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ABBREVIATIONS

A - adenine

AIS - in situ pulmonary adenocarcinoma

AKT - protein kinase B (PKB), also known as AKT
ALK - anaplastic lymphoma kinase

ANOVA - analysis of variance

Arg - Arginine

ARMS - amplification refractory mutation system

A-rule - glycine to alanine transitions

ATCC - American Type Culture Collection

B7 - type of peripheral membrane protein found on activated antigen presenting

cells (APC)

BAC - bronchioloalveolar carcinoma

BRAF/B-Raf — oncogen/protein; v-raf (viral rapidly accelerated fibrosarcoma) murine
sarcoma viral oncogene homolog B1

BstNI or Bgll - restriction enzymes

C - cytosine

CI - confidence intervals

COSMIC - Catalogue of Somatic Mutations in Cancer

CR- complete response

CT - computed tomography

CTLA-4 - cytotoxic T-lymphocyte-associated protein 4

Del - deletion

DMEM — Dulbecco's Modified Eagle's Medium

DNA — deoxyribonucleic acid

dNTP - deoxynucleotide triphosphates

EBUS - endobronchial ultrasound

ECOG PS - Eastern Cooperative Oncology Group performance status
EGF / EGFR — epidermal growth factor / epidermal growth factor receptor
EGFR-TKI - epidermal growth factor receptor tyrosine kinase inhibitor
EMA - European Medicines Agency

EML4-ALK Echinoderm Microtubule-Associated Protein-like 4 and Anaplastic
Lymphoma Kinase

ERCCL - excision repair cross-complementation group 1

ERK — extracellular signal pathway regulated kinase

ERMETIC - Study of the French National Cancer Institute platform

ETT TUKEB - Hungarian Scientific and Research Ethics Committee of the Medical
Research Council

EUS - endoscopic ultrasonography

FDA — Food and Drug Administration

FFPE - formalin-fixed paraffin-embedded tissue

FISH - Fluorescence In Situ Hybridization
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G - guanine

G12A - mutation results in an amino acid substitution in exon 2 at codon 12 in KRAS,
from a glycine to an alanine

G12C - mutation results in an amino acid substitution in exon 2 at codon 12 in KRAS,
from a glycine to a cysteine

G12D - mutation results in an amino acid substitution in exon 2 at codon 12 in KRAS,
from a glycine to an aspartic acid

G12R - mutation results in an amino acid substitution in exon 2 at codon 12 in KRAS,
from a glycine to an arginine

G12S - mutation results in an amino acid substitution in exon 2 at codon 12 in KRAS,
from a glycine to a serine

G12V - mutation results in an amino acid substitution in exon 2 at codon 12 in KRAS,
from a glycine to a valine

G13D - mutation results in an amino acid substitution in exon 2 at codon 13 in KRAS,
from a glycine to an aspartic acid

G719x - exon 18 mutation, glycine change in the amino acid position 719

GAP — GTPase activating proteins

GDP - guanosine diphosphate

GEF — guanine nucleotide exchange factor

GPCR - G protein—coupled receptor

GTP - guanosine triphosphate

GTPase - guanosine triphosphatase

H&E - H&E Hematoxylin-Eosin

HER — human epidermal growth factor receptor

HR - hazard ratios

HRAS - Harvey rat sarcoma viral oncogene homolog

HRM - high resolution melting analysis

IGF — insulin-like growth factor

INSIGHT - ImplementatioN of perSonalized medicine In NSCLC in Central Europe:
EGFR testing, Histopathology, and clinical feaTures observational study

IPASS - Iressa Pan-Asia Study

JBR.10 - Institute of Canada Cancer Therapeutics Group, JBR.10 was the North
American Intergroup phase Il trial of adjuvant cisplatin plus vinorelbine

JNK - C-Jun N-terminal kinase, belong to the mitogen-activated protein kinase family
KRAS - Kirsten rat sarcoma viral oncogene homolog

L - leucine

L858R - classic point mutation confers sensitivity to EGFR-TKIs and results in

an amino acid substitution in exon 21 at position 858 in EGFR, from a leucine (L)
to arginine (R)

L861Q - rare sensitizing mutation, and results in an amino acid substitution in
exon 21 at position 861 in EGFR, from a leucine to glutamine

LeuArgGluAla motifs - "classic” microdeletions in EGFR gene confers sensitivity
to EGFR-TKIs (exon 19 microdeletions at the amino acid position of 746—750)

LUX-Lung 2 - a phase 11 trial of the second-generation covalent TKI inhibitor afatinib
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M - methionine

mABSs - monoclonal antibodies

MAP — mitogen-activated protein kinase

MAP2KI - mitogen-activated protein kinase kinase 1
MAPK - mitogen-activated protein kinase

MEK - mitogen-activating protein kinase-kinase
MEKZ1 - mitogene activated protein kinase 1,

MET - mesenchymal-epithelial transition factor,
MIA - minimal invasive adenocarcinoma

MLPA - multiple ligation probe amplification
mTOR - mammalian target of rapamycin

MUT - mutation

NCCN - National Comprehensive Cancer Network
NGS - Next Generation Sequencing

NOS - otherwise specified

NRAS - neuroblastoma rat sarcoma viral oncogene homolog
NSCLC- non-small cell lung cancer

OD - optical density

ORR - overall response rate

OS - overall survival

P - Phosphorus

P value - probability value

p70S6k -70 kd S6 protein kinases

PCR — polymerase chain reaction

PCR-RFLP - polymerase chain reaction restriction fragment length polymorphism

PD - progressive disease
PD-1 - programmed cell death protein 1, that belongs to the immunoglobulin
superfamily and is expressed on T cells

PDG / PDGFR - platelet derived growth factor / platelet derived growth factor receptor
PD-L-1 - programmed death-ligand 1

PFS - progression free survival

PI3K - phosphatidyl inositide 3-kinase

PIK3CA - phosphatidylinositol-4,5-bisphosphate 3-kinase catalytic subunit alpha
PIK3RL1 - phosphoinositide-3-kinase regulatory subunit 1

PLCy - phospholipase C-gamma

PR - partial response

PSA - prostate specific antigen

PTEN - phosphatase and tensin homolog

Q - glutamine

gRT-PCR — quantitative real-time PCR

R - arginine

Ral - Ras-related protein Ral-A
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RAS - rat sarcoma viral oncogene homolog
RasGAPs - GTPase activating proteins

RECIST 1.1 - Response Evaluation Criteria in Solid Tumors

RFLP — restriction fragment length polymorphism

RNA - ribonucleic acid

ROS1 - homolog of the chicken c-ros, proto-oncogene, receptor tyrosine kinase,
protein kinase ROS is an enzyme that in humans is encoded by the ROS1 gene
RR - response rate

RT-PCR - reverse transcription polymerase chain reaction

S - serine

S768l - point mutation results in an amino acid substitution in exon 20 at position
768 in EGFR, from a serine to threonine

SCLC- small cell lung cancer

SD - stable disease

SH-2 - Src Homology 2

STAT - signal transducers and activators of transcription pathways

T - timine

T790M - mutation results in an amino acid substitution at position 790 in EGFR,
from a threonine to a methionine

Thr - threonine
TKI - tyrosine kinase inhibitor
TNM - Tumor Node Metastasis

TRIBUTE - Tarceva Responses in Conjunction with Paclitaxel and Carboplatin
TTNB - transthoracic needle biopsy

TTP - time to progression

UICC - Union for International Cancer Control (7th edition)

US - United States of America

V600E - BRAF mutation at amino acid position number 600 on the B-Raf protein,
the normal valine is replaced by glutamic acid

VEGF / VEGFR — vascular endothelial growth factor / vascular endothelial growth
factor receptor

VUSs - variants of unknown significance
WCLC - World Conference on Lung Cancer
WHO - World Health Organization

WT - wild-type

ZA — zoledronic acid
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1. INTRODUCTION

1.1. Epidemiology

1.1.1. Global cancer trends

Worldwide, the most commonly occurring cancers are lung, prostate, breast, and
colorectal [1]. Prostate, lung, and colorectal cancers will account for approximately one-
half of all cases among males. Prostate cancer alone, accounts for about 25% of new
diagnoses. The three most commonly diagnosed cancers among females are breast,
pulmonary, and colorectal, and are responsible for 50% of all cases among females.

The increase in cancer incidence among males from 1970s to the 1990s attributed to a
spike in prostate cancer mainly due to the increased discovery of asymptomatic disease
through prostate specific antigen (PSA) testing. Effective therapies, like transurethral
prostatectomy, were able to decrease cancer mortality and extend the patients survival
[2]. The growth in female cancer incidence during the 1980s reflects the rise in breast and
lung cancer cases driven by the tobacco epidemic, the changes in female reproductive
patterns, and the detection of asymptomatic disease [3].

There are major worldwide variations in regional lung cancer incidence. Interestingly, an
enormous geographic variation was described for lung cancer when compared to other
malignancies [4]. Geographically, in Central and Eastern Europe and North America,
males have the highest yearly lung cancer incidence rates (65.7 and 61.2 per 100,000;
respectively). Among females, the highest rates were reported from North America and
Northern Europe (35.6 and 21.3 per 100,000; respectively). State-specific lung cancer
incidence rates are available for the United States of America (US). It was shown that
Kentucky has the highest smoking prevalence with 3.5 times higher lung cancer incidence
than those in Utah which has the lowest smoking prevalence [1].

In contrast to the steady increase in overall survival (OS) for most malignancies, advances
have been slow among patients with lung and pancreatic cancers. The 5-year relative

survival is currently 18% and 7%, respectively.
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These low rates are partly due to the aggressive biology of the tumor, the limited number
of efficient therapeutic options, and more than 50% of the patients are diagnosed at
advanced-stage for which the 5-year survival is 4% and 2%; respectively. The 5-year
relative survival rate differs according to tumor stage, from 52% to 24% to 4% for local,
regional, and advanced or metastatic stage disease; respectively. Higher tumor stage,
older age, and male gender associates with worse prognosis [1, 5]. Early detection using
computed tomography (CT) demonstrated to reduce lung cancer mortality by 16% among
smokers and increased the 3 years survival rate of lung adenocarcinoma patients with
26.2% when compared to chest radiography [5]. In the US, the lung cancer mortality
trends and cancer death rate rose during most of the 20th century as a result of the changes
in smoking habits. Since the 1990s, however, there has been decline in the number of all
cancer deaths due to decreased tobacco use, advances in early detection and cancer

prevention.

1.1.2. Lung cancer in Hungary

Hungarians, geographically located in East-Central Europe at the Carpathian Basin, have
one of the highest incidence rates for lung cancer in Europe (Figure 1). In particular,
Hungarian males have the world’s highest lung cancer mortality rate [6]. It should be
noted that in the past two decades as smoking has decreased in the US, mortality has
consequently declined [1]. However, there are no similar changes either in smoking habits
or mortality in Asia, Europe, and Hungary [6, 7]. According to the literature, 10% of
patients with lung cancer in the US are never-smokers; in Asia, more than 30% fall into
this category [8]. A survey by Ostoros and co-workers conducted in 2012 demonstrated
that 15% of lung cancer patients treated at the National Koranyi Institute of Pulmonology,
Hungary were never smokers, 33% former smokers, and 52% were found to be current

smokers at the time of diagnosis [7].
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Figure 1. Crude rate of male (A) and female (B) lung cancer incidence in Europe [6].
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World Health Organization (WHO) reported Hungary as a hot spot region in lung cancer.
The highest incidence is in the Southeast (Figure 2).

Figure 2. Lung cancer incidence in 2013 in Hungary. The highest lung cancer incidence

was reported from the Southeast of Hungary [7].

Currently, more men than women suffer from lung cancer in Hungary. However, the

gender gap continues to narrow and is expected to eventually close in 2026 (Figure 3).

12
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Figure 3. Expected incidence of lung cancer in the next two decades in Hungary. The
extrapolated incidence of lung cancer among females (red) is going to reach those of the
males (blue) by 2028. When we take into account the mean incidence during the last four
years, the number of newly diagnosed lung cancer cases among females is expected to
reach those of the males earlier, in 2026 (Modified after Istvan H. Gaudi, Hungarian

National Cancer Register).

In contrast to Hungary, lung cancer incidence rates in the US began to decline in the 1980s
among men and in the late 1990s in women as a result of reductions in smoking
prevalence that began decades earlier. Contemporary differences in lung cancer incidence
patterns between men and women reflect historical differences in tobacco use. Women

quit smoking in large numbers decades later than men [1].

The Hungarian Central Statistical Office published a report covering changes in the
structure of causes of death in Hungary between 2000 and 2012. Mortality due to cancer
was found to increase, accounting for every four deaths overall. The ratio of deaths
attributable to cancer definitively increased from 2000 to 2012, from 26.5% and 24.6%
in 2000 to 28.9% and 27.5% (males and females, respectively) in 2012. During the same
period, the ratio of deaths associated with the respiratory system increased from 3.8% to
5.2%. In 2014, the lung cancer prevalence in Central Hungary increased compared to the

previous years. The absolute number of lung cancer patients was higher than 21,000 [7].

13
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Currently, 40% of lung cancer patients are female, however, in the 1990s it was only 19%.
In Budapest, the male-female ratio is close to one. There are no differences among age
specific distribution of lung cancer incidence. Lung cancer mainly occurs among elderly
people, with more patients 80 years old or older. Incidence in patients under 40 years is
rare. According to disease stage at diagnosis, significant changes have not occurred in
Hungary. The increase in prevalence has stopped.

1.2. Molecular background

1.2.1. Oncogenic driver mutations in lung adenocarcinoma

The term lung cancer represents a rather heterogeneous group of diseases, including
conditions of varying etiology and molecular background.

Lung cancer is divided based on prognosis and therapeutic possibilities into small cell
lung cancer (SCLC) and non-small cell lung cancer (NSCLC). NSCLC accounts for 85%
of all lung cancer cases and consists of two main types: squamous cell carcinoma (25%)
and non-squamous carcinoma (including adenocarcinoma (45%), large-cell carcinoma
(1%), and other types (4%)) [7, 9].

Adenocarcinoma is the most frequently occurring histological subtype among non-
smokers. As a result of the development of molecular classification, treatment should no
longer rest on histological categorization based on the most recent National
Comprehensive Cancer Network (NCCN) guideline (version 2. 2016) and might be
replaced by a classification based on driver molecular alterations in the future [10]. In
addition, based on the new adenocarcinoma classification, use of the term
bronchioloalveolar carcinoma (BAC) is no longer recommended. New terms are currently
suggested such as in situ pulmonary adenocarcinoma (AIS), minimal invasive
adenocarcinoma (MIA), invasive adenocarcinoma, and variants of invasive

adenocarcionoma.

14
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In addition, the new molecular diagnostic and therapeutic possibilities have dramatically
altered the classification and management of NSCLC. Identification of the so called
”driver” oncogenic mutations plays a decisive role in the development of different tumor
types and will open the way to targeted biological therapies. Patient responses to classical
therapeutic regimens within a molecular subgroup may also vary [11-13].

Today, the close link between lung cancer and smoking is a well-established fact.
According to global statistics, 80% of male lung cancer patients are current or former
smoker; among female patients, the ratio is at least 50% [8]. The new molecular biological
methods have shown that there are basic differences in genetic alterations between
smokers and non-smokers, a fact that may also influence therapeutic outcomes [14].
Epidermal growth factor receptor (EGFR) and Kirsten rat sarcoma viral oncogene
homolog (KRAS) gene mutations occur almost in 50% of the Caucasian lung
adenocarcinoma patient population. Most recent data from the MyCancerGenome
database reported an increasing number of additional gene mutations associated with lung
adenocarcinoma (Table 1) [15]. Nevertheless, the determination of "driver" oncogenic
mutations (e.g. KRAS, EGFR, anaplastic lymphoma kinase (ALK), and homolog of the
chicken c-ros proto-oncogene 1 (ROS1)) that play a crucial role in tumor development is
pivotal to identify targets for therapy.

For the time being, three gene mutations play a key role in the treatment of NSCLC: the
activating (sensitizing) mutation of the EGFR gene and the Echinoderm Microtubule-
Associated Protein-like 4 and ALK fusion gene (EML4-ALK), and ROSL1 fusions [16-18].
While the demonstration of an EGFR mutation is required in order to prescribe epidermal
growth factor receptor tyrosine kinase inhibitor (EGFR-TKI) treatment for lung
adenocarcinoma patients, the most recent NCCN guideline version 2.2016 did not report
comprehensive requirements for the mutation testing methods. In addition, based on
preclinical data, amino acid-specific subtype driver mutations may have influence on the
therapeutic efficacy and indicate that the simple definition of KRAS-mutated tumor is not
enough (without the definition of the specific mutation present) to identify patients with
a different probability of responding to therapy in both lung and colon cancers [12, 19].
Overall, translational research is often instrumental in the identification of new

therapeutic targets.
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Demonstrating an overall survival benefit is rather challenging for such an aggressive
malignancy, especially in locally advanced or metastatic stage cancer. We are in an era
where there is an urgent, unmet need to increase the number of lung cancer patients who

can benefit from efficient therapies.

Oncogenic ALK fusion was first described in lung cancer in 2007 [18]. ALK is a tyrosine
kinase receptor, a transmembrane protein, with Src Homology 2 (SH-2) and
phospholipase C-gamma (PLCy) binding sites at its C terminal end. EML4 is its most
frequent fusion partner. It activates the phosphatidylinositol-4,5-bisphosphate 3-kinase
(PIK3)/ protein kinase B (PKB), also known as AKT/ mammalian target of rapamycin
(mTOR), mitogen-activated protein kinase (MAPK)/ mitogen-activating protein Kinase-
kinase (MEK)/ extracellular signal pathway regulated kinase (ERK) and signal
transducers and activators of transcription (STAT) pathways. It occurs in 3-7% of
NSCLCs. EML4-ALK is a translocation, a mutually excluding mutation with EGFR and
KRAS [15]. It can be detected by reverse transcription polymerase chain reaction (RT-
PCR), immunohistochemistry or fluorescence in situ hybridization (FISH). Currently in
Hungary, it is part of the routine diagnostic procedure in NSCLC (when KRAS and EGFR
mutations are not present).

ROS1 is a receptor tyrosine kinase of the insulin receptor family. Downstream
signalization of ROSL1 fusions via G protein—coupled receptor (GPCR) pathways lead to
cell growth and proliferation and apoptosis inhibition. It occurs in 1-2% of NSCLC cases,
especially in young never-smoker lung adenocarcinoma patients [16]. ROS1 is mutually
exclusive with other driver oncogenes, such as EGFR, KRAS and ALK positive tumors. It
IS sensitive to crizotinib and can be detected by immunohistochemistry and FISH (with a
15% cut-off value for positivity).

V-Raf (viral rapidly accelerated fibrosarcoma) murine sarcoma viral oncogene homolog
B1 (B-Raf) is a serine/threonine protein kinase, a member of the Raf kinase family plays
a role in regulating the mitogen-activated protein kinase (MAP kinase)/ERKSs signaling
pathway, which regulates cell division and, differentiation. BRAF mutations are
frequently found in former/current smokers. It occurs in 1-3% of NSCLC cases, more
frequently in lung adenocarcinomas [20]. BRAF mutations are found to be non-

overlapping mutations with other oncogenic drivers. The most common mutation is at
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amino acid position number 600 on the B-Raf protein, the normal valine is replaced by
glutamic acid "V600E" on exon 15. It can be detected by sequencing or high resolution
melting analysis (HRM).

