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1 
Lung cancer 

Lung cancer is the main cause of mortality in cancer patients with worldwide 

incidence of approximately 1.4 million per year1. In the Netherlands, 11,669 new 

cases were diagnosed and 10,544 deaths were registered in 2011 (www.ikc.nl). 

The low 5-year survival rate (16%) is mainly due to late diagnosis with 

metastasized disease at time of diagnosis and aggressive behavior of the tumor2. 

Lung cancer is classified into non-small cell lung cancer (NSCLC), which accounts 

for approximately 85% of all cases, and small cell lung cancer (SCLC)3. There are 

three main NSCLC subtypes, i.e. adenocarcinoma (AC), squamous cell carcinoma 

(SQCC) and large cell carcinoma (Figure 1)4. Computed tomography (CT) and 

positron emission tomography (PET) are used to detect the location of the 

primary tumor and presence of metastases. This is followed by histological 

examination of a biopsy of the tumor taken by bronchoscopy, endoscopic 

ultrasound guided biopsies or transthoraxic lung biopsies. 

 

 
Figure 1: Different subtypes of lung cancer. Formalin fixed paraffin embedded (FFPE) tissues stained 

by standard hematoxylin and eosin protocol. Magnification: 20x. A) Adeno B) Squamous cell C) 

Large cell D) Small cell carcinoma. 
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The staging system of lung cancer is based on the size and location of the 

primary tumor in the thorax, the number and location of tumor involved lymph 

nodes and presence of distant metastases (TNM staging system)5. In this 7th 

edition of the lung cancer staging system NSCLC is classified as local, locally 

advanced or advanced disease. Stage of the disease, performance status, 

presence of metastasis, histological subtype and presence of activating mutations 

are the key elements used to select the most optimal treatment strategy for each 

patient6. Surgery is the primary treatment for patients with stage I/II NSCLC7. 

(Neo)adjuvant chemotherapy increases the survival of resectable NSCLC 

patients8. Stage III NSCLC is usually treated with chemoradiotherapy and stage IV 

NSCLC with systemic treatments such as chemotherapy, targeted therapy or 

immunotherapy. 

There are several risk factors that contribute to the development of lung 

cancer including cigarette smoking9, chronic obstructive pulmonary disease 

(COPD)10, asbestos exposure11, air pollution such as fine particulate matter with 

an aerodynamic diameter of 20.5-10 (PM10), and genetic risk factors9. Smoking is 

the main risk factor12-13. A smoking history of more than 40 years increased the 

relative risks (RR) of SCLC and SQCC with 77 and 22, respectively14. However, only 

10% of the smokers will develop lung cancer12. For AC, besides smoking, air 

pollution also has a significant contribution. According to a large European study, 

the lung cancer risk (including AC) was associated with air pollution (Hazard ratio 

(HR) 1.22 [95% CI 1.03-1.45] per 10 μg/m3 increase in PM10)
13. Despite the low 

HR, the total air pollution impact may be  high since everybody is exposed.  

Hereditary factors also seem to affect susceptibility of smoking individuals to 

develop lung cancer. Several single nucleotide polymorphisms (SNPs) such as 

rs1051730 (CHRNA3), rs8034191 (AGPHD1) and rs1048943 (CYP1A1) on 

chromosome 15q have been reported to be associated with the risk of lung 

cancer development15-16. There are also some reports showing germline 

mutations in EGFR such as T790M, V843I and P848L in lung cancer patients17-18. In 

addition, a germline EGFR T790M mutation has been detected in two family 

members of a lung AC patient, one of which was diagnosed with lung AC as 

well19. Another case report identified a germline V843I mutation in family 

members with a history of lung cancer20.  
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1 
Gene mutations in lung cancer 

Lung cancer is a result of multiple genetic alterations that accumulate during 

life21. In 1982, a human gene with transforming activity was identified in a lung 

carcinoma cell line. This gene is homologous to the Kirsten Rat Sarcoma virus22 

and was referred to as KRAS. KRAS is involved in regulating cell proliferation21 and 

mutations in KRAS, mostly found in codons 12, 13, and 61, result in abnormal 

activation of the protein23. KRAS is mutated more frequently in AC of smoking 

patients (5-40%) than in the other subtypes of lung cancer21, 23. The TP53 gene, 

first described in 197924, has been implicated in DNA repair, cell cycle arrest and 

apoptosis25-26. It is an important tumor suppressor gene that is mutated in 

approximately 45% of NSCLC26, most frequent in SQCC27. Epidermal growth factor 

receptor (EGFR) shows a high mutation frequency in lung cancer, especially in 

non-smoking Asiatic females with AC28. It is mutated in 5-40% of NSCLC patients 

depending on the ethnicity2. The EGFR protein is involved in cell proliferation, 

differentiation and survival29 and activating mutations in the EGFR tyrosine kinase 

domain, i.e. exons 19-21 of the EGFR gene30, triggers a cascade of signaling 

pathways leading to uncontrolled cell proliferation, inhibition of apoptosis, and 

metastasis31. 

