hierarhiliselt tdieliku aheldatuse
meetodil, kasutades sarnasusmddduna Pearsoni korrelatsiooni. I b staadiumi
patsientide geeniekspressiooni andmed jagati 500 gruppi ning iga klastri profiili
keskmine moodustas metageeni. Analiilisideks kasutati Bayesi binomiaalset
mudelit (sparse Bayesian probit model for binary response data) .

Uurimistoo peamised tulemused

1. Uuringu tulemusena leiti mittevidikerakulises kopsuvihis normaalsest kopsu-
koest vihemalt kahekordse ekspressiooni erinevusega 672 alla- ja 1103 iiles-
ekspresseerunud geeni. Koikide nende geenide juhusliku esinemise toe-
nédosus on alla 5%.

2. Geeniekspressiooni profiili peakomponentanaliiiis aitas eristada erinevaid
vahitiilipe teineteisest ja mdnel juhul ka algkollet metastaasist. Samas ei
eristu mittevdikerakulise kopsuvdhi geeniekspressiooni profiilil ega ka selle
peakomponentanaliiiisil TNM il pohinevad vahkide kliinilised staadiumid.

3. Kasutades p viirtust 10 ei dnnestunud veenvalt leida adenokartsinoomi ja
bronhioloalveolaarset vihki eristavaid markereid.

4. Ib staadiumi patsientide prognoosi hindamiseks leiti kaks statistilise olu-
lisuse ja aktsepteeritava veapiiriga metageeni mis jaotas haigusjuhud
ekspressiooni profiilide jargi kahte prognostilisse gruppi elulemusega vasta-
valt <757 ja >1225 pédeva. Kahe grupi eristamiseks valisime kokkuleppeliselt
1000 péeva piiri.
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Jareldused

1. Geeniekspressiooni hindamine on sobilik vihikoe ja véhivaba koe erista-
miseks aga ka véhi tdhtsamate subgruppide eristamiseks.

2. Viéhi geeniekspressiooni andmete pdhjal saab piisava suurusega kohordi
korral leida prognostilisi metageene.

3. Tulenevalt kohordi iseédrasustest ei saanud antud t60s teha iildistusi mitte-
véikerakulise kopsuvédhi geeniekspressiooni profiilide sooliste ega ka
diferentseerumisastmetel pdhinevate erinevuse kohta.

Kokkuvote

Kéesolev uurimistdd lisab suures mahus uut informatsiooni mittevéikerakulise
kopsuvdhi kahe peamise histoloogilise vormi, lamerakulise vdhi ning adeno-
kartsinoomi ja bronhioloalveolaarse vidhi geeniekspressiooni kohta kogu
transkriptoomi ulatuses. Uuringu tulemusena toodi vélja hulgaliselt vdhivaba
kude ja vidhki, ning adenokartsinoomi ja lamerakulist vahki eristavaid mar-
kereid, kuid véhitiiiipide sarnasuse tottu ei suudetud molekulaarselt eristada
adenokartsinoomi ja selle alaliiki bronhioloalveolaarset véhki. Samuti ei leitud
TNM klassifikatsiooni erinevatele staadiumitele iseloomulikke molekulaarseid
markereid.

Kasutades geeniekspressiooni andmeid toodi vilja kaks statistiliselt olulist
metageeni mille ekspressiooni jirgi saab jaotada Ib staadiumi kopsuvéhki kahte
prognostilisse gruppi.

Uuringu osana loodud mittevdikerakulise kopsuvihi geeniekspressiooni
andmebaas on vajalik jirgnevate véhiuuringute ldbiviimiseks ning vdimalike
diagnostiliste ja prognostiliste kiipide koostamiseks.
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CURRICULUM VITAE

Tonu Vooder

Citizenship: Estonian
Born: 04.10.1969
Address: Tamme puiestee 69a, Tartu, Estonia
Phone: +372 53226232
E-mail: tonu.vooder@ut.ce

Education
1977-1988 Tartu Secondary School No 5
1988-1994 Faculty of Medicine, University of Tartu

04.10-06.10.2010:

01.11-30.11.2006:

08.10-16.10.2005:

10.11-12.11.2004:

18.10-23.10.2004:

02.09-02.10.2004:

07.06-25.06.2004:

31.03-05.04.2003:

03.10-06.10.2002:
06.11-27.11.2000:

07.04-24.05.2000:

15.10-20.12.1994:

21.02-31.03.1994:

01.07-30.07.1991:

Special courses

Battlefield Advanced Trauma Life
Course

Prince of Wales Hospital in Hong Kong: General thoracic
surgery and VATS (Prof. A.P Yim)

European School of Cardiothoracic Surgery in Bergamo,
Italy C level

European Surgical Institute in Hamburg: VATS practical
training on animals (Dr.J.Brenner)

European School of Cardiothoracic Surgery in Bergamo,
Italy B level (EACTS scholarship).

Prince of Wales Hospital in Hong Kong: General thoracic
surgery and VATS (Prof. A.P Yim)

Further training in general thoracic surgery at Diisseldorf
University, Center of General Thoracic Surgery in Duisburg
(Priv.dots. A.Granetzny).