Mesenchymal-epithelial transition factor (MET) is a receptor tyrosine kinase, also known
as hepatocyte growth factor receptor, localized on chromosome 7. Downstream pathways
of MET regulates cell survival (PI3K-AKT-mTOR), and other pathways involved in cell
proliferation (RAS-RAF-MEK-ERK). It can be detected by quantitative real-time PCR
(QRT-PCR). MET amplification can be found in 2-4% of NSCLCs, and its presence is
associated with poor prognosis. MET amplification may occur in 20% of EGFR-TKI
resistant tumors. In addition, MET exon 14 mutations were identified in 3% of
nonsquamous NSCLCs may become important therapeutic targets in NSCLC [21].
Phosphatidylinositol-4,5-bisphosphate 3-kinase (PIK3CA) and its important downstream
signaling protein is AKT. It is tested by RT-PCR-based assay or sequencing. It is found
in both never-smokers and smokers and occur in 3.9% of squamous cell carcinomas and
2.7% of adenocarcinomas. PIK3CA mutations have been shown to confer resistance to
EGFR-TKI therapy.

MEK1 mutation occurs in 1% of NSCLCs [22]. It is detected by sequencing. MEK1
mutations confer sensitivity to MEK inhibitors. Mutations are predominantly
transversions, and associated with smoking. Furthermore, they can be inhibited by
trametinib, a MEK inhibitor drug.

17


https://en.wikipedia.org/wiki/MEK_inhibitor

DOI:10.14753/SE.2016.1910

Table 1. Oncogenic driver mutations in lung adenocarcinoma [15].

Gene Alteration Frequency in NSCLC

AKT1 Mutation 1%

FGFR1 Amplification 20%

KRAS Mutation 15-25%

NRAS Mutation 1%
PIK3CA Mutation 1-3%
PTEN Mutation 4-8%

Key of colors:

Drugs approved in NSCLC.

Drugs approved in NSCLC but for other molecular subtype.
Drugs approved in other cancer.

Drugs in clinical development.
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1.2.2. Oncogenic functions of EGFR

EGFR was first described as a biomarker in lung cancer in 2004 [23]. EGFR, one of the
growth factor transmembrane receptors (Figure 4), is a well-known oncogene: EGFR
consists of three domains: a ligand-binding extracellular domain, a lipophilic
transmembrane, and a cytoplasmic tyrosine kinase domain. After bonding with the ligand,
the receptors are homo- or heterodimerized, which leads to autophosphorylation,
followed by the activation of downstream signaling pathways.
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Figure 4. The EGFR signaling pathway. Upon activation, EGFR form dimers and
activate the downstream effector, which induces activation of the BRAF/MEK/ERK
(green). The PI3K/PTEN/AKT/mTOR pathways and as alters transcription by the
activation of STAT. Mutations of the EGFR, KRAS, BRAF, and PIK3CA can lead to
constitutive and ligand independent activation of the EGFR downstream signaling.
Importantly, some of the above-mentioned molecules are currently targetable (Table 1).
[24]. Activation of EGFR or KRAS downstream signalization indicated by black and red
arrow, respectively.

BRAF, v-raf (viral rapidly accelerated fibrosarcoma) murine sarcoma viral oncogene
homolog B1; MEK, mitogen-activating protein kinase-kinase; ERK, extracellular signal
pathway regulated kinase; P, Phosphorus; PIK3R1, phosphoinositide-3-kinase regulatory
subunit 1; PI3K, phosphatidylinositide 3-kinase; PIK3CA, phosphatidylinositol-4,5-

19



DOI:10.14753/SE.2016.1910

bisphosphate 3-kinase catalytic subunit alpha; PTEN, phosphatase and tensin homolog;
AKT, protein kinase B; mTOR, mammalian target of rapamycin.

EGFR plays a physiological role in the growth, metabolic and cell regulation processes
that are regulated by EGF, transforming growth factor (TGF) and several other ligands.
These phosphorylated residues serve as docking sites for a variety of second messengers
that can lead to downstream signaling activation. The downstream effectors such as
RAS/RAF/MEK/ERK, phosphatidyl inositide 3-kinase (PI3K)/AKT and Janus kinase
(JAK)/ STAT pathways, transduce signals in the nucleus, modulating gene expression,
leading to DNA synthesis, and driving cell cycle progression. The above-mentioned
proteins drive migration, adhesion, and proliferation. Of note, many downstream
pathways participate in significant ‘cross-talk’ as well (Figure 4).

Somatic mutations of the EGFR gene can cause change in structure of the EGFR tyrosine
kinase domain encoded by exon 18-21 of the EGFR gene. This genetic alteration can lead

to constitutive and ligand independent activation of the EGFR downstream signaling.

1.2.3. Oncogenic functions of KRAS

The relevance of Ras in cancer was discovered three decades ago when it was proved that
mutations in RAS had transforming activities of sarcoma-inducing retroviruses in rats.
KRAS gene is a member of the RAS family that also includes of three genes: H (Harvey),
K (Kirsten) and N (Neuroblastoma) [25]. Malignant activation of KRAS was first
described in lung cancer in 1984 [26].

RAS is a proto-oncogene that is a central regulator of the growth factor receptor tyrosine
kinase signaling cascades. Ras (p21Ras) is a guanosine triphosphatase (GTPase) protein
activated protein family. Ras proteins have a key role in the connection of growth factor
receptor tyrosine Kkinase signals and downstream intracellular signaling cascades
(Figure 4). Receptor tyrosine kinase signals can activate guanine nucleotide exchange
factors (RasGEFs), inducing the exchange of guanosine diphosphate (GDP) bound to Ras
to guanosine triphosphate (GTP).
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This change leads to RasGTP, which can activate important Ras effector pathways, such
as B-raf/MEK/Erk, PI3K/Akt/mTOR and Ras-related protein Ral-A/c-Jun N-terminal
kinas (C-Jun N-terminal kinase, belonging to the mitogen-activated protein kinase family
(JNK)/ Ras-related protein (Ral) signals. During signal transfer RasGTP hydrolyzes into
RasGDP, an inactive form, and needs another RasGEF signal to be reactivated. An
important feedback is existing including RasGTPase activating proteins (RasGAPS),
which can turn Ras into its inactive form (GTP-GDP change without signaling). These
pathways have a key role in cell signaling affecting changes in cell cycle, proliferation,
migration and apoptotic cell death.

RAS mutations are present in about 30% of all human cancers [27-29]. Massive clinical
data shows that KRAS and EGFR mutations are mutually exclusive (with rare exceptions)
[30]. The different KRAS isoforms are mainly present in different cancer types. KRAS
mutations have been reported in NSCLC, colorectal carcinoma, pancreatic, endometrial,
cervical and biliary tract cancers. HRAS mutations are most prevalent in bladder
carcinomas, whereas NRAS mutations are most prevalent in melanomas [31].

KRAS mutations most frequently occur in lung adenocarcinoma, but are less frequently
observed in squamous cell carcinoma of the lung. These mutations occur in exon 2 at
codons 12, 13, and 61, and result in constitutive activation of Ras. Mutations have been
observed predominantly (95%) at codon 12 and rarely in codon 13 or 61. KRAS mutations
were identified predominantly among smokers and smoking history is considered as the
most relevant risk factor for developing KRAS mutant lung adenocarcinoma.

These mutations impair the intrinsic GTPase activity of Ras and confer resistance to
GTPase activators, thereby causing Ras to accumulate in its active guanosine triphosphate
(GTP)-bound state, sustaining the activation of Ras signaling [32].

Despite the increased activity of the signaling pathway, the mutation alone causes loss of
an enzyme function (RasGTPase). Since it is more difficult to recover the loss of a
function than inhibit the effect of a mutation involving gain of function, attempts at
targeting KRAS have remained unsuccessful for a long time. The efficacy of EGFR-TKI
agents are also affected by KRAS. Although KRAS mutations were described as a negative
predictive factor for EGFR-TKI therapy in several publications, the EGFR molecular
diagnostic test is the recommended test in patient selection for TKI administration [27].
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Transversion, in molecular biology, refers to the substitution of a (two ring) purine for a
(one ring) pyrimidine or conversely in DNA. In genetics, a transition is a point mutation
that changes a purine nucleotide to another purine (adenine (A) < guanine (G)) or a
pyrimidine nucleotide to another pyrimidine (cytosine (C) « thymine (T)).

The frequency and spectrum of KRAS subtype mutations differs among cancer types. For
example, in colorectal cancer, the most frequent change is a G to A transition (92% of
mutations); however, in NSCLC in current smoker patients, the most common KRAS
mutation isa G to T transversion. At codon 12 and/or codon 13 a G to A transition results
in KRAS proteins in which the wild-type (WT) glycine residue is replaced by an aspartate,
a valine or a cysteine. In NSCLC, the most common KRAS amino acid replacements in
exon 2 at codon 12 and/or codon 13 are (47% of tumors) cysteine (Cys), (24%) valine
(Val), (15%) aspartate (Asp), and (7%) alanine (Ala) [33].

Different KRAS oncogene substitutions have different effects on downstream signaling
(Figure 5). NSCLC cell lines with G12D KRAS mutation had activated P13-kinase and
mitogen-activated protein/extracellular signal-regulated kinase kinase signaling, whereas
those with G12C KRAS mutation or G12C KRAS mutation had decreased Akt activation,
and increased Ral signaling.
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Figure 5. Effect of different KRAS oncogene substitutions on downstream signaling [33].

Activation of Akt, RalA, RalB and Mek signaling. Downstream signal transduction is
represented by arrows. P70S6K is activated and exerts feedback inhibition on (E)GFR -
mediated activation of Akt. KRAS G12D show weak inhibition, wild-type KRAS
associated with moderate, and there is strong inhibition by KRAS G12C mutation.
p70S6k -70 kd S6 protein kinases; Ral, Ras-related protein Ral-A
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In NSCLC, different amino acid-specific subtype KRAS mutations lead to a different
downstream signaling and drug sensitivity. At this time, targeted therapy against mutant
KRAS is unavailable. Nevertheless, KRAS mutation status has important clinical
implications due to the urgent need of strategies for the treatment of KRAS-expressing

tumors.

1.2.4. Molecular diagnostic methods in lung adenocarcinoma

In the past 20 years, there has been a significant advance in molecular diagnostics of solid
tumors. With the application of molecular analysis, driver oncogenic aberrations can be
identified, therapeutic targets defined, and their prognostic and predictive role can be
recognized. In the near future, we might be able to identify an increasing number of
tumor-associated genes and as a result, define a more extensive genetic map and
biological features of a specific tumor.

Of genomic aberrations identifiable by molecular analysis, such as KRAS, EGFR, EML4-
ALK, MET, MEK, ROS1, and PI3K, all have oncogenic relevance in thoracic oncology,
with targeted therapies available or under development. Indeed, targeted therapy is an
integral part of the current routine clinical practice in NSCLC.

As earlier mentioned, the demonstration of EGFR mutation is required to prescribe first
line EGFR-TKI treatment for lung adenocarcinoma patients. There are no comprehensive
requirements for the sample preparation, molecular diagnostic procedures, or the type of
EGFR mutations that needs to be identified. However, very recent NCCN guideline
version 2.2016 contain emerging and more extensive related data.

Molecular diagnostic methods can be divided into "screening" and "targeting,” also
known as "hot spot,” techniques [34, 35]. Screening methods are capable of detecting all
types of mutation (known or unknown (unpublished) mutations), but have a lower
sensitivity and often require more time and experience than targeting techniques that
analyze a specific target section of the gene. While this latter approach has a higher

sensitivity and is quicker, it is often more expensive.
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Polymerase chain reaction restriction fragment length polymorphism (PCR-RFLP) a
routine diagnostic technique suitable for detecting variations in homologous DNA
sequences, such as KRAS mutations [36]. By the use of the RFLP method, homologous
DNA molecule variations can be detected. It splits the DNA strand along a specific
nucleotide sequence. The steps include polymerase chain reaction (PCR), digestion and
gel electrophoresis. The DNA sequence is separated according to its length by gel
electrophoresis. The number of DNA fragments after splitting depends on the number of
sequences identified by the enzyme, while their size depends on their distance separated
by gel electrophoresis. After dividing the restriction, fragments are tested by Southern-
blot hydrolysation. RFLP (mutation) appears if the insertion, deletion or point mutation
on the examined DNA strand destroys an existing restriction site or creates a new one. In
Hungary, this is the initial step in the sequential diagnostic algorithm of lung
adenocarcinomas.

Allele specific PCR technique focuses on polymorphic mutant segments. Cytological
samples taken by the endobronchial ultrasound (EBUS) and endoscopic ultrasonography
(EUS) techniques had good correlation with allele specific PCR, when compared to
results based on histological samples [37].

During the use of high resolution melting analysis (HRM), the required DNA segment is
amplified by PCR. The amplified segment is called amplicon. The amplicon is heated at
50-90 °C. Once it has reached its melting point, it divides into two. It is then stained with
fluorescent, intercalating dye. Decrease (change) in fluorescence is measured and melting
curves are plotted. Accordingly, mutation changes the shape of the curve.

Mass spectrometry, a system enables sensitive and rapid somatic mutation profiling. Of
note, rare and potentially targetable mutations can be detected with this method.
Sequenom’s OncoCarta Panel v3.0 is a set of pre-validated assays for cost-effective,
efficient mutation testing. Fresh, frozen, or formalin fixed, paraffin embedded tissues
(FFPE) can be used to analyze 105 mutations with only 480 ng DNA per FFPE.

Due to its high level of specificity, Sanger sequencing is considered a gold standard [38].
During DNA sequencing, the base sequence of the nucleotides of a DNA segment is

defined on an amplicon (a specific gene segment).
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Through sequencing, each nucleotide of a specific gene segment is identified.
Identification not only includes the presence of mutation but also its exact nucleotide
sequence can be recognized and used for analysis. It should be pointed out that even rare
mutations, or variants of unknown significance (VUSSs), can be detected by this method.
These mutations can become new targets in the future.

Pyrosequencing is a screening method, with DNA polymerase activity is measured using
chemiluminescent staining. That it relies on the detection of pyrophosphate release on
nucleotide incorporation. In addition to classic EGFR mutations, it can identify certain
rare sensitizing EGFR mutations in lung adenocarcinomas.

Next Generation Sequencing (NGS) is a method where DNA strands are tested one by
one, in a quantity of several millions. NGS is quicker and less expensive than Sanger
sequencing. Previous study showed that, NGS data was 100% identical with direct
sequencing [39]. It is capable of recognizing many genes, that can be analyzed easily.
Such as previously characterized changes (mutations and benign SNPs), simple
substitution mutations to complex deletion and insertion mutations, regions of a gene
typically not tested for mutations, like deep intronic and promoter mutations, can also be
detected, but also may result in sequencing errors. "Targeted resequencing" or validation
by direct sequencing can be a solution.

FISH uses probes of various colors that are hybridized for the tested gene and bind to the
chromosomes due to high-level sequence complementarity. For ALK translocation to be
present in NSCLC, 15% of the cells must be positive .

All in all, point mutations and minor deletions can be detected by PCR-RFLP, allele
specific PCR, HRM, Sanger sequencing, pyrosequencing, and NGS, gene rearrangement
can be analysed with FISH, NGS, and PCR, microsatellite instability can beidentified by
fragment analysis, and major deletions can be recognized by multiple ligation probe
amplification (MLPA).

When selecting a molecular diagnostic test, the type and tumor content of the sample,
equipment and experience of the testing laboratory, as well as the type of the mutation,
(i.e. frequent or rare, to be identified), should be taken into consideration [34]. When
comparing molecular biological techniques, detection and identification of mutations, as

well as sensitivity are to be considered.
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While mutations can be detected on a specific probe region, as is the case with PCR-
RFLP and allele specific PCR, or on a specific amplicon as done by Sanger sequencing,
HRM and NGS are capable of recognizing more extensive range of mutations. Sanger
sequencing with 99.9% accuracy is the “gold standard” for clinical research sequencing.
Sanger sequencing, pyrosequencing and NGS can identify exact nucleotide sequence of
mutations. In contrast, PCR-RFLP and allele specific PCR are incapable of determining
the precise nucleotide sequence of mutations.

HRM also cannot identify the exact type of mutation and must be followed by sequencing.
Sanger sequencing has a sensitivity of 20%, pyrosequencing and HRM 5-10%, allele
specific PCR 5%, while PCR-RFLP and NGS have shown a sensitivity of 2% [40].
While pyrosequencing can only be used to focus in a targeted way (e.g. on classic
activating mutations), direct sequencing enables testing for rare mutations. Determined
by mutation specific techniques, such as pyrosequencing or COBAS (Roche), classic
mutations are reported in the literature accounting for 90% of all existing mutations.
Overall, in the treatment of NSCLC routine testing for ALK gene rearrangements and
EGFR mutations are recommended. The NCCN guideline recommends molecular test for
nonsquamous NSCLC or NSCLC not otherwise specified (NOS). In rare cases, mixed
histology including squamous cell cancer can possess ALK rearrangements or sensitizing
EGFR mutations. Accordingly, in squamous cell lung cancer, molecular test for EGFR
and ALK can have relevance in never-smokers, patients with small biopsy samples and if

mixed histology was reported.

1.3. Current therapeutic regimens in lung cancer

1.3.1. Chemotherapy regimens for advanced or metastatic disease in non-small cell

lung cancer

Current NCCN qguideline (version 2.2016) recommends selection for systemic
chemotherapy based on the tumor histology. Platinum-based chemotherapy increase

survival and quality of life. Platinum-based combinations show 25%-35% response rate
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(RR) and an 8-10 month expected median OS. Patients presenting with Eastern
Cooperative Oncology Group performance status (ECOG PS) 3-4 do not benefit from
cytotoxic treatment.

In the first line setting, platinum-based chemotherapy together with pemetrexed is
superior in nonsquamous when compared to gemcitabine combination which is superior
in squamous cell histology. For patients with squamous cell carcinoma,
cisplatin/gemcitabine or cisplatin/vinorelbine or carboplatin/paclitaxel is recommended.
Pemetrexed or bevacizumab is not recommended for squamous cell carcinoma. Doublet
agents like cisplatin or pemetrexed are usually administered to patients with
nonsquamous, EGFR or ALK negative NSCLC. The addition of bevacizumab to
platinum/paclitaxel chemotherapy is the category 1 recommendation for selected cases
and recommended to patients with brain metastases as well.

In the second-line setting immune checkpoint inhibitors are preferred agents based on
improved response, survival and less adverse events among advanced nonsquamous
NSCLC patients that had progressed during or after platinum-based chemotherapy.
Nivolumab, a programmed death 1 (PD-1) immune-checkpoint-inhibitor improves
survival when compared with docetaxel [41].

