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Abstract 
 

Introduction: Several studies showed intra-tumor heterogeneity in lung cancer, 

with multiple clones characterized by their own specific mutational landscape. 

The extent to which minor clones become dominant in distinct metastasis is not 

clear. Aim of our study is to investigate tumor genomic heterogeneity in lung 

cancer in primary and multiple distant metastases. 

Materials and methods: Whole exome sequencing (WES) was performed on DNA 

isolated from total, macro-dissected, or laser micro-dissected tissue sections of 

29 samples of 3 non-small cell lung carcinoma (NSCLC) and 2 small cell lung 

carcinoma (NSCLC) patients using a hybridization-based target enrichment 

protocol. Genome analysis toolkit (GATK) was used to analyze data and the 1000-

Genome database was used to remove single nucleotide polymorphisms. 

Additional personal variants were excluded using z-score. Mutant read 

frequencies were corrected based on the estimated normal cell admixture. 

Validation of a large subset of the somatic mutations was carried out by a PCR-

based target enrichment protocol (NuGEN). Single cell whole genome sequencing 

(WGS) was carried out on the primary tumors and the liver metastasis of one 

SCLC patient. 

Results: Ninety-two to 462 somatic mutations were observed in the five lung 

cancer patients. Approximately, 50% of all detected mutations were predicted to 

be damaging at the protein level. For each of the three NSCLC patients, about half 

of the mutations was shared between all tumor samples, whereas over 95% of 

mutations were shared in the tumor samples of the two SCLC patients. WES-

based copy number variations (CNV) plots showed inter-tumor heterogeneity in 

all the NSCLC patients and in one of the SCLC patients. Single cell WGS-based CNV 

plots of the primary and liver metastasis revealed a much higher intra-tumor 

variation in primary tumor compared to the metastasis. Interestingly, we 

observed a CNV pattern similar to the liver metastasis cells in two out of 83 single 

cells of the primary tumor. 

Conclusion: Patients with advanced NSCLC have a high percentage of non-

ubiquitous mutations. In contrast, SCLC patients showed a limited number of 

non-ubiquitous mutations, but did reveal a high degree of heterogeneity based 

on the single cell WGS-based CNV plots. Moreover, CNV plots of 2 primary tumor 

derived single cells closely resembled the CNV plot of the bulk analysis of the liver 

metastasis. 
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Introduction 
 

Lung cancer is the main cause of cancer related death in the world with 

approximately 1.4 million patients per year1. Two main histological subtypes are 

recognized with approximately 15% of the patients presenting with small cell lung 

carcinoma (SCLC) and 85% with non-small cell lung carcinoma (NSCLC). The latter 

group is further subdivided into three subgroups, i.e. large cell carcinoma, 

squamous cell carcinoma (SQCC) and adenocarcinoma (AC)2-3.  

Recent developments in next generation sequencing (NGS) techniques in 

combination with improved bio-informatics tools have greatly advanced the field 

of tumor genetics. These developments resulted in a better understanding of 

tumor cell evolution; i.e. linear versus non-linear or branched evolution4. In the 

linear model, tumor cells acquire sequential genomic changes (mutations or 

CNVs) over time and the clone that contains most favorable genomic changes will 

become dominant5. The branching evolution model assumes development of 

multiple parallel tumor cell clones that all acquire specific genomic aberrations 

over time. These tumor clones exist independently within the tumor mass4-6.  

A branched evolution has been shown in pancreatic7-8, clear cell renal 

cancer9-10, breast cancer11 and more recently in lung cancer12. A branched 

evolution results in extensive subclonal diversity and intra-tumor heterogeneity. 

In contrast, a linear evolution results in a more homogeneous tumor mass. Linear 

evolution in combination with an incomplete clonal-sweep, i.e. failure of a 

subclone to completely outcompete its ancestral clones, may result in a lower 

degree of intra-tumor heterogeneity13-14.  

The observed evolution pattern might be affected by experimental and 

biological factors such as sampling bias, exposure to carcinogens, drug treatment 

and tumor microenvironment4-5. In addition, the bio-informatics approaches used 

to detect genomic aberrations can affect the observed pattern of evolution in the 

tumor4. Most studies have focused on analysis of bulk material, which limits 

detection of true intra-tumor heterogeneity. Advances in NGS technology now 

allow studying heterogeneity at single cell level without prior whole genome 

amplification steps.  