 

Next Generation Sequencing 

During the last three decades, automated Sanger sequencing has been 

extensively used both in characterization of the human genome and 

identification of genetic aberrations in human cancer samples. Despite 

improvements, technical limitations (cost and time) of Sanger sequencing urged 

development of improved technologies32. Automated Sanger sequencing is called 

“first generation sequencing” and newer methods like massively parallel 

sequencing are referred to as “next generation sequencing” (NGS)33. NGS is much 

more cost effective and allows generation of large amount of sequencing data 

within a shorter period of time. These developments led to increased output of 

sequencing studies34. Analysis of every single nucleotide of the human genome is 

referred to as whole genome sequencing (WGS), while determining the sequence 

of all exons, i.e. approximately 1% of the genome, is referred to as whole exome 

sequencing (WES)34-35. WGS is more costly than WES with the same coverage34, 

but gives a complete overview of all variations of the entire genome. For 

example, chromosomal rearrangements and gene fusions can be detected using 

paired-end WGS36, but not by WES. On the other hand, the huge amount of data 



Chapter 1 

16 

from WGS and its interpretation is a great challenge both in clinical and research 

settings37. 

In recent years, massively parallel sequencing has been applied also in RNA 

sequencing (RNA-seq) studies allowing researchers to investigate the entire 

transcriptome at high resolution38-39. Besides quantifying gene expression, RNA-

seq also allows detection of splice variants, identification of transcript start and 

end sites, novel transcripts and discovery of fusion transcripts38, 40. Moreover, 

using new advances in RNA-seq, novel small and long non-coding RNAs can be 

identified as well41.  

 

Tumor evolution and heterogeneity 

Cancer is a complex disease that is initiated by acquiring and accumulation of 

mutations in a single cell through time resulting in a cancerous cell population42. 

It is a genetically heterogeneous disease and several subpopulations coexist in a 

single tumor43. In 1976, cancer has been defined as an evolutionary process 

which is driven by somatic mutations and selection pressures that help 

outgrowth of some clones over others44. This definition led to two different 

concepts of evolution, i.e. linear versus branched. In the first model, cancer cells 

contain all driving mutations that accumulate during evolution, while in the 

branched model each tumor cell can acquire different mutations and multiple 

subclones can grow out within a tumor43. A branched evolution can result in 

extensive intra-tumor heterogeneity and this can affect clinical outcome of 

targeted therapy45-46. Intra-tumor heterogeneity has been shown in different 

cancer types including NSCLC47-48, clear cell renal carcinoma49 and pancreatic 

cancer50. Genomic analysis using multiple samples of a patient and analysis at 

single cell level can improve our understanding about this complex disease and 

help to further optimize treatment strategies. 

 

Targeted therapy in lung cancer 

Utilizing WGS and/or WES provided detailed information about genomic 

aberrations in lung cancer and this approach has led to identification of potential 

new targets for therapy36, 51. These NGS developments were introduced at the 

same time frame as the development of novel chemical compounds that can 

target proteins derived from oncogenic driver mutations. New technologies 

enhanced generation of structurally adapted compounds to optimally inhibit 

specific target kinase receptors52-53. Discovery of EGFR mutations and their 
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predictive value on tumor response to targeted TKI treatment in lung cancer 

patients is a revolution in so called “personalized therapy”, i.e. specific drugs 

targeting these drivers of lung cancer (targeted therapy)54. Despite prolonged 

survival of lung cancer patients with these targeted drugs, tumor cells develop 

resistance. This indicates the need for novel targeted drugs to treat patients with 

resistant tumors55. This resistance might occur due to intra-tumor heterogeneity 

and emergence of resistant minor subpopulations via selective pressure applied 

by treatment46. 

Several promising phase I and II studies are currently being executed that will 

improve treatment results of lung cancer patients. One can envisage that more 

driver mutations will be detected in tumor cells and that new or combinations of 

drugs will enhance treatment outcome in the future56-58. Of course, toxicity and 

induced resistance may still limit their efficiency. Currently there is a growing 

number of targeted treatments available for NSCLC patients in clinical setting 

such as gefitinib, erlotinib and afatinib for activating EGFR mutations, rociletinib 

and AZD9291 for resistant EGFR T790M mutations, crizotinib, ceritinib, brigatinib 

and alectinib for EML4-ALK fusion proteins and combination of dabrafenib and 

trametinib for BRAF mutations.  
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Scope of the study 

The aim of this thesis is to investigate genetic changes in lung cancer and to 

link these changes to tumor evolution and resistance to targeted treatment. In 

chapter 2, we present an overview of known and novel mutated genes in NSCLC, 

and provide an overview of clinically available targeted therapies including 

known resistance mechanisms. In chapter 3, we examined the association 

between presence and type of EGFR and KRAS mutations in NSCLC patients with 

and without COPD. In chapter 4, we applied a combination of NGS techniques 

such as WES and single cell-WGS on normal, tumor and multiple metastases 

samples from five lung cancer patients to explore clonal evolution of tumor cells 

and tumor heterogeneity in different subtypes of metastatic lung cancer. In 

chapter 5A, we performed a pilot RNA-sequencing study to optimize the 

approach to distinguish between true fusion genes and false positives. In chapter 

5B, we performed RNA-seq on frozen resistant tumor samples of three patients 

with a known EML4-ALK translocation, who progressed on crizotinib. The goal 

was to identify new fusion transcripts that may play a role in ALK-TKI resistance. 

At the end, we summarize the main findings and discuss future perspectives 

(chapter 6). 
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