Pemetrexed monotherapy show similar efficacy when compared to docetaxel.
A randomized phase 111 trial of docetaxel versus vinorelbine or ifosfamide in patients with
advanced NSCLC previously treated with platinum-based doublets showed that docetaxel
is superior to vinorelbine [42]. Ramucirumab (human IgG1l monoclonal antibody that
targets the extracellular domain of VEGFR-2) and docetaxel are superior to docetaxel
alone [43]. Pemetrexed monotherapy has similar efficacy, but with significantly fewer
side effects compared to docetaxel alone in adenocarcinoma (and large cell) histology.
Currently, we do not have established predictive biomarkers for chemotherapy. In
NSCLC the excision repair cross-complementation group 1 (ERCC1) molecule was
shown to be a predictive biomarker for cisplatin therapy. Although, the possible
accessible ERCC1 antibodies did not specifically recognize the unique functional ERCC1
isoform. Consequently, its comprehensive clinical utility is not yet established [44].
Although several groups investigated KRAS mutations in NSCLC patients treated with
chemotherapy, the predictive power of KRAS mutational status as a marker for

chemosensitivity in NSCLC also remains controversial [28, 45, 46].
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1.3.2. Molecular targeted therapy in lung cancer

The development of new targeted therapies involves not only the invention of novel
therapies for well-known target molecules, but also the identification of new indications
for already established biomarkers and targets [47]. Finding new indications is not always
obvious, because the same treatment can have opposite effect on cancer cells. Amino
acid-specific subtype mutations can alter the protein structure and may lead to drug
sensitivity or resistance to a specific targeted therapy. Receptors encoded by molecular
alterations can result in amino acid changes or can be silent without any change in the
protein structure. The mutations with amino acid changes can be divided into two
categories: conservative (amino acid replacement with similar biochemical features) or
non-conservative (different protein structure). Understanding these mechanisms can help
in development of new targets and therapies. Furthermore, combined treatments can lead
to a more efficient usage of known targeted therapies and to successful treatment of

resistant cases.

Crizotinib targets ALK, ROS1, and MET [48]. Ceritinib acts on ALK and insulin-like
growth factor 1 receptor (IGF-1). All of these drugs can be orally administered. Crizotinib
is category 1 recommendation based on a phase Il clinical trial for patients with locally
advanced or metastatic ALK positive NSCLC ECOG PS 0-4. A phase Il clinical trial
showed dramatic 80% reponse rate (RR) to patients that previously progressed on
chemotherapy. Ceritinib is Food and Drug Administration (FDA) approved for metastatic
patients who did not tolerate or progressed on crizotinib [49].

Very recently (December 11, 2015) through accelerated process, FDA approved alectinib,
a second generation agent for the treatment of advanced ALK-positive NSCLC.
According to the approval, this medication intended after progression or intolerance to
crizotinib and can be administered orally. Based on the results of single arm studies the
RR was found to be 38% to 44% and the median PFS was 7.5-11.2 months. Alectinib
showed excellent RR (66%) and median PFS of 9.1 months, especially for patients with

brain metastasis [50].
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Bevacizumab is a recombinant monoclonal antibody that blocks vascular endothelial
growth factor receptor (VEGFR, VEGF-A) and administered intravenously. The
combination of paclitaxel and carboplatin with bevacizumab showed a significant
survival benefit (vs. chemotherapy alone, 14.2 vs. 10.0 months, respectively) with the risk
of increased treatment-related deaths. There were 15 treatment-related deaths in the
paclitaxel and carboplatin plus bevacizumab subgroup, including 5 from pulmonary
hemorrhage [51].

Agents targeting BRAF, RET, MET, ROS1, human epidermal growth factor (HER) are
in clinical trials or under development. BRAF V600E mutant tumors can be inhibited by
dabrafenib, vemurafenib and dabrafenib plus trametinib. MEK1 is targeted by trametinib.
HER2 mutations positive tumors can be inhibited by trastuzumab or afatinib (category
2B recommendations).

In December 2015, European Medicines Agency (EMA) approved ramucirumab, in
combination with docetaxel. The drug is indicated for the treatment of locally advanced
or metastatic NSCLC after progression to platinum-based chemotherapy. Additionally,
EMA recommended granting a conditional marketing authorization (product that
accomplishes an unmet medical necessity) for osimertinib, an irreversible EGFR-TKI,
intended for the treatment of locally advanced NSCLC with sensitizing EGFR mutations
and a specific TKI-resistance mutation (T790M). This indication is approved under
accelerated approval based on RR and duration of response.

Despite the always-emerging identification of relatively rare occurring oncogenes and the
increasing approval of targeted therapies, KRAS - the most frequently occurring oncogene
- currently is not targetable. Furthermore, guidelines lack comprehensive information on
the predictive role of KRAS.

Nevertheless, the routine clinical use of KRAS gene testing is not widely established,
KRAS mutations are considered to be a negative predictor for EGFR-TKI therapy and
mutually exclusive with other oncogenic driver mutations [46]. However, the latter
statement also has some ambiguity [52, 53] and thus EGFR mutational status analysis is
currently the preferred test in this setting [27, 54]. Monoclonal antibodies (mMABSs) against
EGFR as monotherapy or in combination with chemotherapy confirmed efficacy only in
KRAS WT colorectal cancer [54, 55]. The relevance of EGFR mAbs in NSCLC was not
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confirmed. However, necitumumab, a recombinant 1gG1 human monoclonal antibody
designed to bind and block the ligand binding site of EGFR is under development.
There is an ongoing phase Il study of paclitaxel and carboplatin chemotherapy plus
necitumumab (LY 3012211) in the first-line treatment of patients with stage IV squamous
NSCLC [56]). Also, a clear association between KRAS mutations in NSCLC and efficacy
of anti-EGFR mABs has not been demonstrated [57, 58].

1.3.3. EGFR targeted therapy in lung cancer

The identification of somatic mutations in EGFR as a clinically applicable biomarker was
first published in 2004 [17]. In lung cancer, oncogenic mutations of the EGFR are the
most frequent and biologically targetable molecular alterations. To date, most of the drugs
introduced in therapy are TKIs, which can be administered after EGFR, and once KRAS
mutation analyses have been performed. A well known fact is that “classic” point
mutation confers sensitivity to EGFR-TKIs and results in an amino acid substitution in
exon 21 at position 858 in EGFR, from a L to arginine (R) (L858R) and exon 19
microdeletions (LeuArgGluAla motifs at the amino acid position of 746—750) can serve
as positive predictive biomarkers for EGFR-TKI therapy [23]. These mutations are
referred to as classic sensitizing EGFR mutations. The presence of EGFR activating
mutations are responsible for increased oncogenic activation, and the binding of tyrosine
kinase inhibitors to the same region. In addition to the classical activating mutations,
several other gene mutations occurring in the exon 18-21 of the EGFR gene (rare EGFR
mutations) may have a potential role as oncogenic activating mutation.

Oral TKIs that inhibit the EGFR tyrosine kinase domain prevent the dimerization and
therefore inhibits the downstream signaling. Furthermore, there are many rare mutations
in the EGFR gene in NSCLC and the clinical relevance and the correlation with response
to TKI that remain unclear [59, 60]. According to the NCCN guidelines, there is a
significant association between certain rare EGFR mutations and sensitivity to EGFR-
TKIs.
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Specifically, the exon 18 mutation glycine change at the amino acid position 719 (G719x)
and the exon 20 point mutation resulting in an amino acid substitution at position 768 in
EGFR, from a serine (S) to threonine (T) (S768I) and L861Q, which results in an amino
acid substitution in exon 21 at position 861 in EGFR, from a leucine (L) to glutamine (Q)
demonstrated sensitivity to EGFR-TKIs.

It should also be noted that there are known EGFR mutations which are responsible for
the presence or development of resistance to TKI therapy. The EGFR mutation results in
an amino acid substitution at position 790 in EGFR, from a threonine to a methionine (M)
(T790M) and exon 20 insertion mutations are considered to be resistance mutations [61].
Classic EGFR mutations occur almost exclusively in adenocarcinomas. Their incidence,
however, greatly varies in different populations, showing the highest frequency among
East-Asian non-smoker females. There is an inverse relationship between smoking status
and frequency of classic EGFR mutations [8]. However, the association between smoking
and the frequency of rare EGFR mutations remains unclear. The epidemiology and
clinical relevance of rare EGFR mutations are also not yet clearly established.

Erlotinib, gefitinib, afatinib, and osimertinib are inhibitors of EGFR. Since 2004, FDA
approved erlotinib for patients with locally advanced or metastatic NSCLC with
sensitizing EGFR mutations. The Iressa Pan-Asia Study (IPASS) study compared
erlotinib to paclitaxel/carboplatin and showed increased PFS and RR for the erlotinib arm
[62]. The OS was the same for both arms; however, the quality of life was increased in
the erlotinib arm. Afatinib is also approved for first line therapy or subsequent lines of
therapy based on data showing efficacy in patients who have progressed after first line
chemotherapy [63, 64].

The actual NCCN guideline recommends EGFR mutation testing in patients with
advanced nonsquamous NSCLC. However, no specific mutation test is recommended. Of
note, there is an emerging number of mutations associated with increased response to
EGFR-TKIs recommending molecular testing.

It should also be noted that there are known EGFR mutations which are responsible for

the presence or development of resistance to TKI therapy.
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The factors responsible for EGFR-TKI resistance may include the presence of EGFR
resistance mutations (EGFR T790M and exon 20 insertion mutations), MET amplification
and mutation, as well as mutations of other genes involved in signal transmission, such
as BRAF or PI3K. It is interesting to note that the incidence of EGFR T790M mutation
may be as high as 60% before EGFR-TKI administration using the mutant enriched PCR
technique [65]; by means of direct sequencing, however, a rate of 0-1% was reported [66].
Of note, MET amplification may occur in 20% of EGFR-TKI resistant tumors.

1.3.4. Immunotherapy in lung cancer

Immunotherapy can demonstrate antitumor efficacy thru upregulating cancer specific
immune systems. Immune checkpoints limit or block immune response, tumors often use
this mechanism to reduce anti-tumor immune responses. Negative co-stimulation can
downregulate the immune system [67].

Programmed cell death protein 1 (PD-1), member of the immunoglobulin superfamily is
expressed on T cells. Cytotoxic T-lymphocyte-associated protein 4 (CTLA-4), is a type
of membrane protein found on activated antigen presenting cells (B7) [68]. These
particles are examples of co-inhibitory checkpoint molecules. Nivolumab is one example
of an immunomodulator thru blocking ligand activation of the PD-1 receptor on
stimulated (activated) T cells [41]. Ipilimumab is a monoclonal antibody that can enhance
the tumor specific immune response thru CTLA-4, a receptor that decreases the immune

response.

1.3.5. Prognostic biomarkers in lung adenocarcinoma

The aforementioned dismal outcome of lung cancer underlines the urgent needs for
prognostic and predictive biomarkers. A prognostic biomarker is indicative of OS

unrelated to the therapy administered. It reflects the tumor biology and aggressiveness.
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Several clinicopathological variables were identified as prognosticators for lung
adenocarcinoma. Good prognostic factors include early-stage disease at diagnosis, good
performance status (ECOG PS <=2), no significant weight loss (<5%) and female gender.
Smoking is an important prognosticator, as several studies have demonstrated that never-
smokers have improved OS [69, 70].

Classic EGFR mutant cases significantly more frequent among never-smokers than rare
EGFR mutant ones. Thus, it is likely that the increased survival is owing to the overall
better performance and the lack of smoking related co-morbidities [69-72]. The positive
prognostic value of the EGFR mutation has been challenged recently [73].

Furthermore, it remains unclear whether classic EGFR mutation (exon 19del or exon 21
(L858R)) itself confers a more benign behavior or the increased RR to TKI therapy
translates to better prognosis.

In resected stage I-11 NSCLC, published data revealed that KRAS mutations were linked
with a negative prognosis [74, 75]. In 1991, RAS mutation was a negative prognostic
factor also in advanced-stage NSCLC, irrespective of the treatment intent [76]. A meta-
analysis has shown that KRAS mutations are associated with poor prognosis. In the
participating studies varying molecular methods were performed, patients with different
tumor stages were enrolled, and diverse treatments were administered. This latter finding

has limited clinical utility [27].
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2. OBJECTIVES

A number of clinicopathological factors influences the incidence and clinical

consequence of oncogenic driver mutations. Therefore, in this thesis, we aimed to

investigate the epidemiology and clinical relevance of subtype-specific KRAS and EGFR

mutations in lung adenocarcinoma.

1.

In advanced-stage lung adenocarcinoma, the clinical significance of amino acid
substitution-specific KRAS mutational status in terms of tumor progression after
chemotherapy and OS has not yet been clearly established. Therefore, in order to
better understand the influence of KRAS mutations in this setting, we analyzed a large
cohort of Caucasian patients with unresected stage I11-1V lung adenocarcinoma who

were treated with platinum-based chemotherapy.

Furthermore, in advanced-stage lung adenocarcinoma, the clinical significance of rare
EGFR mutations has not yet been clearly established [77, 78]. Therefore, we analyzed
a large cohort of Caucasian patients with known KRAS and EGFR mutational status
to compare the epidemiology and clinical consequence of rare and classic EGFR

mutations.

While KRAS mutation is a negative predictive marker for EGFR tyrosine kinase
inhibitor therapy, there is limited data available regarding the influence of KRAS
mutation on the organ specificity of lung adenocarcinoma dissemination. Therefore,
the aim of our study was to investigate the metastatic site-specific prognostic value of
KRAS mutation in lung adenocarcinoma patients.
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3. METHODS (Materials and methods)

3.1. Ethics Statement

The retrospective studies and all treatments were conducted in accordance with the
current National Comprehensive Cancer Network guidelines, based on the ethical
standards prescribed by the Helsinki Declaration of the World Medical Association and
with the approval of the national level ethics committee that included a waiver for the
retrospective studies (52614-4/2013/EKU). Informed consent was obtained from all
patients that received TKI treatment or chemotherapy. Patients were de-identified
following the clinical information collection. As a result, patients cannot be identified

either directly or indirectly based on our datasets.

3.2.  Study Population

Consecutive patients with cytologically or histologically confirmed, advanced lung
adenocarcinoma evaluated at the National Koranyi Institute of Pulmonology and at the
Department of Pulmonology, Semmelweis University between 2009 and 2013 were
analyzed in these retrospective studies. Based on the inclusion criteria, we set up three
patients cohort. In all study cohorts, the molecular analysis was performed for potential
anti-EGFR-TKI therapy indication. Cohort #1 was dedicated to understand the clinical
role of amino acid-specific subtype KRAS mutations in lung adenocarcinoma.
The cohort #2 focused on the epidemiology and clinical relevance of rare EGFR
mutations. The combined cohort investigated the site-specific variations in KRAS status
according to metastatic sites.

All patients were Caucasians. Tumor Node Metastasis (TNM) staging of the tumor
according to the Union for International Cancer Control (7th edition) [79], smoking
status, ECOG PS, and age was evaluated at the time of diagnosis. For the purpose of

clinicopathological characterization, the study population was divided into three smoking
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categories: 'never-smokers’ including those who had smoked less than 100 cigarettes
during their lives; ’former smokers’ including those who had smoked more than 100
cigarettes but had not smoked for at least a year; and ’current smokers’ for those who still
smoked. Passive smoking was not taken into account.

The pre-therapeutic tissue samples (cytology or histology), were obtained by surgery,
transthoracic needle biopsy (TTNB), bronchoscopy or CT-guided biopsy. The diagnosis

was established according to the WHO criteria.

3.2.1. EGFR mutations (cohort #1)

In this cohort, patients had pathologically confirmed lung (recurrent stage was not
included) adenocarcinoma treated between January 2010 and March 2013. All patients
undergoing EGFR and/or KRAS mutation identification tests required for potential anti-
EGFR therapy were included in the analysis. KRAS and/or EGFR mutation status had
been defined in 814 and 602 patients, respectively. Retrospective clinical data
(performance status, smoking history, and tumor stage) was available for 646 patients and
their correlations with mutational status were analyzed for epidemiological purpose. In
the advanced-stage lung adenocarcinoma patient cohort full clinical follow-up was

available for 419 patients. Clinical follow-up was closed on November 1, 2013.

3.2.2. KRAS mutation subtype and platinum based first line therapy (cohort #2)

In this retrospective analysis, 505 patients with unresectable stage IlIl or IV lung
adenocarcinoma were included who underwent first-line platinum-based (cisplatin or
carboplatin) doublet regimen between January 2009 and May 2012. All patients were
subject to KRAS mutation testing and they were (re)staged using the seventh edition of

the TNM classification [80]. Clinical follow-up was closed on February 1, 2013.
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3.2.3. Metastatic pattern and KRAS mutations (combined cohort)

In our retrospective, single center study, 903 lung adenocarcinoma patients with KRAS
mutation analyses were included. At the time of diagnosis, 500 patients had metastatic
disease. These cases were analyzed for the potential association between KRAS status and
metastatic site and clinical outcome. Due to the strong association with better prognosis
and different therapeutic regimens, patients with known EGFR mutations were excluded
from the study. Clinical follow-up was closed on May 30, 2015.

3.3. Mutation Analysis

For the current study, all mutational analyses were performed at the 2" Department of
Pathology and at the 1% Department of Pathology and Experimental Cancer Research,
Semmelweis University as previously described in [81]. Briefly, regions of tumor
samples embedded in paraffin blocks containing the highest concentrations of tumor cells
were macro-dissected [82]. DNA was extracted using the MasterPure™ DNA
Purification Kit according to the manufacturer’s instructions. As in the introduction
already mentioned, in Hungary KRAS testing is performed at first to exclude KRAS
mutant cases from EGFR analysis as part of a diagnostic algorithm elaborated to reduce
costs and to optimize testing and therapeutic efficiency. This screening strategy also

allows the analysis of large number of cases for KRAS mutations.

3.3.1. KRAS mutation analysis

KRAS mutations were evaluated by microcapillary-based RFLP analysis characterized
by 5% mutant tumor cell content sensitivity as previously described in [81]. The base-
pair substitution in the mutant samples were verified and determined by sequencing on
the ABI 3130 Genetic Analyzer System (Life Technologies, Carlsbad, CA) with the
BigDye® Terminator v1.1 Kit.
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3.3.2. EGFR mutation analysis

In the EGFR mutation identification procedure, PCR amplification of the EGFR gene
specific to exons 18, 19, 21 in 459 patients (76%) and exons 18, 19, 20, 21 in 143 (24%)
cases was the initial step, followed by bidirectional Sanger sequencing of PCR products.
Sensitivity of this molecular test is nearly 20% (able to detect mutations in specimens
with at least 20% cancer cell content); its specificity is aproximately 100% [34]. In other
cases (n=7) the TheraScreen: EGFR29 Mutation Kit (DxS Ltd., UK) was used to identify
activating mutations relevant to EGFR-TKI therapy. This technique has a sensitivity of
approximately 1% (able to detect mutations in specimens with at least 1% cancer cell
content) and a specificity of 100% [34].

3.4. Treatment and follow-up

Treatment efficacy was assessed from contrast-enhanced CT performed at baseline before
treatment initiation and then every subsequent 3 months afterwards. Therapy responses
were categorized as per Response Evaluation Criteria in Solid Tumors (RECIST 1.1) best
response along the treatment period (stable disease [SD], partial response [PR], and
complete response [CR]) or progressive disease [PD], was evaluated in the retrospective
analysis. Overall response rate (ORR) was calculated as the number of patients with a

best response of CR or PR divided by the total number of patients in each (treatment)

group.