We studied genomic inter-tumor heterogeneity by whole exome sequencing 

(WES) between different tumor-locations for five lung cancer patients, three with 

NSCLC and two with SCLC. In addition, we assessed CNV intra-tumor 

heterogeneity in two selected tumor samples at the single cell level by low-
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coverage whole genome sequencing (WGS) without performing a prior whole 

genome amplification step. 

 

Materials and Methods 
 

Samples 

Multiple tumor samples of five lung cancer patients with large cell carcinoma 

(n=1), SQCC (n=1), AC (n=1) and SCLC (n=2) were included in this study. Only 

patients with stage IV cancer and metastases in mediastinal lymph nodes and in 

different visceral organs were selected. Tissue samples of normal, primary lung 

tumor and multiple metastatic locations were obtained at autopsy. For patient #1 

we also collected a primary tumor sample at diagnosis. All tissue samples were 

snap frozen. A total of 29 frozen tissue blocks (5 normal and 24 tumor blocks) 

were subjected to whole exome sequencing (WES) (Supplementary Table S1). 

Each patient gave informed consent for this study. All procedures and protocols 

were performed according to the guidelines of the Medical Ethics Committee. 

 

Immunohistochemistry 

HE sections were made for each sample to confirm diagnosis and to 

determine the histological subtype based on the WHO classification. For SCLC 

patients, frozen normal tissue samples were stained with anti-Cytokeratin (clones 

AE1/AE3, Dako, Glostrup, Denmark) and anti-CD56 (Becton Dickinson, New 

Jersey, USA) antibodies using standard protocols to exclude presence of tumor 

cells. Briefly, 3µm frozen sections were fixed in acetone for 10 minutes. Next, 

slides were incubated with primary antibody at room temperature (RT) for 1 hour 

(Dilutions were 1:100 and 1:50 for Cytokeratin and CD56, respectively). After 

blocking of endogenous peroxidase activity, secondary and tertiary antibodies 

were incubated at RT for 30 min and slides were stained with AEC (3-Amino-9-

ethylcarbazole) and hematoxylin staining. 

 

DNA isolation and whole exome sequencing 

For the WES procedure we aimed to isolate DNA from a tissue sample with at 

least 80% tumor cells. For blocks with more than 80% tumor content, we used 

the complete tissue section. In cases where the tumor cell percentage was lower, 

we performed macro-dissection or laser microdissection (LMD6000, Leica, 

Wetzlar, Germany). Genomic DNA was isolated using standard laboratory 
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procedures. Whole exome sequencing (WES) was carried out using standardized 

protocols of the UMCG genome facility as described previously15. Briefly, 0.3-3μg 

genomic DNA was randomly fragmented by ultrasonic nebulization (K7025-05, 

Life Technologies, Paisly, UK). Library preparation was done using Agilent (Agilent 

technologies, Santa Clara, USA) or Mondrian (NuGEN Technologies, San Carlos, 

USA) library prep kits. Fragments of ~300bp were isolated using the PerkinElmer 

labchipXT gel system. PCR products of four independent samples were mixed in 

equimolar pools and enriched for exons using the Agilent SureSelect All exon V5 

kit (Agilent technologies, Santa Clara, USA). Purified samples were subjected to 

paired-end sequencing on the HiSeq2500. Image Files were processed using 

standard Illumina® base calling software and subsequently de-multiplexed 

(Illumina Inc., San Diego, USA). 

Reads were aligned to the human 1000 genomes reference based on the 

GRCh37 build using BWA 5.9rc16. Picard tools were used for format conversion 

and marking duplicate reads. Genome Analysis Toolkit (GATK1) was used for indel 

realignment and base score quality recalibration (BSQR)17 by Molgenis Compute 

418. After using custom scripts in the VCFtools library19 for the VCF files, variant 

calling was done using the GATK unified genotyper. Annotation of the variants 

was performed using snpeff/snpsift 3.520 with the ensembl release 74 gene 

annotations (http://www.ensembl.org/index.html),  dbNSFP2.321, and GATK with 

annotations from the Database of Single Nucleotide Polymorphisms (dbSNP) 

Bethesda (MD): National Center for Biotechnology Information, National Library 

of Medicine (dbSNP Build ID: 137) and CosmicCodingMuts_v6222. For mutations 

with a moderate impact according to SNPEFF, we used the SIFT value to 

discriminate between mutations with a damaging effect, i.e. SIFT score ≤ 0.05, 

and mutations that are unlikely to be damaging, i.e. SIFT > 0.05.  A combination 

of three different filtering steps has been applied on the list of mutations. We 

removed variants that (1) were present in the 1000-Genome23 with allele 

frequency (MRF) larger than 0.2%, (2) map in non-coding regions and (3) were 

synonymous.  

