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Summary and discussion 
 

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

to link these alterations to tumor evolution and resistance to targeted treatment. 

 

Mutational landscape and potential targets 

In chapter 2, we presented an overview of the mutated genes in lung cancer 

including the well-known ones such as EGFR and KRAS. Mutations in these two 

genes can drive tumor formation. KRAS mutations are observed with a frequency 

of 30% and are associated with smoking behavior, while the EGFR gene is 

mutated in about 10% of Caucasians. Recent findings of different research groups 

that utilized next generation technologies (NGS) in lung cancer provided an 

overwhelming amount of data and new insights into the pathogenesis of lung 

cancer. In addition, these studies provided clues for targeted therapy. Examples 

are amplifications and mutations of ERBB2 in lung adenocarcinoma (AC), 

mutations of JAK kinase family members and NFE2L2 in squamous cell lung 

cancer (SQCC)1-2. Moreover, we summarized currently available targeted 

treatment strategies, such as EGFR and ALK inhibitors, and the currently known 

resistance mechanisms. Several of the proposed resistance mechanisms still need 

to be functionally proven. 

 

KRAS and EGFR hotspot mutations in NSCLC patients with and without 

COPD 

Differences between chronic obstructive pulmonary disease (COPD) status 

stratified NSCLC have been observed at the gene expression and for copy number 

variation (CNV) level3-4. In chapter 3, we investigated whether KRAS and EGFR 

mutations in NSCLC were associated with COPD-status in a group of 325 NSCLC 

patients. We observed no significant difference between the frequency of KRAS 

mutations in COPD as compared to non-COPD patients. KRAS mutations were 

more frequent in female than in male, consistent with a previous study5. Both 

female gender (HR 2.79; 95% CI: 1.70-4.59; p<0.001) and smoking were 

associated with KRAS mutational status (HR 4.34; 95% CI: 1.21-15.59; p=0.02). 

Transversions were significantly more common in smoking females than smoking 

males. As transversions have been associated with smoking, our data suggest an 

increased susceptibility of women for smoking carcinogens and smoking related 

substitutions. This might be explained by differences in the expression of CYP1A1 
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and CYP1B1, tobacco carcinogen-metabolizing enzymes in females compared to 

males6. EGFR mutations were significantly more common in NSCLC of non-COPD 

patients (15.3%) as compared to NSCLC patients with COPD (4.8%). These findings 

are similar to two previous studies7-8. This suggests that factors such as smoking 

or oxidative stress may be involved in EGFR activation in COPD patients rather 

than activating mutations. 

 

Tumor Heterogeneity 

In chapter 4, we investigated tumor heterogeneity in primary lung tumors 

compared to multiple distant metastases in three NSCLC and two SCLC patients 

using whole exome sequencing (WES). In the NSCLC patients, only half of the 

mutations were shared between the primary tumor and its metastases. This 

suggests that ubiquitous mutations in NSCLC may be insufficient to confer 

metastatic properties to the tumor cells. In contrast, the vast majority of the 

mutations were shared between primary and metastases in the SCLC patients. 

This suggests that metastasis-driver mutations are an early events and present as 

ubiquitous mutations in SCLC. This is compatible with the aggressive nature of 

the disease in which the vast majority of patients present with metastasized 

disease. For validation, we selected all the non-ubiquitous mutations using a PCR-

based NGS approach. We successfully validated 99% of the major clone 

mutations and confirmed that almost all the metastases specific mutations were 

indeed specific. Copy number variation (CNV) plots generated from WES data 

revealed some level of inter-tumor heterogeneity in all three NSCLC and in one of 

the SCLC patients. For the other SCLC patient we did not observed any difference 

between primary tumor and five different metastases. Overall, we showed more 

mutational inter-tumor heterogeneity in NSCLC as compared to SCLC. 