3.4.1. EGFR-TKI treatment

Indications for EGFR-TKI therapy were: advanced lung adenocarcinoma patients with
ECOG PS 0-3 received in 2" and 3 lines erlotinib (orally at a daily dose of 150 mg)
with KRAS wild-type tumor from January 2010, meanwhile 1% line gefitinib (250 mg/day
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orally) was available from March 2012 for patients with activating EGFR mutation.
Treatments were administered until disease progression or intolerable toxic effect.
Adverse events were assessed according to the Institute Common Terminology Criteria
(3.0) [83]. The study and all treatments were conducted in accordance with NCCN
guidelines. The patients were asked to return to the hospital every month for review
including vital signs, performance status, and adverse events. Only patients with initial
ECOG PS 0-2 and complete clinical follow-up were included in the retrospective analysis
investigating the clinical relevance of rare EGFR mutations. Patients were defined as
primary resistant if they showed no response to gefitinib at any time (only patients
received TKI treatment for at least 1 months were included) and if progression occurred

within the first 3 months of treatment.

3.4.2. Platinum-based chemotherapy

Patients with initial ECOG PS 0 or 1 and complete clinical follow-up were included. For
the calculation of PFS date of the first chemotherapy was used. Clinical follow-up in the
subtype-specific KRAS cohort was closed on February 1, 2013. Only patients with
complete documentation of treatment were included. According to our inclusion criteria,
in cohort #1 all patients were treated with a first-line platinum-based doublet regimen
(unresectable stage 11 patients received chemotherapy in combination with radiotherapy).
Patients were treated with cisplatin or carboplatin. Platinum was most frequently given
together with paclitaxel. Other combination drugs were gemcitabine, pemetrexed and

docetaxel.
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3.5. Statistical Methods

Overall survival was estimated from diagnosis for patients presenting with unresectable
advanced-stage 111/1V disease, until death or last available follow up. Progression free
survival (PFS) was calculated from the date of initiation of treatment to the date of
detection of PD or death. Categorical parameters of the patients with different mutational
status were statistically analyzed by Chi-square test. Kaplan-Meier survival curves and
two-sided Log-rank tests were used for univariate survival analyses of categorical impact
factors.

The Cox proportional hazards model was used for uni- and multivariate survival analyses
to detect the impact of both continuous and categorical factors and to calculate the hazard
ratios (HR) and corresponding 95% confidence intervals (Cl). P values are always given
as two-sided and were considered statistically significant below 0.05. Metric data is
always shown as median or mean and corresponding range or, in case of OS and PFS, as
median and corresponding 95% CI. All statistical analyses were performed using the
PASW Statistics 18.0 package (Predictive Analytics Software, SPSS Inc., Chicago, IL,
USA).

3.6. In vitro experiments

3.6.1. Cell lines and culture conditions

The eight human NSCLC cell lines used in the experiments were obtained from American
Type Culture Collection (ATCC). The H358 [84], CALU3 [85], and the A549 [86] cell
lines were KRAS mutant. EGFR mutant cell lines were the H1975 [87] and H1650 (in the
latter, additional PTEN loss was identified [87], BRAF mutants were the CRL 5885 [87],
and CRL5922 (in the latter, additional NRAS mutation was found) [88] cell lines. The
HCC78 cell line expresses the ROS1 fusion [89].
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Cell cultures were maintained in DMEM (Lonza, Switzerland; with 4500 mg/dm?®
glucose, pyruvate and L-glutamine) supplemented with 10% fetal calf serum (Lonza) and
1% penicillin-streptomycin-amphotericyn (Lonza) in tissue culture flasks in a humidified
5% COz at 37°C.

3.6.2. Clonogenic assay

The antiproliferative effect of zoledronic acid (ZA) treatment was evaluated by
clonogenic assay. Briefly, 1000 cells were seeded in six well plates and treated 1, 2, 8,
and 32 uM ZA for 10 days. Fresh medium and ZA were supplied on each 3rd day. On the
10th day cells were fixed with trichloroacetic acid (10%) and stained for 15 min with
Sulforhodamine B. Cells were washed 3 times with acetic acid 1% (vol/vol) to remove
excess dye. The protein-bound dye was dissolved in 10 mM Tris. Optical density (OD)
was determined at 570 nm by a microplate reader (EL800, BioTec Instruments, and
Winooski, VT). Data shown as average of two independent experiments and effect of

treatment is expressed relative to control.
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4. RESULTS

4.1. Molecular epidemiology of driver oncogenic mutations in advanced lung

adenocarcinoma

Patient cohorts and mutational analysis flow chart are shown in Figure 6. The molecular

epidemiology and therapeutic consequences of driver oncogenic mutations were analyzed
in each different patient cohorts.

Total number of lung adenocarcinoma patients
with molecular analysis
(n=1247)

Jan 1%t 2009 — March 15t 2013

Combined cohort
Metastatic site-specific
variations and KRAS mutation

status
(n=903)
Jan 151 2010 — March 15t 2013

Cohort #1 Cohort #2
KRAS molecular analysis (n=1125) Patients with EGFR and/or KRAS molecular analysis
Platinum treated patients (n=505) (n=814)
Jan 151 2009 — May 1512012 Jan 1512010 — March 1512013
KRAS wild-type (n=338) KRAS mutant (n=167) KRAS wild-type (n=580) KRAS mutant (n=218)
Codon 12 Codon 13 EGFR analysis
Subtype specific mutation analysis (n=20) (n=602)
(n=147)y*
EGFR wild-type (n=485) EGFR mutant (n=118)
19 del+L858R Rare EGFR mutant Synonymous EGFR mutant
(n=42) (n=49) (n=2T)

Figure 6. Patient cohorts and mutational analysis flow chart (n=1247 patients).

*In 11 KRAS codon 12 mutant cases the exact nucleotide change was not identifiable
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4.1.1. Incidence of KRAS mutations

The molecular epidemiology of KRAS mutations according to the patient cohorts are
shown in Table 2. In cohort #1, the total number of patients with KRAS mutational status
available was 1125. Seven hundred and sixty four (68%) cases were identified as KRAS
WT, 335 (30%) as KRAS codon 12 mutant and 26 (2%) as KRAS codon 13 mutant. The
overall mutation rate was 32% (361 out of 1125). Thus 93% of the mutations occurred on
codon 12 and 7% had a codon 13 mutation.

In cohort #2, we identified 580 patients as KRAS WT (73%) and 216 as KRAS mutant
(27%). In 18 cases, no KRAS mutation analysis was performed, (Figure 6.).

In the combined cohort out of the 903 patients, 647 KRAS WT (72%) and 256 KRAS-

mutant (28%) cases were identified.

Table 2. Molecular epidemiology of KRAS mutations.

Cohort #1 Cohort #2 Combined
cohort
All patients with KRAS |  Platinum treated
mutation analysis patients
Total number 1125 505 814 * 903
KRAS wild-type 764 (68%) 338 (67%) 580 (73%) 647 (72%)
KRAS mutation 361 (32%) 167 (33%) 216 (27%) 256 (28%)

*KRAS analysis was not performed in 18 cases.

In cohort #1, based on our inclusion criteria (platinum-based chemotherapy with initial
stage Il or 1V disease and ECOG PS of 0 or 1 and complete clinical follow-up), we
enrolled 338 KRAS WT (67%), 147 codon 12 mutant (29%) and 20 codon 13 mutant (4%)
patients (Table 3).

The number of the major KRAS subtypes in cohort #1 was 61 (39%) G12C, 29 (18%)
G112V, 27 (17%) G12D, and 8 (5%) G12A. In 31 cases rare KRAS codon 12 and 13
subtype mutations were identified.
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4.1.2. Incidence of EGFR mutations

The epidemiology of EGFR mutations was investigated in cohort #2. Ninety-one patient
carried non-synonymous EGFR mutation out of the 814 cases (Figure 6.).

There were 42 (5%) classic EGFR mutant (4 patients with concomitant KRAS mutation),
49 (6%) rare EGFR mutant (non-classic mutation where amino acid change occurs)
(including 3 patients with concomitant KRAS mutation) and 27 (3%) patients with
synonymous (silent) EGFR mutations (non-classic mutations without amino acid change
in EGFR) (including 9 patients with concomitant KRAS mutation) and 480 (59%) of the
cases was classified as KRAS/EGFR double WT (Figure 7). Of note, in five patients, the
G719X or L861Q rare sensitizing mutation was identified [90]. All rare and synonymous
EGFR mutations are listed in Supplemental Table 1. Based on the Catalogue Of Somatic
mutations in cancer (COSMIC) database, we found synonymous and rare EGFR gene
mutations already published in lung cancer (N=33 mutations) or in malignancies of other
organs (N=20 mutations) [91]. Additionally, 45 previously unpublished novel mutations
were identified. T790M mutation was not detected in any patients. Interestingly, in 16
patients, 39 mutations were identified within a complex mutation pattern (at least two

different EGFR mutations within a single sample).

A b 1 _.EGFR classic
4 R (5%)
EGFR rare

(6%)

EGFR
synonymous
(3%)

Figure 7. Distribution of KRAS and EGFR mutations in lung adenocarcinoma patients.
Mutational status in the full cohort #2 (n=814). Wild-type: WT.
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4.2.  Clinicopathological characteristics of lung adenocarcinoma patients

In order to determine the clinical relevance of KRAS and EGFR mutations, we performed
a comparative statistical analysis of mutational status and clinicopathological variables
(summarized in Tables 3, 4, 5, 6, and 7). The major clinicopathological characteristics
could be collected in cohort #1 and in cohort #2 (505 and 645 patients, respectively) and
are presented for the various mutational statuses in Tables 3 and 4. Similarly to the cohort
#1, significant association between gender or ECOG PS and mutational status was not
detected in cohort #2 (Tables 4 and 5, and Figure 8A).

In cohort #1, KRAS mutation was not significantly associated with age when patients were
grouped as <55, 55-64 and 65< years (P=0.119). However, one-way analysis of variance
(ANOVA) test with Tukey Multiple Comparison indicated a significant difference
between the average ages of WT and KRAS codon 12 mutant patients (60.7 versus 58.8
years, respectively, P=0.032). In cohort #2 patients with KRAS mutations (mean age +SD,
60+10.4 yrs.) were significantly younger than those with EGFR/KRAS double WT tumors
(mean age +£SD, 64+9.7 years) or with classic EGFR mutations (mean age £SD, 67+9.6
years) (P<0.001, Figure 8B).

We found no significant association with major clinicopathological factors and amino

acid-specific KRAS mutation subtypes.
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Table 3. Correlation of clinicopathological features and KRAS mutational status in
patients with advanced pulmonary adenocarcinoma in cohort #1 (n=505).

KRAS status
No. of WT (%) | KRASI2 (%) | KRASI3 (%)
patients (%) P value
. 505 338 147 20

All patients (100%) (67%) (29%) (4%)
<55 109 (21.6%) | 66 (19.5%) | 35 (23.8%) 8 (40%)

Age (years)? 55-64 251 (49.7%) | 166 (49.1%) | 77 (52.4%) 8(40%) |0.119
>65 145 (28.7%) | 106 (31.4%) | 35 (23.8%) 4 (20%)
Male 262 (51.9%) | 186 (55%) 66 (44.9%) 10 (50%)

Gender 0.120
Female 243 (48.1%) | 152 (45%) 81 (55.1%) 10 (50%)
0 279 (55.2%) | 190 (56.2%) | 77 (52.4%) 12 (60%)

ECOG PS 0.307
1 226 (44.8%) | 148 (43.8%) | 70 (47.6%) 8 (40%)
Never-smoker 63 (12.5%) 49 (14.5%) 13 (8.8%) 1 (5%)

Smoking ° 0.059
Ever-smoker 398 (78.8%) | 249 (73.7%) | 132 (89.8%) 17 (85%)
I 167 (33.1%) | 115 (34%) 47 (32%) 5 (25%)

Stage 0.668
\V} 338 (66.9%) | 223 (66%) 100 (68%) 15 (75%)

& Mean age was 60.1 years (range, 33-79; SD=8.04) for the entire patient population,
60.7 years (range, 33-79; SD=7.93) for the wild-type (WT) patients, 58.8 years (range,
39-78; SD=8.16) for the KRAS codon 12 mutant group, and 58.1 years (range, 47-73;
SD=8.02) for the KRAS codon 13 mutant cohort. ° In 44 cases, smoking status was not
available; Data shown in parentheses are column percentages; ECOG PS, Eastern
Cooperative Oncology Group performance status
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Table 4. Characteristics of patients with major clinicopathological data available in
cohort #2 (n=645).

Classic Rare Synonym | KRAS
KRAS ous and
Total | utation Eﬁ‘g ';"ion E](jtFa Tion EGFR | EGFR P value
mutation | wild-type
*
Total (fg; " (1171;) || 20w | dEw | 270w | 415 (64%)
Age (mean+SD) 64+10 | 60£104 | 67496 | 642:92 | 632:98 | 64+9.7 | <0.001
Male (550;) || 49w@a%) | 19s%) | 26 (53%) | 11(40%) | 18 (48%)
Gender 0.780
Female (53;2 || 63(50%) | 23(55%) | 23(47%) | 16(60%) | 217 (52%)
0 (fg(;’ || 58 (52%) | 25(63%) | 25(51%) | 15(58%) | 202 (51%)
ECOG 0.658
PS >1 (5350(/’0 || 54(48%) | 15(379%) | 24 (49%) | 11(42%) | 197 (49%)
Unknown 20 1 2 0 1 16
data
Never- 118 o o 0 o o
e (10v) | 16(14%) | 20(49%) | 12(24%) | 4(15%) | 66 (17%)
Former 198 o 0 0 o 0 <0.001
smoking | smoker Gow) | 29G5%) | 13(32%) | 12(24%) | 0(33%) | 125 (32%)
status
gnﬁglfgrt (435;’ ) | 56(51%) | 8(19%) | 25(52%) | 14(52%) | 199 (51%)
Unknown 27 1 1 0 0 25
data
-IlIA (ﬂ;’ )| 5270 | 10679 | 27 (56%) | 20 (77%) | 157 (39%)
Tumor <0.001
Stage HIB-IV (gg(; || 59(s3%) | 21(53%) | 21(44%) | 6(23%) | 244 (61%)
Unknown 19 1 2 1 1 14
data

Data shown in parentheses are column percentages.

* In cohort #2, out of the total number of patients (n=814) with molecular analysis,
clinicopathological data was available in 645 cases. EGFR molecular analysis was not done
in 43 cases.

ECOG PS, Eastern Cooperative Oncology Group performance status
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Figure 8. Epidemiology of KRAS and EGFR mutations in lung adenocarcinoma patients
in cohort #2. (A) There was no significant association between mutational status and
gender. (B) Patients with KRAS mutation were significantly younger than those with
classic EGFR mutations or with EGFR/KRAS double wild-type (WT) tumors (P<0.001).

Table 5. Correlation of clinicopathological features, and KRAS codon 12 mutation
subtypes in cohort #1 in patients with advanced pulmonary adenocarcinoma (n=136 ?).

KRAS mutation ? G12C (n=61) |G12V (n=29) |G12D (n=27) |Rare(n=19) [P value
<55 15 (24.6%) 6 (20.7%) 7 (25.9%) 4 (21.1%)

Age ° (years) |55-64 35 (57.4%) 16 (55.2%) 13 (48.1%) 8 (42.1%) 0.767
>65 11 (18%) 7 (24.1%) 7 (25.9%) 7 (36.8%)
Male 28 (45.9%) 14 (48.3%) 13 (48.1%) 5(26.3)

Gender 0.407
Female 33 (54.1%) 15 (51.7%) 14 (51.9%) 14 (73.7%)

. Never-smoker | 3 (4.9%) 6 (20.7%) 1 (3.7%) 3 (15.8%)

Smoking 0.055
Ever-smoker 58 (95.1%) 23 (79.3%) 26 (96.3%) 16 (84.2%)
0 28 (45.9%) 16 (55.2%) 17 (63%) 10 (52.6%)

ECOG PS 0.507
1 33 (54.1%) 13 (44.8%) 10 (37%) 9 (47.4%)
11 19 (31.1%) 8 (27.6%) 7 (25.9%) 8 (42.1%)

Stage 0.664
v 42 (68.9%) 21 (72.4%) 20 (74.1) 11 (57.9%)

2 Out of the 147 KRAS codon 12 mutant patients, in 11 KRAS codon 12 mutant cases the
exact nucleotide change was not identifiable;

b Mean age was 58.8 years (range, 39-78; SD=8.16) for the entire KRAS codon 12 mutant
group, 58.1 years (range, 39-76; SD=8.00) for the G12C patients, 59.5 years (range, 41-
76; SD=8.14) for the G12V patients, 59.1 years (range, 39-75; SD=8.28) for the G12D
patients, and 59.6 years (range, 40-78; SD=8.68) for patients with rare KRAS codon 12
mutations; Data shown in parentheses are column percentages; ECOG PS, Eastern
Cooperative Oncology Group performance status.
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4.2.1. Smoking and KRAS and EGFR mutation status

In cohort #1, smoking status and KRAS mutational status did not show a significant
correlation (P=0.059; Figure 9A). However, when KRAS mutant cases were combined
(all KRAS WT patients vs. codon 12 plus codon 13 KRAS mutants; Table 3) the tendency
towards an increased frequency of KRAS mutations in ever-smoker patients reached a
statistically significant level (P=0.0189; vs. never-smokers; Chi-square test).
Accordingly, we found a significantly elevated risk for ever-smoker advanced lung
adenocarcinoma patients to carry a KRAS mutation (RR=1.93; CI=1.1136-3.3512;
P=0.0089) that translates to an almost two-fold risk of having a KRAS mutant tumor.

In cohort #2, KRAS mutant cases significantly associated with smoking status when
compared to the double WT patient population (P<0.01; Figure 9B). Classic EGFR
mutation was significantly associated with never-smoker status when compared to all
other mutational statuses (Figure 9B; P<0.0001). Next, we investigated the clinical
relevance of subtype-specific EGFR and KRAS mutations. We found that rare EGFR
mutations are associated with smoking (vs. classic EGFR mutations; Figure 9B;
P=0.0062).

Next, in cohort #1, we investigated the characteristics of patients with KRAS mutations
in codon 12 and performed a statistical analysis on their association with amino acid-
specific mutational status. Similar to the overall cohort, smoking status and specific KRAS
codon 12 mutations showed an almost significant correlation (P=0.055, Table 3).
Therefore, the correlation of mutational status and smoking status was further analyzed
(Figure 9B). Codon 12 KRAS mutations were significantly more frequent in current
and/or former smokers than in never-smokers (P=0.032, Figure 9B). Importantly, the
amino acid-specific mutation subtype analysis identified G12V KRAS mutation as more

frequent in never-smokers than among former and current (or ever) -smokers (Figure 9C)
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Figure 9. Distribution of patients according to driver oncogenic mutations and smoking
status. (A) In cohort #2, rare EGFR mutations - in contrast to classic EGFR mutations -
were significantly associated with smoking (P=0.0062). In cohort #1, (B) KRAS wild-
type (WT), KRAS codon 12 and codon 13 mutants and (C) codon 12 subtype-specific
KRAS mutants were analyzed. KRAS mutation is significantly more frequent among
former or current than in never-smokers (P=0.032, Chi-square test). G12V KRAS
mutation is more frequent in never-smokers.
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4.2.2. Patient characteristics and metastatic pattern

Clinicopathological characteristics and KRAS mutational status of patients with different
metastatic pattern are shown in Table 6 and Table 7. Among the 903 consecutive lung
adenocarcinoma patients identified, 256 (28%) were KRAS mutant and 647 (72%) were
KRAS WT. Four hundred three patients presented with non-metastatic disease and 500
cases were metastatic at the time of diagnosis. We found 362 (72%) single-organ and 138
(28%) multiple-organ metastatic cases (Table 6). The most frequent metastatic sites
included lung (45.6%), bone (26.2%), adrenal gland (17.4%), brain (16.8%), pleura
(15.6%), and liver (11%).