Personal variants were removed based on a z-score ≥ -3 using the formula: 

Z=(allele frequency-0.5)/SD x (SQRT of total reads). The remaining somatic 

variants were included in the downstream analysis.   
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Correction for normal cell admixture 

To correct for admixture of normal cells, we deduced the approximate 

percentage of admixture of normal cells based on the mutant read frequency of 

the true mutations. We based these calculations on the mean mutant read 

frequency (MRF) of the somatic mutations in the 25-75% interquartile range 

assuming that these represent heterozygous mutations for which the mutant 

read frequency should be 0.5 in a sample with 100% tumor cells. The lower and 

higher quartiles are excluded as they might be derived from gene loci that have 

copy number gain or loss or represent homozygous mutations or minor clones. 

The mean value multiplied by 2 was considered as an estimation of the actual 

percentage of tumor cells. For example, a mean MRF of the 25-75% interquartile 

range of 0.4, would correlate with a tumor cell percentage of 80%. For each 

sample, we recalculated the mutant allele frequency by reducing the total 

number of reads with the normal cell admixture percentage while keeping the 

original number of mutant reads.  

 

Calling major and minor clones 

We set specific criteria to call mutations as being present in either a major or 

minor population of the tumor cells based on the mutant allele count and 

frequency after correction for normal cell admixture. Mutations with a mutant 

read count of ≥5 and mutant read frequency ≥20% were denoted as major 

clones. Mutations with mutant read count of 1-4 or a mutant read frequency 

<20% were referred to as minor clones. In case mutations did not have any 

mutant reads and the total read was less than 30, we called them as inconclusive. 

If the mutant read count was zero and the total read was equal or more than 30, 

we called them absent.  

 

Overlap with lung cancer mutated genes from COSMIC and other sources 

The list of genes mutated in the primary tumors (n=1074) was compared 

with the top 20 most commonly mutated genes in lung cancer according to the 

COSMIC database v.73 and to the list of most commonly mutated genes (n=51) of 

four studies on lung cancer including 178 to 230 tumor samples24-27. Overlap of 

genes mutated in these lists and in one of the five primary lung tumors was 

identified by using an online Venn diagram tool 

(http://bioinformatics.psb.ugent.be/webtools/Venn).  
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Validation of somatic mutations 

All non-ubiquitous single nucleotide variants (SNV) were validated using the 

Ovation© target enrichment procedure (NuGEN Technologies, San Carlos, USA). 

We included five ubiquitous mutations for each patient as positive controls. This 

resulted in a selection of 467 SNVs. The 24 tumor DNA samples used for WES, 

were all included in the validation tests. 

Landing-probes were designed by NuGEN at a distance of 10-20 nuclotides 

downstream and upstream of each SNV to be validated. In a few cases two 

variants were to close together to be able to design separate landing-probes. For 

459 of the variants two landing-probes could be designed. Five variants were 

targeted by only one landing-probe. For three variants no landing-probes could 

be designed. Validation could be performed for 464 somatic mutations. Target 

enrichment and library preparation was done according to the manufacturer’s 

protocol (NuGEN Technologies, San Carlos, USA). Briefly, genomic DNA was 

fragmented, end repaired and ligated with forward barcoded adaptors, which 

was followed by a beads purification step. Samples were combined for multiplex 

target enrichment. The reverse adaptor was annealed to the target regions and 

extended. Library amplification step was done using 22-25 PCR cycles depending 

on the quality of DNA pools as determined by qPCR; followed by beads 

purification and sequencing.  

After initial quality check, only targets with ≥30x coverage for all samples of a 

patient were included for further analysis. As the mutant allele frequencies were 

not corrected for the percentage of tumor cells, only mutations with a mutant 

read frequency ≥0.05 were considered as being present. 