The chance of developing drug resistance may increase with a higher degree 

of intra-tumor heterogeneity. Currently, there are some large studies (n>178)1-2, 9 

that characterize the genetic makeup and expression profile of NSCLC patients 

using next generation sequencing (NGS). These studies have contributed to the 

increased number of targetable genes. In contrast, there are only a few studies 

with a limited number of SCLC primary tumor samples (n<40)10-12 using NGS 

technology. The lack of large genome wide studies on SCLC might at least in part 

explain the limited number of personalized therapeutic options for these 

patients. 
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In pancreatic cancer, subclones migrating to distant organs were already 

present in the primary tumor. The observed mutation pattern indicated an 

interval of almost two decades between tumor formation and death of the 

patients13. This indicated that these tumor cells need time to evolve and acquire 

additional aberrations to gain the capacity to metastasize and survive in a new 

environment. Based on the mutation profiles we observed in NSCLC, the same 

pattern might apply to this type of cancer, with a high degree of non-ubiquitous 

mutations indicating presence of different subclones in the primary tumor. This 

seems different for SCLC, as we only found a limited number of non-ubiquitous 

mutations. In a recent study, a marked degree of intra-tumor heterogeneity has 

been reported in primary NSCLC lung tumors14-15. So, the high degree of inter-

tumor heterogeneity as observed in our study might be a reflection of different 

tumor subpopulations in the primary tumor. Overall, our data support a branched 

model of evolution in metastatic NSCLC similar to the previous studies on primary 

NSCLC tumors14-15. In SCLC, the short time interval between tumor formation and 

distant metastasis and the relatively few non-ubiquitous mutations indicates a 

linear evolution.  

To investigate intra-tumor heterogeneity at CNV level, we applied single cell 

whole genome sequencing (WGS) on one of the two SCLC patients focusing on 

the primary SCLC tumor and one of its metastasis. We found more heterogeneity 

in the primary SCLC sample in comparison with the corresponding liver 

metastasis as quantified by a heterogeneity score of 0.26 versus 0.07, 

respectively. This grade of heterogeneity was not detectable at the mutational 

level using WES. Thus, a main factor that can affect the overall conclusion of 

patient inter- and intra-tumor heterogeneity is related to the experimental 

approach used to assess heterogeneity. We showed low degree of heterogeneity 

based on mutational analysis (WES) in SCLC, while there was a high grade of CNV 

heterogeneity at single cell level. 

Our data suggest that analysis of a single biopsy might not be representative 

of all subclones present in the tumor. This is consistent with  driver mutations 

found as major clones in one part of the tumor while being absent in another 

part of the tumor15. Thus analysis of more than one geographically distinct tumor 

biopsy might provide a more accurate overview of the mutations present and 

should be considered in the clinical setting. 
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Fusion genes and drug resistance 

ALK-positive NSCLC patients have the opportunity to benefit from tyrosine 

kinase inhibitors such as crizotinib. However, resistance to therapy emerges 

inevitably in these patients. There are some known resistance mechanisms such 

as gatekeeper mutations in the ALK kinase domain or gain of the ALK gene. 

However, the mechanism of drug resistance still remains unknown for 18-44% of 

the cases16-17. In chapter 5, we studied ALK break-positive patients with lung AC 

using paired-end RNA sequencing (RNA-seq) and asked ourselves whether 

treatment-induced fusion genes may explain treatment resistance in crizotinib-

treated patients. As a pilot study, we performed RNA-seq on a single lung AC 

tumor sample with the aim to optimize filtering criteria to distinguish between 

true fusion genes and false positives (Chapter 5A). We identified 85 potential 

fusion genes by analyzing data using the RNA-seq analysis package tool called 

deFuse18. Based on manual inspections of several fusions using a custom track on 

IGV software in combination with manual check on UCSC genome browser, we 

optimized the procedure. Validation of the four remaining fusions with a 

predicted open reading frame (ORF) revealed appropriate RT-PCR products for 

three of the four genes. For the fourth fusion gene the RT-PCR product of the 

appropriate size was observed both in the tumor and the normal sample, 

indicating that this prediction was not a true somatic mutation. Re-inspection of 

the deFuse parameters led to the inclusion of one additional filtering step, i.e. 

removal of fusion genes in regions of ESTs. This resulted in a more complete 

elimination of false-positive fusion genes. Our results highlight the importance of 

manual inspection and experimental confirmation for all predicted gene fusions.  