We did not found significant differences in age in the metastatic (61.9+£9.4) vs. non-
metastatic (61.8+8.9) cohorts or patients with single-organ (62.33£9.3) vs. multiple-organ
(60.8+£9.7) metastases. Patients presented with only pleural spread (66.8+10.4) were
significantly older than those with only lung (62+8.9), bone (60+10.7), adrenal
(63.1+6.8), or brain (59.7+9.2) metastases (P=0.0024, P=0.0008, P=0.0132, P=0.002).
Patients with brain metastases were significantly younger than those with lung spread
(P=0.0094).

Only in the bone metastatic group we found a higher percentage of male patient when
compared to females in adrenal, brain or lung group (56% vs. 49%, 43%, and 45%,
respectively, P=0.0479). The proportion of ECOG PS 0-1 was similar in the different
organ-specific metastatic subgroups. The proportion of never-smokers was significantly
increased in patients with pleural metastases (27%) when compared to all other sites
(12.2%, P=0.0018).
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Table 6. Correlation of clinicopathological features, KRAS mutation status and metastatic
pattern in the combined cohort at the time of diagnosis in patients with advanced
pulmonary adenocarcinoma (n=903).

Metastatic pattern Multiple-organ | Single-organ | Non-metastatic
Total 138 362 403
Age (mean+SD) 60.8+8.7 62.4+9.3 61.8+8.9
Male 64 (46%) 181 (50%) 190 (49%)
Gender
Female 74 (54%) 181 (50%) 213 (51%)
0-1 124 (92%) 335 (94%) 382 (96%)
ECOG PS >1 11 (8%) 21 (6%) 15 (4%)
Unknown data 3 6 6
Never-smoker 15 (12%) 52 (16%) 66 (17%)
Former smoker 37 (30%) 104 (31%) 115 (30%)
Smoking status
Current smoker 71 (58%) 179 (53%) 203 (53%)
Unknown data 15 27 19
Wild-type 94 (68%) 263 (73%) 290 (72%)
KRAS
Mutation 44 (32%) 99 (27%) 113 (28%)

Data shown in parentheses are column percentages.
Metastatic pattern was evaluated at the time of diagnosis. ECOG PS, Eastern
Cooperative Oncology Group performance status.
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Table 7. Clinicopathological features, KRAS mutation status and site specific metastatic
pattern in the combined cohort at the time of diagnosis in patients with advanced lung
adenocarcinoma (n=500%).

Metastatic site Lung Bone Adrenal Brain Pleura Liver

Total 228 131 87 84 78 55

Age (mean+SD) 62+9.0 607102 [61.149.6 |59.2493 |64.5+10.5 |62.249.9
Male 102 (45%) |74 (56%) |34 (39%) |36 (43%) |38(49%) |26 (47%)

Gender Female 126 (55%) |57 (44%) |53 (61%) |48 (57%) |40 (51%) |29 (53%)
0-1 218 (97%) | 115 (91%) |75 (87%) |77 (93%) |71 (91%) |48 (91%)

ECOGPS |5 7 (3%) 11 (9%) |11 (13%) |6 (7%) 7 (9%) 5 (9%)
Unknown data |3 5 1 1 0 2
Never-smoker |29 (14%) |18 (16%) |7 (9%) 7 (9%) 20 (27%) | 4 (8%)

smoking Former smoker |61 (29%) |32(28%) |20 (25%) |25(32%) |23 (32%) |20 (41%)

status Current smoker | 117 (57%) |65 (58%) |52 (66%) |45 (58%) |30 (41%) |25 (51%)
Unknown data |21 16 8 7 5 6

KRAS Wild-type 148 (65%) |94 (72%) |58 (67%) |60 (71%) |65 (83%) |46 (84%)
Mutation 80 (35%) |37 (28%) |29 (33%) |24 (29%) |13 (17%) |9 (16%)

Data shown in parentheses are column percentages.

*The number of site-specific metastatic cases included single and multiple organ
metastatic patients at the time of diagnosis. ECOG PS, Eastern Cooperative Oncology
Group performance status.

4.2.3. Metastatic site-specific variation of KRAS status

Metastatic site-specific variation of KRAS status is shown in Figure 10. There was no
difference in the KRAS mutation incidence between the metastatic (28.6%) and non-
metastatic cases (28%) (Table 6, Figure 10A). Patients with multiple-organ metastases
showed a non-significant increase in the percentage of KRAS mutation (vs single-organ
spread 32% vs 27%, Table 7, Figure 10B).

Importantly, patients with brain (29%), bone (28%) or adrenal gland (33%) metastases
demonstrated similar KRAS mutation frequencies (Figure 10C). However, pulmonary
metastatic cases demonstrated increased KRAS mutation frequency when compared to
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those with extrapulmonary metastases (35% and 26.5%, P=0.0125, Figure 10C). In
contrast, pleural dissemination and liver metastasis associated with decreased KRAS
mutation incidence (vs all other metastatic sites; 17% (P<0.001) and 16% (P=0.0023),

respectively).
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Figure 10. Metastatic site-specific variation of KRAS status. (A) Non-metastatic or
metastatic patients (28% vs. 28.6%, ns, Chi-square test), and (B) patients with multiple-
organ metastases showed a non-significant increase in the percentage of KRAS mutant
cases (Vvs. single-organ spread, 32% vs. 27%). (C) In the organ-specific analysis, patients
with brain (29%), bone (28%) or adrenal gland (33%) metastases demonstrated similar
KRAS mutation frequencies. However, pulmonary metastatic cases demonstrated
increased KRAS mutation frequency when compared to those with extrapulmonary
metastases (35% vs. 26.5%, P=0.0125). In contrast, pleural dissemination and liver
metastasis associated with decreased KRAS mutation incidence (17% (P<0.001) and 16%
(P=0.0023), respectively). WT, wild-type; MUT, mutant; Single, single-organ; Multiple,
multiple-organ metastasis.
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4.3. Prognostic factors in advanced lung adenocarcinoma

4.3.1. Classical prognostic factors in advanced lung adenocarcinoma

Clinical follow-up including overall survival could be collected for all patients who met
the inclusion criteria in cohort #1 (n=505), meanwhile in the advanced-stage cohort #2
(unresected stage I11A, 11IB-1V) for 419 patients (Supplemental Table 3). Age, gender,
ECOG PS, tumor stage, smoking status and mutational status were tested for
discriminating power in predicting disease outcome. We found no significant difference
in OS according to gender in cohort #1 (data not shown). However, in cohort #2, we found
that male patients had significantly shorter OS (vs. females; HR 1.32; 95% CI, 1.04-1.66;
P=0.0195, data not shown). In cohort #1, we observed that patients with ECOG 0 PS had
significantly longer median OS than did ECOG PS 1 patients (P<0.001, log-rank test;
Figure 11A). Correspondingly, in cohort #2 patients with ECOG PS 0 had significantly
longer median OS than those presenting with ECOG PS 1-2 (HR 2.07; 95% CI, 1.63-
2.62; P<0.001; Figure 11B). In cohort #1, we found no difference in OS in our patient
cohort, according to smoking status (Figure 11C). In contrary, in cohort #2 we found
significantly increased OS among never-smokers as compared to ever-smoker patients
(HR, 0.666; 95% CI, 0.497-0.892; P=0.0063; Figure 11D). We also found that patients
in cohort #1 with stage 11l tumors had significantly longer OS than did patients with a
stage 1V tumor (23 vs. 11 months, P<0.001, log-rank test, Figure 11E). Stage 111B or IV
lung adenocarcinoma patients had significantly shorter OS than those with unresected
stage A (HR 0.637; 95% CI, 0.478-0.850; P=0.002; Figure 11F). We found no

significant difference in OS between stages I11B or IV patients (data not shown).
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Figure 11. Kaplan-Meier curves for the overall survival (OS) of advanced lung
adenocarcinoma patients in cohorts #1 and #2 according to Eastern Cooperative
Oncology Group performance status (ECOG PS) (A) ECOG PS 1 (vs. ECOG PS 0;
P<0.001), (B) ECOG PS 1-2 (vs. ECOG PS 0; P<0.001), smoking status (C) we found
no difference in OS based on smoking habits in cohort #1 (D) ever-smoker status was a
significant prognostic factor in cohort #2 for reduced OS (vs. never-smoker; P=0.006),
disease stage at diagnosis was prognostic in both cohorts (E) stage Il (vs. stage IV,
P<0.001), and (F) stage I1IB-1V (vs. stage 111A; P=0.002).
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Patients with multiple-organ metastases had significantly decreased median overall
survival (OS) compared to those with single-organ metastasis (6.8 vs. 11.6 months,
respectively; HR, 0.626, 95% CI, 0.498 to 0.788, P<0.001, Figure 12A). Next, we
compared the prognostic impact of single-organ metastatic sites (Figure 12B). Patients
with single-organ metastasis to the pleura demonstrated significantly decreased OS when
compared to those with lung (median OS, 7.5 v 15.6 months, respectively; HR, 0.460,
95% CI, 0.255 to 0.646; P<0.001) or adrenal spread (median OS, 7.5 vs.14.4 months,
respectively; HR, 1.896, 95% CI, 1.154 to 3.114; P=0.011). Furthermore, patients with
brain metastasis showed significantly decreased OS when compared to patients presented
with lung metastasis (median OS, 10.3 vs.15.6 months, respectively; HR, 1.5; 95% CI,
1.004 to 2.117; P=0.04). We found no statistically significant information in other organ-

specific comparison.
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Figure 12. Prognostic impact of metastatic sites. (A) Kaplan-Meier analysis of non-
metastatic cases, single-, and multiple-organ metastatic sites, Patients with multiple-organ
metastases had significantly decreased median overall survival (OS) compared to those
with single-organ metastasis (6.8 vs.11.6 months, respectively; Hazard Ratio (HR),
0.6262, 95% Confidence Interval (Cl), 0.498 to 0.788, P<0.001). (B) In the comparison
of single-organ sites (lung, bone, adrenal, brain, pleura, and liver), patients presented with
metastasis to the pleura demonstrated significantly decreased OS when compared to those
with lung (median OS, 7.5 vs.15.6 months, respectively; HR, 0.460, 95% CI, 0.255 to
0.646; P<0.001) or adrenal spread (median OS, 7.5 vs.14.4 months, respectively; HR,
1.896, 95% CI, 1.154 to 3.114; P=0.011). Furthermore, patients with brain metastasis
showed significantly decreased OS when compared to patients presented with lung
metastasis (median OS, 10.3 vs. 15.6 months, respectively; HR, 1.5, 95% CI, 1.004 to
2.117; P=0.04). We found no statistically significant information in any other organ
specific comparison.
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4.3.2. Prognostic role of EGFR and KRAS mutations in advanced lung

adenocarcinoma

Of note, we found no effect of KRAS mutational status of tumors on OS in neither cohorts
(P=0.621, log-rank test; Figure 13). There was no difference between KRAS codon 12,
codon 13 mutant or KRAS WT patients in OS Figure 13A. We also observed no difference
in OS according to KRAS mutation status in patients presenting with single or with
multiple-organ tumor involvement (Figure 13B).

However, classic EGFR mutation conferred a significant benefit for OS as compared to
EGFR and KRAS WT (HR 0.58; 95% CI, 0.37-0.91; P=0.02; Figure 13C) or KRAS
mutation (HR 0.52; 95% CI, 0.31-0.89; P=0.0167; Figure 13C). In contrast, there was
no significant difference in the OS of rare EGFR mutation positive patients compared to
patients with WT KRAS/EGFR or with mutant KRAS.

Next, we investigated the impact of KRAS mutation on OS in different organ-specific
metastases in lung adenocarcinoma patients (Figure 14). We found a clinically relevant
and significant increase in OS in patients presenting with KRAS WT bone metastasis (vs.
KRAS mutants, median OS 9.7 vs. 3.7 months; HR, 0.49; 95% CI, 0.31 to 0.79; P=0.003;
Figure 14B). Importantly, we found no statistically significant information in any other

organ-specific comparison.
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KRAS WT {n=338)
—— KRAS codon 12 mutant (n=147)
—— KRAS codon 13 mutant (n=20)

20 40 60 80

time (months)

—— Single-organ KRAS WT (n=263)
—— Single-organ KRAS MUT  (n=99)
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Figure 13. Kaplan-Meier curves for the overall survival (OS) of advanced lung
adenocarcinoma patients according to mutation status. (A) KRAS mutational status (there
was no statistically significant information from these curves in any comparisons
(P=0.621, log-rank test, cohort #1). (B) KRAS mutational status according to single and
multiple-organ spreads (there was no statistically significant information from these
curves (log-rank test, combined cohort). (C) Moreover, patients with tumors harboring
classic EGFR mutations had a significantly longer median OS than those with
EGFR/KRAS double wild-type (WT) (P=0.02) or with KRAS mutant (MUT) tumors
(P=0.002). Importantly, EGFR classic mutation was not associated with benefit in OS if
these patients were compared with the rare EGFR mutant cohort (P=0.529).
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* Additionally, in six patient survival data was not available.

60



DOI:10.14753/SE.2016.1910

A B
100+ 100+

< —— Lung KRAS WT (n=148) T —— Bone KRASWT (n=94)
£ 304 £ 804 —— Bone KRAS MUT (n=37
: —— Lung KRAS MUT (n=80) b one (n=37)
= 3
a =
e 3
[ (]
3 201 3

0 - 0 ; ; : ;

0 20 40 60 80 ] 20 40 60 80

time (months) time (months)

(g}
O

100+ 100
= —— Adrenal KRAS WT (n=58) = —— Brain KRAS WT (n=60)
X 80 X 80 o e
== —— Adrenal KRAS MUT (n=29) = Brain KRAS MUT (n=24)
g >
> o=
2 2
3 z
T ®
] @

3 3
G T T T T c T Ll T T
0 20 40 60 80 ] 20 40 60 80
time (months) time (months)
E F

100+ 100+
£ s0- —— PleuraKRASWT (n=65) ® —— Liver KRASWT (n=46)
< —— Pleura KRAS MUT (n=13) < 807 —— Liver KRAS MUT (n=9)

.g 60_ ug
= 401 =
e ©
s g
2 207 2
G T T T T G T T T T
0 20 40 60 80 0 20 40 60 80

time (months) time (months)

Figure 14. Kaplan-Meier curves for the overall survival (OS) in metastatic lung
adenocarcinoma patients in the combined cohort according to KRAS mutation status in
patients with (A) lung, (B) bone, (C) adrenal, (D) brain, (E) pleura, and (F) liver spread.
Both single- and multiple-organ metastases were included in our analyses. We found a
clinically relevant and also significant decrease in OS in patients presented with KRAS
mutant (MUT) bone metastasis (vs. KRAS wild-type (WT), median OS 9.7 vs 3.7 months;
hazard ratio (HR), 0.49, 95% confidence interval (Cl), 0.31 to 0.79; P=0.003; log-rank
test). Importantly, we found no statistically significant information in any other organ-
specific comparison.
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The multivariate Cox regression model in cohort #1 (Table 8) identified older age as a
significant negative prognostic factor for PFS but not for OS (P values were 0.002 and
0.101, respectively). ECOG PS and clinical stage proved to be independent
prognosticators for both OS and PFS in a multivariate analysis as well (Table 8).

In addition, we found no association between age and OS in the multivariate Cox
regression model in cohort #2 (Table 9A and B).

Furthermore, in cohort #2, the Cox model showed that - besides ECOG and stage - classic
EGFR mutation was an independent survival predictor (HR 0.45; 95% CI, 0.25-0.82;
P=0.009; Table 9A.). Importantly, rare EGFR mutation was not a significant independent
predictor of OS (Table 9B).

Table 8. Clinicopathological variables and survival of patients with advanced pulmonary
adenocarcinoma (n=505) in the Cox proportional hazards model

. Overall Survival Progression-free survival
Prognostic factor HR (95% CI) P value HR (95% CI) P value
Age ) )

(continuous) 0.987 (0.972-1.003) 0.101 0.979 (0.966-0.992) 0.002
(ﬁglgd\fsr female) 1.213 (0.952-1.546) 0.119 1.055 (0.861-1.294) 0.604

Smoking

(never- vs. ever- 1.208 (0.864-1.688) 0.269 1.127 (0.846-1.502) 0.413

smokers)

(%C\/?Ci)PS 1.871 (1.463-2.394) <0.001 1.620 (1.310-2.005) <0.001

Stage 1.487 (1.150-1.924) 0.002 1.738 (1.397-2.162) <0.001

(1. vs. 1V.) ' AU : ' oY :

KRAS status

(WT vs, mutant) 1.020 (0.794-1.310) 0.876 0.962 (0.780-1.186) 0.717

HR, hazard ratio; ClI, confidence interval; ECOG PS, Eastern Cooperative Oncology

Group performance status
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Table 9. Clinicopathological variables and overall survival of patients with advanced lung
adenocarcinoma (n=419) in the Cox proportional hazards model according to (A) classic
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EGFR mutation vs. WT, (B) rare EGFR mutation vs. WT.

A
Prognostic factor HR | 95% CI | P
Age (continuous) 0.998 (0.985-1.011) 0.715
Gender (male vs. female) 1.063 (0.820-1.378) 0.643
ECOG PS (0 vs.>1) 1.320 (1.160-1.503) <0.001
Stage (I11A vs. 111B-1V) 1.199 (1.053-1.366) 0.006
EGFR status (Classic vs. WT) 0.454 (0.252-0.819) 0.009

HR, hazard ratio; Cl, confidence interval; ECOG PS, Eastern Cooperative Oncology
Group performance status

B
Prognostic factor HR | 95% ClI | P
Age (continuous) 0.999 (0.986-1.013) 0.916
Gender (male vs. female) 1.053 (0.813-1.365) 0.696
ECOG PS (0 vs.>1) 1.341 (1.184-1.520) <0.001
Stage (I11A vs. I1IB-1V) 1.157 (1.023-1.310) 0.021
EGFR status (Rare vs. WT) 0.730 (0.416-1.279) 0.271

HR, hazard ratio; Cl, confidence interval; ECOG PS, Eastern Cooperative Oncology

Group performance status; wild-type (WT).
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4.4, Therapeutic consequences of subtype-specific oncogenic mutations in

advanced lung adenocarcinoma.

4.4.1. Different response to platinum-based chemotherapy with subtype-specific
KRAS mutations

According to our inclusion criteria, all patients recieved a platinum-based doublet
regimen (unresected stage Il patients received chemotherapy in combination with
radiotherapy). One hundred and ninety-seven (39%) and 308 (61%) patients were treated
with cisplatin and carboplatin, respectively. Platinum was most frequently given together
with paclitaxel (58%). Other partners were gemcitabine (31%), pemetrexed (9%), and
docetaxel (2%).