 

WES-based Copy number variant analysis 

Pseudo probe data were generated with VarScan2 and Samtools as described 

previously28-29. Briefly, for each sample the pseudo probe derived GC-normalized 

log2 copy number ratios were generated by dividing the read counts of the tumor 

sample with the read counts of the corresponding normal sample. All alignments 

with a mapping quality greater than 40 in combination with a minimal segment 

size of 2kb and a maximal segment size of 5kb with a mean coverage of at least 

one were used to calculate the log2 ratios. 

CNV plots of the metastasis were compared to the CNV plot of the primary 

tumor of the same patient by a combination of calculated ratios and visual 

inspection. Samples with more than 50% admixture of normal cells were 
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excluded from this analysis due to limited resolution. Regions with differences in 

CNV between metastasis and primary tumor were coupled to gene loci with 

somatic mutations. We determined whether metastases-specific mutations fall 

within regions that are specifically lost or gained in the respective tumor sample 

compared to the primary tumor sample. 

 

Single cell whole genome sequencing, CNV and heterogeneity score 

Three 30 m thick sections were cut from fresh-frozen primary lung tumor 

and liver metastasis tissue of patient #4. Sections were incubated in nuclear 

isolation medium [10mM Tris-Cl (pH8), 320mM sucrose, 5mM CaCl2, 3mM 

Mg(Ac)2, 0.1mM EDTA, 1mM dithiothreitol (DTT)] and nuclei were gently pushed 

out of the tissue pieces through a filter using a syringe plunger. After 

centrifugation, nuclei were resuspended into PBS containing 2% BSA and the 

DNA-binding dye DAPI (10 g/ml) for assessment of DNA content. Single G1 

phase nuclei were sorted based on low DAPI fluorescence using a MoFlo Astrios 

Cell Sorter (Beckman Coulter) into 96-well skirted PCR plates containing 5 l 

freeze medium [Pro-Freeze CDM Freeze Medium (Lonza) containing 15% DMSO]. 

Ninety-two single nuclei were sorted in a 96-well plate. In two of the wells 10 

nuclei were sorted as positive control and two wells without nuclei served as 

negative control. 

Library preparation was performed as previously described30 with some 

minor modifications. Bst 2.0 warm start polymerase was used for A-tailing and 

the Hoechst/UV treatment after adapter ligation was omitted to obtain whole 

genome sequencing libraries. Adapter-ligated DNA fragments were subjected to 

17 cycles of PCR during which barcodes were added to facilitate pooled 

sequencing. All pipetting steps were performed using the Bravo Automated 

Liquid Handling Platform (Agilent technologies, Santa Clara, USA) allowing smaller 

enzymatic reaction volumes and automation of reaction clean-ups using AMPure 

XP magnetic beads (Agencourt AMPure, Beckman Coulter, Brea, California, USA).  

Barcoded single cell WGS libraries were pooled and 200-400bp size range 

fragments were purified using a 2% E-Gel Agarose Gel (Invitrogen, Carlsbad, USA). 

DNA quality and quantity was assessed using a High Sensitivity dsDNA kit (Agilent 

technologies, Santa Clara, USA) and a Qubit dsDNA HS assay kit (Life 

technologies, Carlsbad, USA). For sequencing, clusters were generated on the 

cBot (HiSeq2500) and single-end 50bp reads were generated using the HiSeq2500 

sequencing platform (Illumina, San Diego, USA).  
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Demultiplexed fastq files were aligned to the human reference genome 

assembly (GRCh37) using Bowtie231 with default settings. The resulting bam files 

were sorted and filtered for duplicates and low-quality alignments (q<10) using 

Samtools29. To assess CNV state, a custom pipeline was developed using a Hidden 

Markov Model (HMM) with six copy number states: null-, mono-, di-, tri-, tetra- 

and multisomy. Read counts in 500kb windows were used as observable for the 

HMM and their distribution was modeled by a delta distribution for the nullsomy-

state and by negative binomial distributions for the other states. Means and 

variances of the negative binomial distributions for state di- to multisomy were 

fixed to multiples of the mean and variance of the monosomy-state. Parameter 

estimates were obtained using the Baum-Welch algorithm. The final CNV calls 

were determined as the state with highest posterior probability for each 500kb 

window. 

The heterogeneity score was calculated as follows: first, a table of CNV states 

was calculated along all single-cells for each bin in the genome. Next, the table 

was sorted by frequency, followed by multiplying each value by an arbitrarily 

factor set to integer values ≥0. Then, all the values were added up and averaged 

over all the bins were divided by the number of cells. 