As none of the present studies provided evidence for acquiring additional 

fusion genes as a possible resistance mechanism, we aimed to identify fusion 

genes in crizotinib resistant lung AC samples in chapter 5B. A total of seven fusion 

genes were identified including the ALK-EML4 fusion, consistent with the 

diagnostic ALK fluorescence in situ hybridization (FISH) test. We identified four 

new fusion genes in patient #1 and #3, while patient #2 did not contain any 

additional fusion product. Only one of the four novel fusions had a predicted 

ORF. Experimental validation revealed a RT-PCR product of the expected size in 

the resistant tumor clone and not in the normal sample. However, the fusion 

gene products were already present in the primary biopsy, indicating that the 

fusion genes are most likely not induced by treatment. Manually inspection of 

the RNA-seq data for resistance associated aberrations in the ALK, EGFR and 
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KRAS genes revealed two mutations in ALK. In the first patient, we observed an 

ALK gatekeeper mutation (C1156Y) and presence of an additional copy of the ALK 

gene based on the presence of both wild type and mutant reads for the ALK gene 

in the RNA-seq reads. Thus, in this patient, we observed coexistence of two 

known ALK-dependent resistance mechanisms, i.e. ALK gain and gatekeeper 

mutations. In the second patient, we did not find any resistance-related event. 

This suggests that other ALK-independent mechanisms are involved in resistance 

to crizotinib. In the third patient, we found the ALK G1269A gatekeeper mutation 

in the resistant re-biopsy. Therefore, resistance in this patient may be explained 

by acquisition of a mutation in the ALK kinase domain. Functional analysis of the 

two observed resistance-associated mutations in cell lines has proven their role 

in crizotinib resistance16, 19. The G1269A mutation is located close to the crizotinib 

binding site and induces a stronger resistance towards crizotinib than the C1156Y 

mutation16. In conclusion, the novel fusions found in the three AC patients seem 

unlikely to be related to ALK-TKI resistance due to presence of other ALK-

dependent mechanisms. 

 

In summary, in this thesis we presented an overview of the mutated genes in 

lung cancer and we showed that presence of KRAS mutations in NSCLC patients 

was not associated with COPD status, whereas EGFR mutations were significantly 

more common in non-COPD NSCLC patients. We also showed a high level of 

inter-tumor heterogeneity in NSCLC as compared to SCLC and higher levels of 

intra-tumor heterogeneity in primary SCLC in comparison with the corresponding 

metastasis. In addition, we showed that the drug resistance in two patients could 

be explained by gain of known ALK gatekeeper mutations, whereas in the third 

patient ALK-independent factors most likely induced the drug resistance. 
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Future perspectives 

 

COPD-related lung cancer 

We and others found a higher frequency of EGFR mutations in non-COPD 

patients indicative of different pathways for activation of EGFR in COPD patients. 

EGFR amplification is present in a low percentage of NSCLC patients20 and has 

been shown to be associated with EGFR overexpression in NSCLC patient primary 

tumors21-22. Based on these findings it might be of interest to test if EGFR 

amplification in NSCLC is associated with COPD status. Based on our and 

published results, it would be interesting to study presence of EGFR mutations, 

amplification and overexpression, in a large cohort of COPD stratified NSCLC 

patients, to more accurately determine the frequency of each of these three 

mechanisms to determine the EGFR activity status.  

There are several genome wide association studies on lung cancer, COPD and 

lung function4, 23-26, whereas there are no studies comparing the overall 

mutational landscape of COPD-related lung cancer patients compared to those 

patients without COPD. Based on our results, it is worthwhile to investigate a 

larger panel of cancer related genes using targeted DNA sequencing in these two 

groups of patients. It is important to stratify the two patient groups according to 

smoking background, as smoking status is known to influence the number of 

mutations. However, the power of such a study would be a matter of concern. As 

a rule of thumb, differences in mutation frequencies might be low (we observed 

34.2% and 29.8% for KRAS in COPD vs. non-COPD, respectively), indicating that 

(very) large sample sizes will be required to detect such small effects.  

 

Mutation landscape of SCLC 

Several therapeutic targets are clinically available for NSCLC patients, while 

there is not any for SCLC. A first step to improve our knowledge on the genomic 

landscape of SCLC should be focused on using WES (or WGS) in combination with 

RNA-seq on a large set of primary tumors (n>200 similar to the NSCLC studies). 

This can be combined with pathways analysis to pinpoint possible known and 

novel pathways for personalized treatment in SCLC and subsequently testing of 

these targets in pre-clinical studies. 
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Drug resistance 

Mechanisms causing resistance to ALK inhibitors such as crizotinib remain 

unknown for 18-44% of the patients16-17. To accurately establish all possible 

resistance mechanisms to crizotinib, a large study with primary and resistant re-

biopsies needs to be carried out. The most optimal approach would be to 

perform a comprehensive analysis including RNA-seq and WES, even in 

combination with possible epigenetics-based resistance mechanisms to explore 

patterns of resistance mechanisms. Large re-biopsy studies after specific drugs 

can provide evidence of involvement of different genomic and epigenetic 

aberrations in drug resistance. A possible clue of clusters of aberrations may also 

come from meta-analyses of expression studies in lung cancer. The question 

whether these aberrations are functional still need to be answered by 

appropriate in vitro and in vivo studies. 