There was no difference in ORR or PFS among tumors carrying KRAS codon 12, codon
13 mutations or KRAS WT (Supplemental Table 2).

We evaluated the ORR and PFS of platinum-based chemotherapy treated locally
advanced or metastatic lung adenocarcinoma patients with amino acid-specific KRAS
mutations in codon 12 (Figure 15 and Table 10).

As mentioned above, we found that G12V KRAS mutant patients were significantly more
frequent among never-smokers than other codon 12 KRAS mutant (G12x) cases
(P=0.016, Figure 15A). This subgroup of patients had a non-significantly increased ORR
to platinum-based chemotherapy (P=0.077, Figure 15B). Furthermore, there was a non-
significant modest increase in PFS. Median PFS in the G12V group was 233 days vs. 175
days in the G12x cohort (P=0.145, Figure 15C). Of note, this difference has diminished
in the OS (data not shown).
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Table 10. Correlation of outcome variables and KRAS codon 12 subtypes in patients with
advanced pulmonary adenocarcinoma (n=136)

G12C (n=61) | GI12V (n=29) | GI12D (n=27) | Rare(n=19) | P
Response PD+SD 30 (492%) | 10(345%) | 15(56.6%) | 12(632%) | 4 g
CR+PR 31(50.8%) | 19(655%) | 12 (44.4%) 7 (36.8%) '
. 101 233 150 198
Survival Median PFS (days) | (153 559) (138-328) (91-209) (120-276) | 0135
Median OS (days) 561 470 325 559 0.801
(425-697) (328-561) (165-485) (141-977) :

Data shown in parentheses are column percentages; ECOG PS, Eastern Cooperative
Oncology Group performance status; PD, progressive disease; SD, stable disease; CR,
complete response; PR, partial response, PFS, progression-free survival; OS, overall
survival.
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Figure 15. Comparison of (A) smoking history, (B) response rate and (C) PFS of
adenocarcinoma patients with G12V versus all the other codon 12 KRAS mutations
(G12x). A, G12V is significantly more frequent in never-smokers than other codon 12
KRAS mutant (G12x) cases (P=0.016, Chi-square test). B, The subgroup of patients with
G12V tumors tended to respond better to platinum-based chemotherapy (data presented
as number of patients; P=0.077). C, Furthermore, patients with G12V KRAS mutant
tumors tended to have longer PFS than those with other codon 12
(G12x) mutations (median PFSs were 233 vs. 175 days, respectively, P=0.145).
PFS, progression-free survival; PD, progressive disease; SD, stable disease; CR, complete
response; PR, partial response.
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4.4.2. Different response to TKI therapy in patients with classic versus rare EGFR

mutations

In cohort #2, patients received the following TKI therapies: gefitinib or erlotinib
monotherapy in 33 or 118 cases, respectively (Table 11).

Table 11 Distribution of EGFR mutation status in TKI-treated patients.

TKI therapy
Total 1" line 2" and 3" line

Total 151 (100%) 30 (20%) 121 (80%)
Wild-type for KRAS and EGFR 98 0 98 (100%)
Synonymous EGFR mutation 9 2 (22%) 7 (78%)

Total 44 28 (64%) 16 (36%)
EGFR mutation Classic 24 17* (71%) 7* (29%)

Rare 20 11** (55%) 9 (45%)

Data shown in parentheses are row percentages.

* In one patient concomitant KRAS mutation was identified.

** In two patients, concomitant KRAS mutation was identified.

TKI, tyrosine kinase inhibitor.

Next, we evaluated the therapy response, PFS, and OS of TKI-treated advanced lung
adenocarcinoma patients with classic and rare EGFR mutations (Figure 16A, B and C,
Table 11). Irrespective of treatment line, there was a significantly increased ORR among
patients with classic EGFR mutations compared to those with rare EGFR mutations (ORR
71% vs 37%, respectively; P=0.039, Figure 16A). This translated into a statistically not
significant but clinically notable longer PFS: the median PFS values were 12.0 and 6.2
months in the classic and rare EGFR mutation cohorts, respectively; (P=0.076; Figure
16B). We found no significant difference in the OS in the above mentioned subgroup of
patients (P=.212; Figure 16C). Importantly, when classic EGFR mutation positive
patients were pooled together with patients harboring TKI-sensitizing rare EGFR
mutations (G719 and L861) [90] and compared to the remaining rare mutation cases, the
difference in ORR remained significant (ORR 70% vs 36%, respectively; P=0.044,
Figure 17A) and the effect on PFS reached statistical significance (P=0.048; Figure
17B). Importantly, there was a significant difference in the OS in the latter comparison
(P=0.01; Figure 17C).
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Figure 16. EGFR tyrosine kinase inhibitor (TKI) treatment in advanced lung
adenocarcinoma patients with classic versus rare EGFR mutations. (A) Irrespective of
treatment line, patients with classic EGFR mutant tumors responded significantly better
to TKI therapy (data presented as number of patients; P=0.039; Chi-square test). (B)
Patients with classic EGFR mutant tumors tended to have longer progression-free
survival (PFS) than those with other rare EGFR mutations (P=0.076). (C) There was no
overall survival (OS) benefit in patients with EGFR classic mutations as compared to
those with rare EGFR mutations. The discrepancy in the case numbers was due to the lack
of availability of retrospective clinical data.
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Figure 17. EGFR tyrosine kinase inhibitor (TKI) treatment in advanced lung
adenocarcinoma patients with confirmed sensitizing (classic EGFR mutations pooled
together with patients with sensitizing rare EGFR mutations (G719x and L861Q)) versus
all other rare EGFR mutations. (A) Irrespective of treatment line, patients with sensitizing
EGFR mutations responded significantly better to TKI therapy (data presented as number
of patients; P=0.047). (B) Patients had significantly longer progression-free survival
(PFS) and (C) overall survival (OS) than those with other rare EGFR mutations (P=0.043,
P=0.01, respectively). The discrepancy in the case numbers was due to the lack of
availability of retrospective clinical data.
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45. Oncogenic driver dependent in vitro zoledronic acid sensitivity of lung

adenocarcinoma cells

In order to investigate the factors contributing the poor prognosis of KRAS mutant bone
metastatic patients we performed experiments to test the sensitivity of KRAS mutant and
KRAS WT lung adenocarcinoma cells to ZA, a frequently administered therapeutic
regimen in bone metastatic patients.

Therefore, we performed clonogenic assay in lung adenocarcinoma cells following
bisphosphonate treatment with ZA (Figure 18 and Figure 19) ) to investigate long-term
effect of 10 days of 1, 2, 8, and 32 uM ZA treatment on clonogenic growth. All cell lines
demonstrated sensitivity. Interestingly, resistance was not found in any of the cell lines
including KRAS mutant cells.

Figure 18. Plate image of clonogenic assay of lung adenocarcinoma cells (CRL5922)
followingl, 2, 8, and 32 uM zoledronic acid treatment.

68



DOI:10.14753/SE.2016.1910

Bl KRAS mutant

Bl NRAS and BRAF mutant
1. [J EGFR mutant

Bl BRAF mutant

Bl ROS1 mutant

relative clonogenic potential
o
—
F—
—

l

LA A A A L4 v
> > > > > >
NS OSNS  Ofals  ofsss oSS oS
SIS SRS SO SRR SR SWdegd

Sy SRRy Sy SRRl Sy SRy Sty Sy

drug concentration
H358 A549 CALU3 CRL5922 H1975 H1650 CRL5885 HCC78

Figure 19. Clonogenic growth of lung adenocarcinoma cells following treatment with
zoledronic acid (ZA). Long-term effect of 10 days of 1, 2, 8, and 32 uM ZA treatment on
clonogenic growth. While growth was inhibited in all cell lines, the KRAS mutant cells
did not show reduced sensitivity. KRAS mutant (H358, A549 and CalLu-3) and KRAS
wild- type (CRL5922, H1975, H1650, CRL 5885, and HCC78).
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5. DISCUSSION

5.1. Molecular epidemiology of driver mutations in advanced lung

adenocarcinoma

In this thesis we discuss the epidemiology and clinical relevance of subtype-specific
driver oncogenic mutations, especially in an era where there is an urgent, unmet need to
include more lung cancer patients in targeted therapy and other effective treatment
regimens. Clinicopathological characteristics of tumors play an important role in therapy
decision and help tumor boards to select patients for molecular analysis. A major obstacle
to draw a definitive conclusion is the vast heterogeneity of the studies in terms of
ethnicity, histological subtype, and tumor stage and treatment modality. Therefore, in the
current studies, we analyzed a well-defined Caucasian patient cohort within a three-year-
long period. Of note, the very recent INSIGHT Central European study that did not
exclude some selection toward patients with higher likelihood of mutation-positive
tumors [92]. Furthermore, there are several rare mutations in the EGFR gene and subtype

—specific KRAS mutations with unknown epidemiology.

Importantly, in our study we included all lung adenocarcinoma patients for whom EGFR
mutational analysis was requested during the period our study covered. Accordingly, it
was indeed a consecutive patient cohort.

The KRAS mutation rate in cohorts #1, 2, and combined cohort was 33%, 28%, and 29%
respectively. This is in line with other large NSCLC studies when case numbers are
adjusted for adenocarcinoma [28, 93]. Furthermore, we found a comparable ratio of codon
12 and 13 mutations (93% and 7%, respectively) [93]. We performed Sanger sequencing
to evaluate the amino acid substitution-specific subtype of the KRAS mutant tumors. Of
note, the prevalence of the major subtypes (G12C (38.6% and 42%), G12V (18.4% and
20%), G12D (17.1% and 15%) and G12A (5.1% and 7%)) were similar between our study
and in the COSMIC database [91], respectively (Table 12).
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Table 12. The most frequent amino acid substitution-specific mutations of KRAS in lung

adenocarcinoma.

Nucleotide change Amino acid change Abbreviation COSMIC Cohort #1*
GGT>TGT Glycin Cysteine Gi12C 42% 39%
GGT>GTT Glycin Valine Gil2v 20% 18%
GGT>GAT Glycin Aspartic acid G12D 15% 17%
GGT>GCT Glycin Alanine G12A 7% 5%

*In 31 cases rare KRAS codon 12 and 13 subtype mutations were identified.

COSMIC: Catalogue of somatic mutations in cancer.

Regarding EGFR mutations, in our patient population we separated the synonymous (or
also called silent) EGFR mutations because they do not result in amino acid change.
Accordingly, we used the term rare mutations only for non-classic mutations where an
amino acid change occurs. Of note, synonymous (silent) mutations were not reported
among rare or uncommon mutations in several previous papers [59, 94]. In order to
underline this distinction, the rows of synonymous mutations are highlighted in
Supplemental Table 1.

In cohort #2, five percent of patients carried classic EGFR mutation. In a recent Caucasian
study, the incidence of confirmed activating EGFR mutation in lung adenocarcinoma
patients was reported to be 6% [6, 66]. The incidence of rare non-synonymous EGFR
mutations in our cohort was 6% and therefore is higher than in other Caucasian studies
(1.9%-2.7%) [66, 94] or in a mixed US study population (4%) [95]. However in line with
East-Asian studies, the incidence of rare EGFR mutations ranged from 7% to 8% [90, 96,
97]. The higher proportion of rare mutations in our Caucasian cohort is likely because
Sanger sequencing of exon 20 was also performed (in 76% of the patients) and that 40%
of all KRAS mutant cases underwent EGFR analysis as well. However, these arguments
do not fully explain the high rate of rare EGFR mutations. Indeed, it has been reported in
both Asian and Caucasian studies, that about 90% of all lung NSCLC-associated EGFR
mutations are classic ones whereas the proportion of rare EGFR mutations usually does
not exceed 10-15% [98, 99]. We need to be aware of the fact that the sensitivity and
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specificity of the different molecular tests can vary. In addition, there are differences in
epidemiology of rare EGFR mutations in different patient populations. Based on
histology, ethnicity, and environmental factors, the incidence of certain molecular
alterations can highly vary. A recent retrospective study from North Africa recently
published the rate of rare EGFR mutations at 10% of all EGFR mutations [100].

Since there is limited data available from Africa, this was a unique opportunity to
highlight differences in epidemiology of rare EGFR mutations in contrast to a patient
population reported from North Africa.

The complete coverage of exons 18 to 21 and the EGFR analysis in KRAS mutant patients
can very well be one reason for the increased rate of rare EGFR mutations. Additionally,
smoking status can also have an influence on the high frequency of rare EGFR mutations.
This impact may depend on patient population. In our patient cohort, the frequency of
smokers was very high, thus leading towards enrichment for rare EGFR mutations.
Interestingly, the rare EGFR mutations in Asian populations do not appear to be linked
to smoking, in contrast to Caucasian cohorts. Importantly, the epidemiology of rare EGFR
mutations in Morocco resembles more an Asian population than Caucasian study cohorts
[101].

It cannot be emphasized enough that the absence of identical molecular methods is even
more delicate to match side-by-side the different studies. A number of commercial
mutation analysis methods demonstrate increased sensitivity but only for a preselected
set of molecular alterations that might enrich for classic EGFR mutations [34]. In contrast,
Sanger sequencing have a low sensitivity towards classic EGFR mutations when
compared to targeted molecular methods like HRM or Therascreen. As mentioned in the
Methods section of the thesis, in our study, the most frequently used molecular method
was Sanger sequencing. The sensitivity is approximately 20% (it is able to detect
mutations in specimens with at least 20% cancer cell content).

In our study in seven cases, the Therascreen EGFR29 Mutation Kit was used. This assay
is able to detect 29 mutations including classic and certain previously identified rare
mutations in exons 18, 19, 20 and 21 of the EGFR gene [34]. In our cohort, the
Therascreen assay identified only WT patients, therefore we are not able to compare
Therascreen and other EGFR mutation testing methods.
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Furthermore, a possible reason for the discrepancy between our analysis and other studies
can be that several studies include only a relatively low number of patients (n=100-300)
and/or the use of targeted molecular methods or different patients population.
Furthermore, the lack of outcome data in some studies may make the translational
research and the validation process impossible. In addition to the above-mentioned facts,
similarly to other studies, the epidemiology of rare mutations was rather a descriptive part
of our study. Like most of the translational studies, we could only hypothesize the biology
and the background of our findings. More importantly, outcome data published along
with molecular findings are of crucial interest and greatly assist molecular pathologists in
the validation process of data generated by different molecular methods. Of note, the same
problem we are facing currently, is the clinical utility of PD-1 and Programmed death-
ligand 1 (PD-L-1) antibodies. In addition, recent data from the World Conference on Lung
Cancer (WCLC) 2015 highlighted in lung cancer (and malignant melanoma) the number
of mutations present in the tumor associated with immunotherapy efficacy. Therefore,
whenever possible, it is very important to report outcome data along with molecular
epidemiology.

In addition, in our study, we found simultaneous (concomitant) or in other words complex
(at least two different EGFR mutations in one sample) gene mutations. In seven patients,
concomitant KRAS and classic or rare EGFR mutations were identified. These patients
are 1.2% (7/584) in the group of patients with both KRAS and EGFR mutation analyses.
This ratio is in line with already published studies [30, 59]. Of note, 2% of our patients
carried complex mutation pattern, meanwhile an East-Asian study published 7.3% [97].
To our knowledge, no Caucasian population-based study has reported the comprehensive
frequency of complex EGFR mutations yet. We were not able to detect the resistance-
associated mutation (T790M) in our patient cohort. This is in line with its very low
incidence (0-0.9%) in previous analyses of tumors before TKI therapy administration.
These studies used molecular methods that lacked increased sensitivity towards mutant
alleles [17, 102]. In contrast, studies enriching for mutant alleles using a peptide-nucleic
acid to inhibit the amplification of WT allele found much higher incidence of pretreatment
T790M resistance mutations (35-65%) [65, 103].
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According to our best knowledge, our study is among the first to compare the age between
rare and classic EGFR mutants, EGFR and KRAS WT, and KRAS mutant patients in a
Caucasian cohort. In cohort #2, patients with classic EGFR mutations tended to be older
(mean age: 67£9.6 years) than those with rare EGFR mutations (mean age: 64.2+9.2
years) and were significantly older than patients harboring KRAS mutations (mean age:
60+10.4 years). In line with the latter findings, in cohort #1, one-way ANOVA test with
Tukey Multiple Comparison indicated a significant difference between the average ages
of KRAS WT and codon 12 mutant patients (60.7 versus 58.8 years, respectively,
P=0.032). Accordingly, the above mentioned recent German study also found an almost
significant trend between patients with KRAS (mean age: 65.3+9.8 years) and EGFR
mutations (mean age: 70.3+11.4 years) [66].

Importantly, in contrast to studies of East-Asian origin, we demonstrated in our Caucasian
population that patients harboring KRAS mutations are younger than those with classic
EGFR mutations. This finding is in line with a study on an East-Hungarian patient
population from the University of Debrecen (Ostoros et al., unpublished data).

We found no correlation of age, and KRAS exon 2, codon 12 mutation subtypes in patients
with advanced pulmonary adenocarcinoma.

We found no correlation of gender and any mutations detected. Furthermore, significant
associations between gender and rare EGFR mutational status were not found in our
cohort #2 in line with a very recent — and to date the only similar — Caucasian study [104].
In NSCLC, KRAS exon 2, codon 12 is recognized as a preferential site for cigarette
smoke-induced mutagenesis, and thus mutations in this codon are more common in
tumors of ever-smokers [105, 106]. Codon 12 KRAS mutation in our cohort #1 and 2 was
also significantly associated with cigarette smoking. Interestingly, however, we found
that never-smokers were significantly more likely to have a G12V transversion mutation
than other subtypes of codon 12 mutation. This observation is not in line with previous
studies [13, 105, 107-109] where G12D appeared to be the most frequent mutation among

never-smokers compared with other codon 12 mutation subtypes.
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Although the reasons for this discrepancy between the above studies and our cohort are
unclear, the difference might be explained by ethnic factors since we analyzed patients
only of Caucasian background whereas the above studies included mixed US cohorts [13,
105, 109] or patients with East-Asian [107, 108] origin. Nevertheless, our finding raises
the possibility that not all subtypes of codon 12 KRAS mutations are associated with
smoking in Caucasian adenocarcinoma patients.

In our cohort #2, rare EGFR mutations appeared to be associated with smoking status
when compared to classic EGFR mutations. Our finding is similar to another report that
showed that among smoker patients the frequency towards rare EGFR mutations was
higher, although not significantly, when compared to never-smokers (20.8 vs. 8%,
respectively) [94]. A mixed ethnical population based study demonstrated that among
EGFR exon 20 insertion mutant patients the frequency of smokers was higher than in
patients harboring classic EGFR mutations [95]. In contrast, studies from East-Asia
showed that rare EGFR mutations pooled with complex rare EGFR mutations are linked
to never-smokers, [97] and that uncommon (rare) mutations are higher among never-
smokers [90].

5.2.  Molecular diagnostics of oncogenic drivers

KRAS is a downstream member of the EGFR signaling, and therefore KRAS mutation is
an established negative predictor for TKI therapy. However, routine KRAS mutation
testing is currently not recommended and the demonstration of activating EGFR mutation
is needed for TKI therapy indication [27].