 

Intra- and inter-tumor heterogeneity definition 

Heterogeneity within one specific location has been referred to as “intra-

tumor heterogeneity” and heterogeneity between different tumor locations 

within a single patient has been referred to as “inter-tumor heterogeneity”. 

 

Results 
 

Patient characteristics 

Four of the five lung cancer patients (#1, 2, 4 and 5) were smokers and had 

COPD. Patient #3 had advanced adenocarcinoma of the lung and never smoked 

(Supplementary Table S1). Patient #1 with large cell carcinoma had the longest 

interval between diagnosis and death, i.e. more than six years, whereas patient 5 

with SCLC had the shortest interval from diagnosis to death, i.e. only six days 

(Figure 1). Treatments after diagnosis were cisplatin and gemcitabine in the 

patients with SQCC (#2), cisplatin and etoposide for both patients with SCLC (#4 

and 5) and no treatment for the poorly differentiated large cell (#1) and AC 
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patient (#3). Multiple samples of the primary tumor and different metastatic sites 

were obtained from each patient at autopsy (Supplementary Table S1).  

 

 
Figure 1: Schematic representation of the survival of the five lung cancer patients. Patient #1 was 

diagnosed with a poorly differentiated large cell carcinoma. The life span between first diagnosis 

and death was over 6 years. Patient #2 was diagnosed with squamous cell lung carcinoma. Patient 

#3 was diagnosed with an adenocarcinoma with an interval between diagnosis and death of only 25 

days. Patient #4 and #5 were diagnosed as small cell lung carcinoma and died within a few days 

after diagnosis. 

 

Mutation detection and validation 

Whole exome sequencing resulted in a mean coverage ranging from 43x to 

89x and a >20x coverage ranging from 83% to 96% of the target region 

(Supplementary Table S2). Based on a z-score of >-3, 31-34% of the variants were 

considered as possible personal variants in patients 1, 2, 4 and 5. In patient 3, 

74% of the identified variants were denoted as personal variants (Supplementary 

Table S3). This high number of personal variants is probably due to the South 

Asiatic origin of this patient in combination with the bias in the 1000-Genome 
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database towards Caucasians. The number of somatic mutations ranged from 92 

in patient #3 to 462 in patient #1 (Supplementary Table S2).  

The mean of interquartile mutant read frequencies ranged from 49 (SD=0.05) 

to 18 (SD=0.02) indicating admixture of normal cells ranged from 2% to 64% 

(Supplementary Table S2 and Supplementary Figure S1). To allow a reliable 

comparison of shared and sample-specific somatic mutations, we corrected the 

mutant read frequency for the estimated admixture of normal cells. In total, we 

found 1511 unique somatic mutations in the five patients, 187 (12.4%) had a high 

impact and 573 (37.9%) had a SIFT score ≤ 0.05 indicating a probable damaging 

effect. In addition, 669 (44.3%) mutations were predicted as tolerated by SIFT 

(score > 0.05), while SIFT did not yield any prediction for the remaining 82 (5.4%) 

somatic mutations (Supplementary Table S2). None of the genes were mutated in 

primary tumors of all five patients. Seven genes, including TP53, ANK2 and RP1L1, 

were mutated in 3 out of 5 primary tumors and 68 genes were mutated in the 

primary tumor of two patients. 

Comparison of the genes mutated in at least one of the five primary tumors 

to the top 20 most commonly mutated genes in lung cancer present in the 

COSMIC database revealed that 11 out of 20 including TP53, KRAS, RB1, and ALK 

were mutated in one or more of the five primary tumor samples in this study 

(Supplementary Table S4). Twelve out of 51 genes indicated to be related to lung 

cancer according to four large studies24-27 were mutated in at least one of the five 

primary tumor samples. EGFR and LRP1B mutations were non-ubiquitously with 

read frequencies as a minor and a major clone, respectively in the primary tumor 

of patient #1. The missense mutation in EGFR was in exon 2 and not located in 

the kinase domain. LRP1B was also mutated in both SCLC patients (#4 and #5).  

The other 10 genes were mutated ubiquitously and as major clones 

(Supplementary Table S5).  