Recently, there are some studies utilizing large-scale overexpression and 

suppression (7.000-12.000 genes) approaches for functional analysis in cell 

lines27-28. The overexpression approach is currently being applied to discover new 

resistance mechanisms and to confirm some of the known mechanisms in ALK-

positive lung cancer cells27. These techniques can be of great benefit to the field 

of drug resistance and can also be used for other molecular targets such as EGFR. 

Overexpression of genes in TKI responding cell lines and treating them with 

different drugs may result in identification of novel resistance associated genes. 

In addition, this approach might also be used to confirm proposed and known 

mechanisms.  

There are no studies applying large-scale gene knockdown analysis for 

discovery of mechanisms explaining drug resistance. One approach to select 

candidate genes could be to identify genes differentially expressed between a 

resistant subclone and the parental responding cell line. These candidates could 

be tested in relation to drug resistance in vitro. It has been shown that some long 

non-coding RNAs (lncRNAs) are associated with drug resistance. For instance, 

lncRNAs CUDR, PANDA and H19 have been shown to be overexpressed during 

drug resistance29. As an alternative to target protein-coding genes, it would be of 

interest to select lncRNAs overexpressed in resistant cells for a high throughput 

knockdown study.  

One of the important things that could help physicians in treating patients 

with cancer is to identify the next driver event leading to resistance in patients 

treated with targeted drugs. Examples are EGFR inhibitors for EGFR aberrations; 
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BRAF inhibitors for BRAF mutations and ALK/ROS1 inhibitors for ALK and ROS1 

break positive cases. Resistance occurs after months and pre-clinical evidence 

shows increased inhibition by adding MEK or ERK inhibitors. Combination 

treatment is therefore a next step that has to be explored in clinical trials. 

Moreover, exploration of new resistance mechanisms such as gatekeeper 

mutations or the development of specific inhibitors for effector proteins such as 

ERK, AKT, or MAPK would be suitable targets for pharmaceutical companies. It 

would also be helpful to have a complete genomic profile of responsive and 

resistant ALK-positive or EGFR-mutant-positive cell lines to find genomic 

aberrations associated with drug resistance. 

Early detection of resistance will allow faster response time for clinicians and 

possibly prolong survival. More than 70% of the ubiquitous and non-ubiquitous 

mutations in primary and metastases of prostate cancer can be identified in 

circulating tumor cells (CTCs)30. This underscores the importance of these CTCs in 

metastasis and tumor expansion and implicates their potential value in early 

detection of resistance. Isolation of CTCs during and after treatment and the 

subsequent targeted analysis of known genomic resistance mechanisms might 

allow early detection of resistance. In addition, we can use whole genome 

amplification on DNA samples isolated from CTCs during treatment, followed by 

WES30 to generate a mutation profile for both CTCs and pre-treatment primary 

tumor. Thus, we may be able to identify novel resistance mechanisms in patients 

treated with TKIs.  

 

NGS in diagnostic laboratories  

Molecular diagnostic testing is done based on tumor histological subtype. It 

is a time consuming procedure that is frequently done in a two subsequent steps, 

i.e. mutation analysis for EGFR, KRAS and BRAF, followed by a FSH analysis to 

detect breaks in ALK, ROS1, RET. As new targets are coming up, the diagnostic 

gene panel must be flexible and expandable. All these tests take several days and 

can be done only if the tumor content of the biopsy is above 20%. New 

developments in NGS technologies not only allow higher depth of sequencing, 

but also allow combined identification of different types of genomic aberrations 

in a single test, for example mutations, amplifications and fusion genes in a 

quantitative manner. This may reduce the turnover time and allow a more 

sensitive and more automated detection of all treatment relevant aberrations. 

Overall, combination of all relevant diagnostic tests on a single platform can 
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increase the turnaround time and efficiency of diagnostic tests. However, cost 

effectiveness of this type of tests should be taken into account, as insurance 

companies must cover the expenses. 
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