Nevertheless, as previously mentioned in the introduction and in the methods section, in
Hungary KRAS testing is performed at first to exclude KRAS mutant cases from EGFR
analysis as part of a diagnostic algorithm elaborated to reduce costs and to optimize
testing and therapeutic efficiency. This screening strategy allows analyzing large numbers
of cases for KRAS mutations. Furthermore, this approach made our study unique and

enabled us to study a more homogenous and well-defined molecular subsets of tumors.
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Thus, we were able to compare EGFR mutant, KRAS mutant, and EGFR/KRAS double
WT patient cohorts.

There is no comprehensive data and guidelines lack comprehensive information on the
molecular diagnostics of lung adenocarcinoma. Importantly, epidemiological studies with
sensitive methods are needed to establish the incidence of targetable molecular
alterations. In the French study (ERMETIC), it was determined that the quality and type
of the sample has a great influence on the outcome of a molecular analysis [104]. In poor-
quality samples, DNA concentration cannot be determined accurately. Any tumor sample
from which DNA can be recovered is suitable for analysis, and should contain a sufficient
amount of tumor cells. The ratio of tumor tissue in samples ranges from 5 to 100%. Less
than 20% is usually not enough (Sanger sequencing) for appropriate sensitivity. Similarly,
mutant DNA content should not be lower than 20% for detecting mutation by direct
sequencing. The tumor cell content of the samples can be enriched by macrodissection or
laser microdissection, which can increase efficacy but can be expensive and time
consuming. HRM, capable of detecting mutant DNA at a percentage as low as 2.5% to
10% and is not too expensive, can be an alternative; however, the result must be
confirmed by direct sequencing.

While thin needle biopsies - frequently used in thoracic oncology - may have a high ratio
of tumor cells, pleural fluids usually contain low quantities of tumor cells. In the case of
low tumor cell ratio, techniques of higher sensitivity, such as mutant-enriched PCR or
amplification refractory mutation system (ARMS), should be used.

In the majority of the cases, EGFR mutations were successfully identified by direct
sequencing on samples obtained from the lung by transthoracic punction (TTP),
endobronchial ultrasound guided biopsy (EBUS) or CT guided biopsy [110].
Worldwide FFPE tumor tissues are available and almost exclusively used in oncology for
diagnostic purposes. Furthermore, the diagnostics are commonly made on tumor biopsy
samples. In the last decade, several scientific meetings and guidelines did not conclude
which EGFR mutations should be tested or which methods should be used. Accordingly,
to date, it is not clear which molecular technique is the most appropriate with regards to
sensitivity, specificity, and reproducibility. Addiotional important aspects can be the
requirement for short turnaround time or low input DNA. Other pathological factors such
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as presence of lymphocytes, necrosis or mucin content in tumors can also influence the

quality and interpretation of results [34].

Also, we must be aware that the diagnosis of advanced NSCLC is more commonly made
by biopsy rather than surgically resected tumor samples.. Indeed, throughout the world
the majority of molecular testing is performed on FFPE surgical tumor specimens or
biopsies, or even on cytological preparations. However, fresh frozen tumor sample is
considered one of the most appropriate for DNA isolation.

The current routine practice can lead to the detection of artifactual mutations, specifically
to the emergence of formalin-fixation-related PCR artifacts. In our study, rare mutations
were all identified from samples of DNA extracted from FFPE tissue. Artifacts can occur
when sequencing multiple PCR amplification products of very small amounts of DNA.
Large-scale DNA fragmentation and base damages like cytosine deamination can be
caused by the chemical reactions during formalin fixation. Thereby the so-called “A-rule”
can happen when the tag DNA polymerase insert an adenosine as a substitute of a
guanosine resulting in C->T and G->A transitions. Moreover, degraded PCR products
allow the tag DNA polymerase to perform a “jump” from a damaged template to another
to continue the extension [111].

In our cohort, the majority of the rare EGFR mutations identified have already been
published in the COSMIC database. Additionally, twenty previously not published rare
EGFR mutations were identified, (among them three microdeletions and five point
mutations were found) which were not C->T or G->A transitions that often appear as
formalin induced artifacts. Of note, five patients with novel rare EGFR mutations
responded to therapy and demonstrated a survival benefit that would not be expected in
the case of artifact mutations or in EGFR WT patients. In two cases (harboring the P848S
mutation and L852R with PR) cytology sample was available, but for the three other
patients histological sample was available, consequently the likelihood is high that
sufficient amount of tumor DNA was used in the molecular analysis. Furthermore, we
can exclude the presence of artifacts in specific genetic alterations including deletions,

insertions and in a mutation that resulted in stop codon.
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Standardization of fixation and other tissue processing procedures can minimize and
consider artifacts by establishing what procedures introduce which kinds of artifacts. By
expecting the types of artifacts in each tissue type and using a specific technique might
enable us to accurately interpret molecular data [34]. Moreover, several other strategies
can help to prevent artifactual mutations. Routine application of microdissection to enrich
tumor-cell DNA or use of fresh-frozen tissue can also improve the testing efficiency.
Also, if small amounts of DNA extract from FFPE a inevitable, after PCR amplification,
addition of uracil-N-glycosylase to the DNA and the examination of multiple
amplifications are crucial.

Nevertheless, we hope that because an increasing number of EGFR mutation analyses are
being performed on non-formalin-fixed specimens the spectra of validated somatic EGFR
mutations will eventually be established. Novel diagnostic methods like liquid biopsy

(circulating tumor DNA) may also help in a more accurate diagnosis in the future [112].

5.3.  Prognostic factors in advanced lung adenocarcinoma

With regard to factors associated with OS in lung adenocarcinoma, we confirmed in
cohort #2 the prognostic significance of gender, ECOG PS, disease stage, in line with the
findings of others [113]. Similarly, in cohort #1, disease stage and ECOG PS was found
to be associated with longer OS. In contrast to cohort #2, in cohort #1, we found no
difference in OS according to smoking status and gender. In cohort #2, we found
significantly increased OS among never-smokers as compared to ever-smoker patients.
This discrepancy may be due to the fact that in cohort #1 the inclusion criteria was based
on KRAS mutation analysis and treatment with platinum-based chemotherapy, meanwhile
in cohort #2, EGFR (and/or KRAS) molecular test, and therefore higher percentage of
patients (n=150, Supplemental Table 4) received EGFR-TKI therapy, which may

influence overall survival.
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Furthermore, in cohort #2, in line with others [113], the presence of classic EGFR
mutations had a statistically significant effect on OS.

We observed no difference in response rate or survival benefit between KRAS mutant or
KRAS WT patients treated with platinum-based chemotherapy. Similarly to the majority
of previous publications [27], we were not able to confirm the prognostic effect of KRAS
mutations. Accordingly, our findings are in line with the TRIBUTE trial that evaluated a
similar patient cohort and all patients that received platinum-based chemotherapy [93].
Similarly, neither a retrospective study of 161 NSCLC cases [114], nor a prospective
study of 83 NSCLC patients with advanced adenocarcinoma [115] showed significant
difference based on KRAS mutation status in OS when treated with platinum-based
doublet chemotherapy regimens. Nevertheless, it is also important to mention that there
was no significant OS benefit in the relatively smaller subset of patients (n=17) with
codon 13 mutations in the study of Villaruz et al. on another largely early clinical stage
cohort of adenocarcinoma patients [116]. Also, a recent study including 677 KRAS mutant
patients did not find significant difference in survival between patients with KRAS codon
13 versus codon 12 mutations (1.0 versus 1.1 years, respectively) [109]. Of note, an
independent validation of tumors from 682 patients with stage IV KRAS mutant lung
cancers was performed and demonstrated the same outcome. However, a meta-analysis
of four randomized trials (including the JBR.10 trial [117] which is a study conducted in
an early stage NSCLC population) found that KRAS codon 13 mutation (24 patients were
evaluated at codon 13) may be a negative predictor of survival after adjuvant
chemotherapy [13].

In our study, we found no evidence of such an interaction. Of note, an investigation into
differences in the effect of chemotherapy on PFS based on KRAS codon and/or
substitution types was not performed in the already published studies of advanced-stage
NSCLC [108, 109].

In another study of (mostly) early clinical stage NSCLC patients, the authors could not
demonstrate an association between amino acid subtype-specific KRAS mutations and OS
[116]. However, another Caucasian study on resected lung adenocarcinoma patients with
KRAS G12V exhibited worse OS and higher recurrence incidence [118].
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A study of pooled resected NSCLC patients also suggested that different KRAS codon 12
amino acid-specific KRAS mutations are neither prognostic nor predictive for adjuvant
chemotherapy [119]. Interestingly, this latter study found a negative prognostic effect for

chemotherapy in KRAS codon 13 mutant cases.

5.4. Clinical relevance of subtype-specific oncogenic mutations in advanced lung

adenocarcinoma

Preclinical data suggested that subtype-specific KRAS codon 12 mutations in lung
adenocarcinoma have distinct biological consequences and may influence the sensitivity
of tumor cells to different treatment modalities [12]

Although it has been demonstrated in colorectal carcinoma that KRAS G12V transversion
leads to poor therapy response and survival [120], the clinical relevance of amino acid-
specific KRAS mutations at codon 12 remains to be established in advanced-stage lung
adenocarcinoma. In the two recent and so far largest studies of early clinical stage
adenocarcinoma, neither the effect of chemotherapy on PFS nor the OS of patients
differed among the subpopulations with various codon 12 subtypes [13, 116].
Additionally, other studies on advanced-stage NSCLC failed to demonstrate significant
association between KRAS codon 12 subtypes and OS [108, 109]. However, the predictive
value for chemotherapy benefit among the subpopulations with different codon 12
subtypes was not investigated in the latter studies.

In our cohort #1, patients with G12V amino acid-specific subtype KRAS mutant lung
adenocarcinoma patients tended to have better ORR to platinum-based chemotherapy and
were more likely to have a non-significantly longer median PFS than those with other
codon 12 amino acid-specific KRAS mutants. Our data is in line with growth inhibition
assay reported by another group that found powerful differences in response to cisplatin
among KRAS overexpressing clones of human lung adenocarcinoma cells (NCI-H1299)
with different amino acid substitutions [12]. All in all, the observation of Garassino et al.
that G12V mutant cells demonstrated increased response to cisplatin chemotherapy

(whereas the most common G12C transversion showed the least response).
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Based on our results, we can hypothesize that lung adenocarcinoma patients carrying
different subtype-specific KRAS mutations might have distinct response patterns to
platinum-based chemotherapy. Moreover, that subtype-specific mutation analysis may
help to identify the most effective treatment regimen for each individual patient.

To our knowledge, our cohort #2 is the first Caucasian population-based advanced-stage
disease cohort with ORRs rates for first-generation EGFR-TKI-treated rare EGFR
mutation positive lung adenocarcinoma patients. In our study, ORRs were 71% and 37%
among patients with classic and rare EGFR mutations, respectively. This finding is in line
with studies from East-Asia where ORRs were found to be 74-75% and 28-48%,
respectively [90, 97]. Interestingly, in the LUX-Lung 2 phase Il trial of the second-
generation covalent EGFR-TKI afatinib, similar results were found as well (ORR of
classic and rare EGFR mutant cohorts were 66% and 39%, respectively) [96]. Of note,
the 12-months median PFS among classic EGFR mutant patients in our cohort #2 is rather
similar to previously published data (9.4-11.9 months) from other studies [97, 121, 122].
Patients in our cohort with rare EGFR mutations demonstrated a shorter median PFS of
6.2 months. This is comparable to the 5-months median PFS of rare EGFR mutant patients
in a recent East-Asian study performed by Wu et al. [90]. Importantly, when patients with
classic EGFR mutations were pooled with patients with rare sensitizing EGFR mutations
(G719 and L861) and then this cohort was compared to the remaining rare mutation
harboring population, the effect on PFS reached significance. Interestingly, a similar
robust difference was found in the recently published LUX-Lung 2 clinical trial [96]. Of
note, the ORR and PFS in our patient cohort with rare EGFR mutations (PFS: 7.4 months;
ORR: 31%) is comparable to that of the cisplatin-pemetrexed combination arm in the
LUX-Lung 2 clinical trial (PFS: 6.9 months; ORR: 23%) which is now considered one of
the most effective chemotherapy regimens in lung adenocarcinoma [64].

Classic EGFR mutations were associated with a significantly better median OS when
compared to rare EGFR mutations (20.5 v 7.4 months) in the current study. This finding
is in line with the results of other studies (19.3-20 months) on classic EGFR mutation
positive cohorts, but differs in the case of rare mutations (9-17 months), possibly due to
the different types and proportion of rare EGFR mutations [90, 94, 97]. Moreover, not all
rare mutations are resistant. It has been reported that some non-classic mutations are

highly sensitizing to EGFR-TKI [90].
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5.5. Metastatic site-specific variation of KRAS status in lung adenocarcinoma

Despite extensive research, the prognostic and predictive power and thus the clinical
utility of KRAS oncogenic mutations in lung adenocarcinoma has not yet been defined for
over a decade [28, 45]. Surprisingly, there is very limited comprehensive data available
regarding the influence of KRAS mutation on the organ specificity of lung
adenocarcinoma metastases [123].

Patients with multiple-organ metastases showed a modest increase in the incidence of
KRAS mutations. While there is no published data for lung adenocarcinoma, significantly
increased frequency of KRAS mutation in multiple organ metastases was found in a
colorectal cancer study [124]. Concerning the metastatic sites, in line with previous
findings of others [123], in our study patients with brain, bone, or adrenal gland
metastases demonstrated similar KRAS mutation frequencies. Our study found 28% KRAS
mutation in the bone metastatic cohort which is similar to previous findings reported by
other groups [125, 126]. However, we found pleural dissemination and liver metastasis
associated with decreased and intrapulmonary with increased KRAS mutation incidence.
Interestingly, similar to our study, in colorectal cancer RAS mutation was associated with
increased lung [127, 128], and decreased metastatic spread to liver [124, 129].

In line with other studies, we found a significant decrease of median OS in patients with
multiple-organ metastases [130]. Our finding further supports the proposal that the M
stage should take into account the number of metastases [131].

Comparing single-organ metastatic cases, we found that patients that presented with
metastasis to the pleura and brain showed significantly decreased OS when compared to
patients exhibited lung metastasis. Earlier studies also showed that patients with
metastasis to the brain have an increased negative impact on survival [132, 133].

In our study we directly compared the prognostic role of KRAS mutations in the distinct
metastatic sites in lung adenocarcinoma. Importantly, we found a clinically relevant and
significant increase in OS in patients with KRAS WT bone metastasis. The differences
between the clinicopathological characteristics of KRAS WT and KRAS mutant bone-

metastatic patients cannot explain the observed decrease in OS. Of note, we found higher
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frequency of multiple-organ metastases in KRAS WT patients presenting with bone
metastases (84% vs. KRAS mutant, 46%, P<0.001).

With regards to the role of smoking in pulmonary metastasis, we found no association
between metastatic pulmonary nodules and smoking. Smoking was found not to be a
significant risk factor in developing lung metastases in colorectal cancer [134-136]. In
contrast, in esophageal and breast cancer, smoking appears to be associated with
pulmonary spread [137, 138]. The number of never-smokers increased in patients with
pleural spread (27%) and decreased among liver metastatic patients (8%).

Despite enormous attempts, the prognostic value and the clinical utility of the most
frequently occurring oncogene have not been recognized for over a decade.
Consequently, guidelines lack information on the clinical benefit of KRAS mutation
testing in NSCLC. Therefore, and more importantly, our study addresses an important
issue and highlights the possible prognostic importance and potential clinical relevance
of KRAS mutation. In addition, our study is the first that showed metastatic site-specific
variation of the prognostic value of KRAS status in lung adenocarcinoma. We suggest the
KRAS mutation may have important implications for diagnostic strategies and treatment
decisions. Based on our results, KRAS mutation has a strong prognostic value in bone
metastatic patients associated with decreased OS. Nevertheless, further studies are needed
to evaluate whether KRAS mutation can be used to risk stratify patients with bone
metastasis or even might predict response to various treatment options for bone metastatic
patients.

Since ZA treatment is frequently used in bone metastatic patients and administered
frequently in the current study population, we evaluated the in vitro inhibitory effect of
ZA on lung cancer cells. We performed clonogenic growth in lung adenocarcinoma cells
following bisphosphonate treatment with ZA. All cell lines demonstrated sensitivity.
Interestingly, no significant resistance was found in any of the KRAS mutant cell lines.
Prenylation inhibition may not depend on the driver oncogenic mutations present in
tumor. Importantly, prenylation inhibition may be able to inhibit both KRAS mutant and
KRAS WT lung cancer cells. In contrast to our finding, Garay et al. showed benefit of
prenylation inhibition may strongly depend on the driver oncogenic mutations present in
melanoma cells [139].
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The worse outcome of bone metastatic KRAS mutant patients in our combined cohort
might not be due to the decreased sensitivity of tumor cells to ZA. Nevertheless, further
studies are needed to clarify the clinical relevance of KRAS status in bone metastatic

patients.

5.6. Limitations of our retrospective studies

Like all retrospective analyses, our studies have several limitations. Our cohorts are
among the largest ones in the corresponding settings. Despite the initial size of the cohort,
as expected the final number of patients with subtype-specific mutations was relatively
small. Our study provided the possibility to draw some conclusions that clearly need to
be validated in subsequent studies. Furthermore, due to the studies’ retrospective nature,
our major results need to be confirmed in a prospective setting.

Also, we need to be aware of the correct definition of prognostic power. Since our
retrospective study cannot distinguish between the treatment-associated increase in
survival and the purely prognostic effects. Our study did not include a control group
without platinum-based chemotherapy and thus a possible prognostic role cannot be
distinguished from a predictive value of specific KRAS mutation subtypes on
chemotherapy response. Furhermore, it remains unclear whether the classic EGFR
mutation itself confers a more benign behavior or the increased response rate and median
PFS of the classical mutant cohort translates to better prognosis.

Another important potential confounding factor is smoking status, as several studies have
demonstrated that never-smokers have improved OS [69, 70]. In our cohort #2, we found
a significant overall survival advantage for never-smokers and at the same time, the
classic EGFR mutant cases were significantly more frequent among never-smokers than
rare EGFR mutant ones. Thus, it is likely that the increased survival is owing to the overall

better performance and the lack of smoking related co-morbidities [69-72].
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With regards to the composition of “WT” groups in our studies it is important to
emphasize that these patients were not analyzed for additional oncogenic driver
mutations. In the combined cohort analysis, we excluded EGFR mutants in order to avoid
the potential positive prognostic role of EGFR mutation. In addition, we were not able to
exclude the presence of asymptomatic disease or micro metastases in the combined cohort
since we used the clinical TNM stage. Of note, at the relatively less frequent metastatic
site with the lowest KRAS mutation incidence, namely in the liver metastasis subgroup,
we do not have sufficient statistical power to determine the impact of KRAS mutation on
overall survival.

Thus, altogether, to address the above limitations, additional large lung adenocarcinoma
cohorts should be analyzed. The integration of NGS into routine molecular diagnostics
can generate extensive data of subtype-specific mutations in subsequent studies. This will

provide the opportunity to study even larger cohorts of patients.
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6. CONCLUSIONS

Considering the results of this thesis the following main conclusions can be drawn in

order to answer the questions formulated as the aims of the thesis.