All non-ubiquitous point mutations were selected for targeted re-sequencing 

to confirm the mutation pattern (Supplementary Table S3). Validation results 

have been summarized in Supplementary Table S6. Overall, 99% ±2.7 of the 

major clone mutations were validated as being present, including the set of 

ubiquitous mutations that were included as positive control Moreover, almost all 

inconclusive and absent mutations were validated as being truly absent in the 

corresponding samples. In contrast, only 28.3% ±25.4 of the minor clones were 

detected by the targeted re-sequencing approach. Supplementary Figure S2 gives 
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a schematic representation of the validation results in the tumor samples of 

patient #1. 

 

Inter-tumor heterogeneity  

NSCLC show a higher frequency of non-ubiquitous mutation as compared 

to SCLC 

A schematic representation of the ubiquitous and non-ubiquitous mutations 

detected by WES is given in Figure 2. We found 462 mutations in 430 genes in 

patient #1 with large cell carcinoma (Figure 2A). 237 (51.3%) of these mutations 

were ubiquitous, 67 (14.5%) were specific for the primary tumor and 129 (27.9%) 

were specific for the metastases. The remaining 29 (6.3%) mutations were shared 

between the primary and one of the two metastases (Figure 2A). The tumor 

samples of patient #2 with SQCC contained a total of 331 somatic mutations in 

300 genes (Figure 2B). More than half of these mutations (55%) were ubiquitous 

and 23 (7%) of the mutations were specific for the primary tumor. One hundred 

and three (31%) of the mutations were metastases specific. The remaining 23 

(7%) of the mutations were shared between primary tumor and at least one of 

the metastasis. The AC patient (#3) showed 92 mutations in 91 genes, of which 

49 (53.3%) were present in all samples (Figure 2C). No primary tumor-specific 

mutations were observed in this patient. Thirty-one (33.7%) mutations were 

metastases specific, while 12 (13%) mutations were shared between primary 

tumor and at least one of the metastasis.  

In SCLC patient #4, we identified 359 mutations in 345 genes (Figure 2D). 341 

(95%) of the somatic mutations were present in all tumor samples. In addition, 

we found 4 mutations to be specific for the primary tumor. In the metastasis, we 

found 4 mutations to be specific for the mediastinal lymph node, only one 

mutation for liver and one for the adrenal gland. In SCLC patient #5, we identified 

271 mutations in 249 genes (Figure 2E). 259 (95.6%) of the somatic mutations 

were present in all tumor samples. No primary specific mutations were identified 

in this patient. Four mutations were metastases-specific and other eight 

mutations were shared between the primary sample and at least one of the 

metastases.  
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Figure 2: Mutation pattern in of the five lung cancer patients. A) Patient #1 (Large cell); B) Patient 
#2 (Squamous cell carcinoma); C) Patient #3 (Adenocarcinoma); D) Patient #4 (Small cell 
carcinoma); E) Patient #5 (Small cell carcinoma). Red: Major clone; Yellow: Minor clone; Blue: 
Inconclusive. White: Absent. Mutation impact: Purple: “damaging” mutations based on ENPEFF, 
mostly nonsense and frameshift mutations; Dark green: Damaging mutations based on SIFT; Light 
green: “tolerated” mutations based on SIFT; Gray: There is no SIFT score for these mutations. 
Numbers in brackets indicate number of mutations in that sample. F) Percentages of metastases 
specific somatic mutations in each patient. There is a significant difference between SCLC and 
NSCLC (Unpaired t-test, p<0.0001). G) Percentage of ubiquitous mutations per patient. NSCLC have 
significantly less ubiquitous mutations as compared to SCLC patients (unpaired t-test, p < 0.0001). 

 

The percentage of metastasis-specific mutations was high in the majority of 

individual metastases in the three NSCLC patients and very low in the metastasis 

of the SCLC patients. The percentages of metastasis-specific mutations were 

significantly higher in NSCLC as compared to SCLC (p<0.0001) (Figure 2F) 
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indicating more inter-tumor heterogeneity in NSCLC. Consistent with these 

findings, we showed a higher percentage of ubiquitous mutations in SCLC as 

compared to NSCLC (p<0.0001) (Figure 2G).  

 

CNVs show inter-tumor heterogeneity in both NSCLC and SCLC 

We observed a broad spectrum of CNVs in the primary tumors and 

metastases of all 5 patients (Supplementary Figure S3). For patient #1, we 

observed additional CNVs in the metastasis as compared to the primary tumor 

for fragments of several chromosomes. In patient #2, there was an apparent shift 

from a near-diploid to a near-triploid genome in all three metastatic samples in 

comparison to the primary tumor. The only chromosomal segment with an 

identical copy number (N=1) for in all samples, including the primary tumor, was 

a 19Mb region at 4q31.3-34. In patient #3, chromosomes 1, 2, 5, 6, 7, 16, 19, 21 

and X showed additional CNVs in at least one of the metastases as compared to 

the primary tumor. Representative CNV plots of primary and vertebra metastasis 

of patient #3 are shown in Figure 3A. 