European School of Cardiothoracic Surgery in Bergamo,
Italy A level

Review course of cardiothoracic surgery Birmingham, UK
Further training in general thoracic surgery in Clinic
Heckeshorn, Berlin (Prof. Kaiser)

Practical training of vascular surgery at Semmelweiss
University of Budapest, Institute of Cardiovascular Surgery
(Prof. Csaba Dzsinich).

Laboratory Medicine in Leipzig (Dr.D.Lehmann, r.rer.nat.
W.Ackermann)

Practical training in traumatology at Gottingen University
Hospital (Prof. Stankovits)

Practice of General surgery at University Hospital in
Turkku, Finland (Prof. T. Havia)

Support (BATLS)
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1994-1996
1996-1997
1997-2002

2002-2010
20022011

Professional Employment

Tartu Maarjamdisa Hospital internship

Assistant doctor at Tartu Lung Clinic

Resident of surgery at surgical departments of Tartu University
Hospital

General thoracic surgeon at Tartu University Hospital

PhD student at the Clinic of Cardiovascular and Thoracic Surgery,
Lung Clinic and Institute of Molecular and Cell biology of Tartu
University.

Scientific Work

Main scientific work focuses on molecular biology and treatment of Non-Small
Cell Lung Cancer.

Eleven scientific publications.

I am a member of the Estonian Medical Association, the Estonian Society of
Thoracic Surgery, the Estonian Society of Oncologists, the Society of
German-Baltic Doctors, and the International Association for the Study of
Lung Cancer.
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ELULOOKIRJELDUS

Tonu Vooder

Kodakondsus: Eesti
Siindinud: 04.10.1969
Aadress: Tamme puiestee 69a, Tartu
E-mail: tonu.vooder@ut.ee
Haridus
1977-1988 Tartu 5. Keskkool
1988-1994 Tartu Ulikooli arstiteaduskonna ravi osakond

04.10-06.10.2010:

01.11-30.11.2006:

08.10-16.10.2005:

10.11-12.11.2004:

18.10-23.10.2004:

02.09-02.10.2004:

07.06-25.06.2004:

31.03-05.04.2003:

03.10-06.10.2002:
06.11-27.11.2000:

07.04-24.05.2000:

15.10-20.12.1994:

21.02-31.03.1994:

01.07-30.07.1991:

Erialane tiiendus

Battlefield Advanced Trauma Life Support (BATLS)
kursus

Prince of Wales Hospital Hong Kongis: Uldtorakaalkirur-
giaja VATS (Prof. A.P Yim)

Euroopa Kardiotorakaalkirurgia kool Bergamos, Itaalias C
tase

European Surgical Institute Hamburgis: VATS praktiline
treening loommudelitel (Dr.J.Brenner)

Euroopa Kardiotorakaalkirurgia kool Bergamos, Itaalias B
tase (EACTS-I stipendium)

Prince of Wales Hospital Hong Kongis: Uldtorakaalkirur-
gia ja VATS-I tdiendus (Prof. A.P Yim)
Uldtorakaalkirurgia tdiendus Diisseldorfi Ulikooli Duis-
burgi Torakaalkirurgia Keskuses (Priv.dots. A. Granetzny).
Euroopa Kardiotorakaalkirurgia kool Bergamos, Itaalias A
tase

Kardiotorakaalkirurgia lilevaatekursus Birminghamis, UK
Uldtorakaalkirurgia tiiendus Heckeshorni haiglas, Berliinis
(Prof. Kaiser)

Veresoontekirurgia praktiline koolitus Budapestis Semmel-
weissi Ulikooli Kardiovaskulaarkirurgia instituudis (Prof.
Csaba Dzsinich).
Laborimeditsiini  tdiendus
Dr.rer.nat. Ackermann)
Praktiline koolitus traumatoloogias Géttingeni Ulikooli
traumatoloogia kliinikus (Prof. Stankovits)

Uldkirurgia praktika Turu Ulikooli Kliinikus Soomes
(T. Havia)

Leipzigis (Dr.D.Lehmann,
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1994-1996
1996-1997
1997-2002
2002-2010
20022011

Erialane teenistuskaik

Tartu Maarjamdisa Haigla intern

Nooremarst Tartu Kopsukliinikus

Kirurgia resident Tartu Ulikooli Kliinikumi kirurgia osakondades
Uldtorakaalkirurgia arst-dppejdud Tartu Ulikooli Kliinikumis
Doktorant TU Arstiteaduskonna Kardiovaskulaar ja torakaalkirur-
gia Kliinikus, Kopsukliinikus ja TU Molekulaar- ja Rakubioloogia
Instituudis.

Teadustegevus

Peamiseks uurimisvaldkonnaks on mittevdikerakulise kopsuvdhi molekulaar-
bioloogia ja kaasaegne ravi.

Kuulun jargmistesse erialastesse ja teadusseltsidesse: Eesti Arstide Liit, Eesti
Torakaalkirurgia Selts, Eesti Onkoloogide Selts, Balti-Saksa Arstide Selts,
Rahvusvaheline Kopsuvéhiuurimise Assotsiatsioon.
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