1.

In lung adenocarcinoma, the G12V subtype of KRAS mutations is associated with
different clinicopathological characteristics and patients carrying G12V mutations

may show increased response to platinum-based doublet regimens.

In our study, in lung adenocarcinoma the majority of rare EGFR mutations was
associated with smoking, shorter overall survival, and decreased EGFR-TKI response
when compared with classic EGFR mutations. Studies characterizing the EGFR-TKI
sensitizing effect of individual rare mutations are indispensable to prevent the
exclusion of patients with sensitizing rare EGFR mutations who may benefit from
anti-EGFR therapy.

Our study is the first that showed metastatic site-specific variation of the prognostic
value of KRAS status in lung adenocarcinoma. We suggest the KRAS mutation may
have important implications for diagnostic strategies and treatment decisions.

Based on our results, we suggest that KRAS mutation has a strong prognostic value in
bone metastatic lung adenocarcinoma patients associated with decreased OS.
Nevertheless, further studies are needed to evaluate whether KRAS mutation can be
used to risk stratify patients with bone metastasis or even might predict response to

various treatment options for bone metastatic patients.
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5. The effect of zoledronic acid treatment on the clonogenic potential of NSCLC cell
was not dependent on KRAS mutant status and thus prenylation inhibition may not
depend on the driver oncogenic mutations present in the tumor. Importantly,
prenylation inhibition may be able to inhibit both KRAS mutant and KRAS wild-type
lung cancer cells. The worse outcome of bone metastatic KRAS mutant patients in our
combined cohort might not be due to the decreased sensitivity of tumor cells to

zoledronic acid.
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7. SUMMARY

Oncogenic driver mutations of EGFR and KRAS play a decisive role in tumor
development and are biomarkers and potential therapeutic targets in lung
adenocarcinoma. However, the clinical consequence of subtypes of these mutations is far
less understood.

Altogether 1,247 lung adenocarcinoma patients with KRAS and/or EGFR mutation status
were included in three studies. The correlations between mutations and
clinicopathological data were analyzed. The therapeutic effect of platinum-based
chemotherapy and EGFR-TKI treatment was evaluated in advanced or metastatic stage
patients.

We have shown that the G12V subtype of KRAS mutation was more often present in
never-smokers and conferred increased ORR and PFS in a cohort of 505 advanced-stage
platinum-doublet chemotherapy treated patients. In a cohort of 814 patients with
molecular analysis for potential EGFR-TKI treatment, we demonstrated that the majority
of rare EGFR mutations were associated with smoking, shorter OS and decreased ORR
to EGFR-TKI therapy when compared to classic EGFR mutations. The metastatic site-
specific incidence of KRAS mutation was analyzed in a cohort of 500 adenocarcinoma
patients presenting with metastatic spread at diagnosis. We have shown that
intrapulmonary metastatic cases demonstrated increased KRAS mutation frequency when
compared to extrapulmonary metastases. In contrast, pleural dissemination and liver
metastasis associated with decreased mutation incidence. We found a significant negative
prognostic effect of KRAS mutation in patients with bone spread. However, we did not
found in vitro decreased ZA — a treatment frequently used in bone metastatic patients -
sensitivity of KRAS mutant when compared to KRAS wild-type lung adenocarcinoma
cell lines.

In summary, we demonstrated that subtype-specific molecular analysis can identify
clinically relevant subgroups of patients that ultimately may influence treatment
decisions. Studies focusing on oncogenic driver subtypes will further support the
introduction of precision medicine into the challenging and dynamically emerging field

of thoracic oncology.
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8. OSSZEFOGLALAS

Az EGFR ¢s KRAS onkogén mutécidi kulcsszerepet jatszanak a tiidé adenocarcinomak
onkogenezisében, és fontos potencidlis biomarkerek, valamint terapias célpontok is
lehetnek. Ezen onkogének szubtipus specifikus mutacidinak klinikai jelentdsége azonban
kevéssé ismert.

Vizsgalatunkban 1247, tiid6 adenocarcinoma miatt kezelt, EGFR és/vagy KRAS mutécids
analizissel rendelkezd beteg adatait harom kohorszra bontva elemeztiik és vetettiik ssze
klinikopatologiai jellemzoikkel. A terapids hatast platina bazisu és EGFR tirozinkinaz
inhibitor (TKI) kezelés esetében értékeltiik.

Platinabazisu kemoterapiaval kezelt 505 beteg adatainak elemzése soran kimutattuk,
hogy a nemdohéanyzok aranya szignifikdnsan magasabb a G12V KRAS mutaciot hordozo
betegekben, Osszevetve a tobbi KRAS szubtipussal. A platina alaptu kezelés
alkalmazasakor a G12V KRAS mutaciot hordozoknal a terapids valasz, és a
progresszidomentes tilélés is hosszabb, 6sszehasonlitva a tobbi KRAS szubtipussal.

Az esetleges TKI terapia miatt molekuldris analizissel rendelkezd 814 betegnél a ritka
EGFR mutaciok tobbségét a dohanyzassal asszocialtnak talaltuk, szemben a klasszikus
mutans daganatokkal. A klasszikus EGFR mutaciot hordozo betegek szignifikansan jobb
terapids valaszt adtak TKI kezelésre, és a median progressziomentes talélésiik is
hosszabbnak bizonyult a ritka EGFR mutans daganatban szenved6khoz képest.

A diagnoziskor mar metasztazist adott tiid6 adenocarcinomaban szenvedé 500 beteg
esetében a KRAS mutacid és az attét lokalizacioja kozti 6sszefliggést vizsgaltuk. A KRAS
mutéciok aranya tiidéattéteket adé daganatokban magasabb, a mellhartya, és a majattét
jelenléte esetén pedig alacsonyabb szazalékban volt jelen. Vizsgalatunk megallapitotta,
hogy csontmetasztazist adé daganatokban a KRAS mutacio jelenléte rossz prognosztikus
faktor. In vitro klonogenitas vizsgalat alapjan zoledronsav kezelés hatasa fliggetlen a tiid6
adenocarcinoma sejtek KRAS mutacids statuszatol.

Adataink felhivjak a figyelmet tiidé adenocarcinomaban a szubtipus specifikus driver
onkogének klinikai jelentdségére. Az onkogén mutaciok pontosabb ismerete €s a
szubtipus mutaciok kimutatasa segithet kivalasztani az elérhetd leghatékonyabb terapiat

az adott beteg szdmara.
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12. APPENDIX

Supplemental Table 1. List of rare and synonymous EGFR mutations in cohort 1 (n=77
patients, N=98 mutations were identified).

Pafient .5"5.1‘;1.?:::“# Center | d.i::;;:is} Smeling ;:;5; Drug '] Response Censored PFS Nonr®® COSMICID  Tissue distribution
1 VB4V f 640 curent 4 E 3 PD ¥ 34 novel - -
2 PR4EP f 66,0 cmTent v E a2 PR n 5.1 movel - -
2 framechift ¥ f 66,0 cumTent v E 2 FE n 5.1 novel - -
3 KT3K m 634 former mA E 3 ED ¥ 3 novel - -
4 KT0SK £ 43,1 former ma E 2 sD ¥ 147 - COSM1451573 large intestine
3 G744 £ 61,3 former I E 2 FD ¥ 28 novel - -
& E709-T710 dal m 692 former v E 2 ] v [ novel - -
T L7881 f 649 never mA E 3 FR n 182 22930975 COSM366483 lung
7 F795C f 649 never ma E 3 PR n 192 novel - -
T 18, del30 £ 649 never ma E 3 PR n 182 novel - -
3 VB3I f 65,7 never v E 1 FE n 155 23485129 COSM12727 hing
9 ET094 m 744 cuTent JIk:] E 2 NA ¥ 0 23344264 COSMI13427 lung
10 K716R £ 66.6 cuTent mA E 2 PDr ¥ 12 15020901 COSM28512 lung
10 Imav £ 66.6 cumrent mA E 2 PDr ¥ 12 23384264 COSM2E512 hing
11 G195 m 674 cwrent v E 3 Na n 34 18176089 COSM6252 hung
12 GT195 m 55,1 cumTent IB E 2 ] n 21 23344264 COSMBE252 hung
13 EB36R m NA cuTent NA E 2 FR n 35 21274259 COSMB5893 upper aerodigestive tract
14 57965 m 56.5 former IV E 2 sD v 4.7 18528859 COSM20891 head and neck
14 CBI8Y m 36,3 former v E 2 sD i 4,7 17354229 COSM23611 pancreas
15 WE4M f 75,7 never JIEN E 2 Na n NA 19190079 COSM2E931 adrenal
1% L7951 £ 763 never v E 2 sD ¥ 62 16467085 - g
17 F794P f 750 former B G 1 ED ¥ 2 novel - -
18 L852R f 719 never v G 1 PR n 19 novel - -
19 L853R f 734 never NA Les 1 FE v 7 novel - -
20 7975 £ 752 pever IMA G 1 sD ¥ 66  novel - B
21 P848L m 572 cumrent Iy G 1 s n 1.7 23897936 COSM22943 lung
n E708_T710=D f 770 never B G 1 PR v 62 20559149 COSMS51525 hng
3 L361Q £ 639 never B NA NA PR NA L NA 23344264 COSM6213 hung
24 GT194 m 3338 never v Les 1 FE n 7 23344265 COSME240 hing
25 GT194A m 578 cumTent v G 1 sD n 7.8 23344266 COSME241 lung
26 TE341* m 575 former JEY G 1 PR n 18 21405450 COSMET246 hung
26 T7851* m 57.5 former I G 1 PR n 18 23139256 COSM53288 hung
27 P53 m 522 former v G 1 PR n 1.5 16707764 COSMI8489 oesophagus
7 759V m 522 former w G 1 FR n 15 19776290 COSM3I6938 thyroid gland
28 E734D f 720 clnTent TG G 1 FD v 21 - COSM1451582 large intestine
i) ME25L f 747 current v G 1 PR v 25 2329544 COSMISTS128 bulrary tract
30 ABIGV m 692 never IB G 1 FD v 35 21266046 COSMES900 prostate
31 VB2V m 678 former 1A x x x x x novel - -
31 T834 m 67.8 former 4 x x x x x 21409490 COSMET248 hung
31 WVESII m 678 former A x x x x x 23485129 COSMI2727 hing
32 L799L £ 555 cuTent s x x x x x novel - =
32 VIssvV £ 555 cuTent e = ® = = ® novel - -
32 GI75D f 355 clnTent TG x x x x x 21057810 COSMI33202 hmng
32 G768N f 55.5 current IE x x x x x 23139256 COSMI14068 lung
33 ViV m 75,1 former A = ® = = ® novel - -
34 LE838L f 547 never Ia x x x x x 16203769 - Tung
34 T783T £ 547 mever 14 x x x x x novel - =
35 57845 m 556 cunTent mA = ® = = ® novel - =
36 RI05K m 573 cunTent Ia x x x x x novel - -
36 L58EF m 573 cloTent Ia = x = = x 22885469 COSM306127 endometrium
37 PR4EP f 744 never ma x ® x x ® novel - -
37 VT86EL f 744 never ma x x x x x novel - -
37 AT43T f 744 never ma x x x x x 18258923 COSM2e509 hung
38 LE44L f 525 cimTent Ia x ® x x 3 novel - =
39 EB6TE m 375 cloTent B x x x x x novel - =
40 EM5KE m 66,8 cunTent mA = ® = = ® novel - -
41 K7I3K m 138 cunTent ma x x x x x novel - -
42 17801 f 640 clrTent ma = ® = = ® novel - -
43 I7801 f 593 cimTent Ia x ® x x ® novel - -
44 17801 m 56,5 former ma x x x x x novel - -
45 17061 f 66,8 former B = ® x x 4 novel - =
46 HIT3H f 679 cimTent v x ® x x 3 novel - =
47 DB2SD f 678 former v x x x x x novel - -
48 VBV f 593 clrTent B = ® = = x 23344084 - endometmim
48 NE4IN f 593 cimTent IB x ® x x ® novel - -
48 T7101 f 593 cloTent B x x x x x novel - -
49 ESME m 624 cunTent mA = ® = = ® - COSM1451603 large mtestine
50 ATO2A f 714 former v x ® x x ® - COSMI1451570 large intestine
51 P3455 f 56,2 cloTent ma x x x x x novel - -
52 V7T4s f 496 cuTent v = ® = = ® novel - -
53 RB03Q f 729 never s x x x x x novel - -
54 Qm91L f 359 cloTent ma = ® = = ® novel - -
55 (787 STOP f 755 never ma x ® x x ® novel - -
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Pnﬁ; - :\mi:)g:d‘:‘:::nge -ender ( di:l:;eo:i:) S‘::x’:‘; dsi:\:‘;;eo:i(: Drug Thlli[ Response Censored PFS R;‘;E;“ COSMICID Tissue distribution
56 NT00T f 714 former Ia x x x x x novel

57 M793V m 76.3 former jin:} x x x x x novel

38 L78EP m 63.3 curent JIEY x x x x x novel -

59 R832C m 76.1 cimrent IB x x x x x 21057220 COSM28236 ovary
59 I789T m 76.1 current IB x x x x x novel - -

&0 G70s” £ 65.7 current oA x x x x x novel

6l GTT9G m 60,5 ciment ma x x x x x novel -

82 SE811F m 778 former v x x x x x 22975805 COSMI1187305 Iung
63 WVB51I m 48.1 cumrent ma x x x x = 23485129 COSMI2727 hing
&4 132V m 59.7 former ma x x x x x 21841502 COSMI33111 hing
63 ET09A m 62.3 former A x x x x x 23344264 COSMI342T hing
&6 ET09A m 68.6 cinrent v x x x x x 23344264 COSMI13427 ung
&7 GT79% m 576 former 14 x x x x x 17626639 COSM23016 hing
68 18331 £ 615 cumrent w x x x x x 21057220 COSM53231 hing
68 DR5S3G f 61.5 cument w x x x x x= 16870303 COSM28606 hmg
] ES9K m 70.6 clorent A x = x x = 21070477 COSMS53291 hng
70 TT90A m 58.3 cimrent I x x x x x 23546020 COSMI272071 esophags
TQ L1s92H m 8.3 clnrent v x = x x = - COSMT26863 hung

71 VB431 £ 50.5 cinrent v x x x x x 21274259 COSME5854 ung
72 VEI4A m 39,0 cunent 1B x x x x x 20208477 COSMA41665 prostate
T3 Q820K f 634 cumrent ma x x x x x 21266046 COSMESE98 prostate
74 L7041 £ 70,6 cumrent B x x x x x 21057220 COSM53225 ovary
75 L798P m 61.4 never A x = x x = - COsM1451601 large intestine
76 L&52F m 711 former I x x x x x 23912954 - ung
77 V7864 m MNA never ImA x x x x x novel

x: Patient did not receive EGFR tyrosine kinase inhibitor therapy

E: Patient received erlotinib

G: Patient received gefitinib

* Patient carrying complex EGFR mutation including classic mutation
** Exon 20, 22842285 dell frame shift

# Exon 18: 2122 A/C

N/A: Not available

Rows of synonymous mutations are highlighted in gray.

Supplemental Table 2. Correlation of clinicopathological features, outcome variables and
KRAS mutational status in patients with advanced pulmonary adenocarcinoma (n=505)

?',Z) of patients | \\r- g5 KRAS12 (%) | KRAS13 (%)
P val
Al oatients 505 338 147 20 vaiue
P (100%) (67%) (29%) (4%)
240 157 7 11
PD+SD (47 5%) (46.4%) (49%) (55%)
Response ¢ 0.260
CRePR 245 161 75 9
(48.5%) (47.6%) (51%) (45%)
Median PFS (days) 211 185 157 0.534
Survival d (189-32) (156-214) | (0-323) :
) 479 471 330
d
Median OS (days) (395-63) (329-613) | (185475 |9V

Data shown in parentheses are column percentages; ECOG PS, Eastern Cooperative
Oncology Group performance status; PD, progressive disease; SD, stable disease; CR,
complete response; PR, partial response, PFS, progression-free survival; OS, overall
survival.
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Supplemental Table 3. Major clinicopathological characteristics of the advanced-stage
lung adenocarcinoma patient cohort with full clinical follow-up (n=419).

EGFR mutation
KRAS and
Total Classic Synony | KRAS EGFR P
Rare mous mutation wild-type value
EGFR | EGrR EGFR
mutatio . B
n mutation mutatio
n
Total 419" 22% 26** 16* 80" 271’
(100%) (5%) (6%) (4%) (20%) (65%)
Age (mean=SD) 63.9£10.3 27"&10' 63.5£9.8 g“ig'g 59.9+10.9 | 64.6+98 | 0.003
Male 203 (48%) |7 (32%) |13 (50%) |7 (44%) |37 (46%) | 135 (50%)
Gender 0.571
Female 216 (52%) | 15 (68%) | 13 (50%) |9 (56%) |43 (54%) | 136 (50%)
0 185 (45%) | 13 (59%) | 13 (50%) | 8 (50%) |35 (44%) | 116 (45%)
c 0.709
PSCOG 12 223 (55%) | 9 (41%) |13 (50%) | 8 (50%) | 45 (56%) | 144 (55%)
Unknown | 4, 0 0 0 0 11
data
Never- 70(17%) |9(43%) |6(23%) [3(19%) |8 (10%) |44 (17%)
smoker
Former 134 (33%) | 7(33%) | 6 (23%) | 6 (37%) | 34 (43%) | 81 (32%) |0.028
Smoking | smoker
status
SCF;]J(:L@T 198 (50%) | 5(24%) | 14 54%) | 7 (44%) | 37 (47%) | 131 (51%)
Unknown 4 1 0 0 1 15
data
Unresected | 6o (1606) |2 (9%) |5(19%) |10 (63%) | 16 (20%) |36 (13%)
Tumor [ A <0.001
Stage '
g HIB-1V 351 (84%) |20 (91%) | 21 (81%) |6 (37%) |64 (80%) | 235 (87%)

Data shown in parentheses are column percentages. Categorical parameters of the
different mutational groups were analyzed by Chi-square test. Age as a continuous
variable was analyzed in the mutational groups by ANOVA and Tukey’s multiple
comparison test.

# ) .
KRAS molecular analysis was not done in 4 cases.

"E GFR molecular analysis was not done in 54 cases.

* 2 concomitant KRAS mutation was identified.

** 2 concomitant KRAS mutation was identified and KRAS analysis was not done in 2
cases.

ECOG PS, Eastern Cooperative Oncology Group performance status.
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Supplemental Table 4. Distribution of EGFR mutation status in TKI-treated patients.

TKI therapy
Total 1" line 2" and 3"line
Total 151 (100%) 30 (20%) 121 (80%)
WT for KRAS and EGFR 98 0 98 (100%)
Synonymous EGFR mutation 9 2 (22%) 7 (78%)
Total 44 28 (64%) 16 (36%)
EGFR mutation Classic 24 17* (71%) 7* (29%)
Rare 20 11%* (55%) 9 (45%)

Data shown in parentheses are row percentages.
* In one patient concomitant KRAS mutation was identified.
** |n two patients concomitant KRAS mutation was identified.
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