SCLC patient #4 showed copy number differences of parts of chromosomes 

7, 8, 11, 16, 18 and 22 in at least one of the metastases as compared to the 

primary tumor (Figure 3B). Patient #5 showed no differences between primary 

and metastatic samples.  
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Figure 3: Comparison of CNV plots of the primary tumor of patients #3 and #4 and a selected 
metastasis of each patient. A) Primary tumor and vertebra metastasis of the patient with lung AC 
(#3). Main differences were observed in chromosomes 1, 2, 5, 16 and 19. B) Primary tumor and 
vertebra metastasis of one SCLC patient (#4). Main differences between two samples were 
observed in chromosomes 7, 8, 11, 16, 18 and 22. Red circles indicate the chromosomal regions 
that show CNV differences between two tumor samples of patient #3 and #4. 

 

Comparison of the location of the metastasis-specific mutations revealed no 

specific enrichment at chromosomal regions that show copy number differences 

between metastasis and primary tumor samples. This indicates that the copy 

number changes are not driven by metastasis-specific SNVs. 

 

Intra-tumor heterogeneity in SCLC patient #4 

Single cell WGS of the primary tumor and the liver metastasis of patient #4 

revealed good quality data for 83 and 88 cells, respectively. Bulk analysis of the 

pooled CNV plots of the primary tumor and the liver metastasis perfectly 
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resembled the CNV plots generated from WES data (Supplementary Figure S4 

and S5). CNV differences observed between primary and liver metastasis based 

on single cell WGS were similar to the CNV differences identified based on WES-

derived CNV plots. The heterogeneity score of the primary tumor was much 

higher as compared to the heterogeneity score of the liver metastasis, i.e. 0.26 

and 0.07 respectively (Figure 4). 

 

 
Figure 4: Clustering of all good quality single cell CNV plots from the primary lung and liver 

metastasis of patient #4. A) Clustering of 83 single cells sequenced from primary lung tumor. Intra-

tumor heterogeneity can be observed specifically for segments of chromosome 3, 7, 8, 10, 13, 17. 

18, 19, 20 and X. B) Clustering of 88 single cells sequenced from primary liver metastasis of the 

same patient. Intra-tumor heterogeneity can especially be seen for segments of chromosomes 3, 7, 

8, 10, 11, 18, 22 and X. Overall, the level of intra-tumor heterogeneity is higher in the primary as 

compared to the liver metastasis (Score 0.26 vs. 0.07, respectively). Each row represents the CNV 

plot of a single cell, chromosome numbers are indicated below the graphs. Gray: Nullsomy; Purple: 

Monosomy; Green: Disomy; Red: Trisomy; Yellow: Tetrasomy; Blue: Multisomy; Het. score: 

Heterogeneity score. 

 

Comparison of the CNV plots of each single cell of the primary tumor to the 

pooled CNV plot of the liver metastasis revealed a pattern that was highly similar 

to the CNV plot of the liver metastasis cells in 2 out of the 83 single cells. These 

two single cells had gain of part of chromosome 11 and 16, and loss of part of 

chromosome 11, 18 and 22 (Figure 5). This shows that the primary tumor 

contained cells that based on the CNV plots resembles the clone that gave rise to 
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the liver metastasis. The complete CNV plots of the two single cells are shown in 

Supplementary Figure S6. 

 

 
Figure 5: Comparison of the single cell WGS based CNV data of two primary lung single cells to the 

bulk liver metastasis for 4 chromosomes. CNV plots of these 4 chromosomes show that the primary 

tumor derived single cells highly resemble the bulk liver metastasis. Gray: Nullsomy; Purple: 

Monosomy; Green: Disomy; Red: Trisomy; Yellow: Tetrasomy; Blue: Multisomy. 

 

Discussion 
 

The aim of this study was to explore tumor heterogeneity by comparing the 

mutation and copy number variation patterns of tumors obtained from different 

locations within a patient. We observed significantly more inter-tumor 

heterogeneity in NSCLC compared to SCLC patients based on the mutation 

patterns. Single cell CNV analysis using a direct low-coverage WGS approach 

revealed a high degree of intra-tumor heterogeneity in the primary SLCL tumor. 

Two out of 86 cells had a CNV pattern similar to the CNV pattern observed in the 

liver metastasis.  
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About 50% of the somatic mutations in the three NSCLC patients are non-

ubiquitous, which indicates a marked degree of inter-tumor heterogeneity. This 

indicates ongoing evolution of tumor cells over time. Presence of tumor location-

specific mutations has been shown previously in pancreatic cancer7-8. Subclones 

seeding distant metastasis were already present in the primary pancreatic tumor. 

Based on the number of mutations, an average time-frame of about two decades 

was estimated from initiation of tumorigenesis to development of distant 

metastasis8. The high percentage of non-ubiquitous mutations as observed in the 

three NSCLC patients implies a similar pattern. In addition, this implies that the 

ubiquitous mutations may not be sufficient for development of metastasis. Thus, 

NSCLC tumor cells need time to acquire additional genomic aberrations enabling 

them to migrate and survive in a new environment. Multiregional genomic 

analysis of 73 primary lung tumor samples of 18 NSCLC patients revealed a 

branched evolution with a high degree of intra-tumor heterogeneity and 

coexistence of several subclones within the primary tumor12, 32. The distinct 

mutation patterns as observed in our study in metastases of NSCLC patients 

might thus reflect the presence of different subclones in the primary tumor. 

These clones might have been escaped detection due to sampling bias or due to 

analysis of a bulk tumor sample. In addition, metastasis specific mutations might 

have been acquired at the site of the metastasis. Patient #1 and #2 had several 

primary tumor-specific mutations. For patient #1, this might be explained by the 

6-year interval between obtaining the primary tumor sample at diagnosis and the 

metastatic tumor samples at autopsy. The metastases may have been derived 

from a relapse subclone who shared the same ancestor with the primary tumor 

at time of diagnosis. Another explanation for the primary-specific mutations in 

these two patients can be that the metastasis has been derived from a (minor) 

subclone, which was not located in the biopsy we analyzed from the primary 

tumor. Overall, our study suggests a branched model of evolution in NSCLC.  

In SCLC, almost all mutations were ubiquitous indicating a homogenous 

nature of the tumor mass at different anatomical locations within a patient. This 

may be indicative of the short time interval between tumor formation and the 

parallel development of multiple distant metastases. This is consistent with the 

aggressive nature of this histological lung cancer subtype. The highly similar 

mutation profile of the primary as compared to the metastasis suggests that one 

dominant clone is responsible for both tumor initiation and in parallel the 

development of the metastasis. Single cell WGS based CNV plots of one of the 
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primary SCLC patients showed, however, a heterogeneous pattern in the primary 

tumor. This heterogeneity was not detectable by the mutation pattern as the vast 

majority of the mutations were ubiquitous. In the liver metastasis the 

heterogeneity score was lower as compared to the primary tumor. The difference 

in heterogeneity between the WES and single cell WGS data indicates that the 

experimental approach is an important factor that can affect the final conclusion. 

We observed a high number of CNVs in the primary tumors of all five 

patients consistent with previous studies33-35. We now showed a marked degree 

of inter-tumor heterogeneity with additional CNVs in metastasis of all three 

NSCLC patients and in one of the SCLC patients. Patient #2 showed gain of the 

entire genome in the metastasis probably due to cell division defects or 

pathological cytokinesis. This should be regarded as a single event that took place 

in the tumor cell that founded the metastatic cell populations. The inter-tumor 

heterogeneity as based on the CNV and mutational patterns are consistently high 

in patients #1, #3 and consistently low in patient #5. 

Inter-tumor heterogeneity as observed in the three NSCLC patients might 

have therapeutic implications for treatment of patients, as driver mutations 

found as major clones in one part of the tumor might be present as minor clones 

or even completely absent in another part of the tumor12. However, results of a 

study on AC lung patients suggested that one single biopsy would be sufficient for 

clinical evaluation32. These opposing conclusions might be related to differences 

in read depth that might or might not allow detection of minor clones. However, 

there is ample evidence showing presence of resistant or metastatic ancestor 

subclones within the primary tumor7-8, 36-39. This emphasizes the importance of 

studying a representative part of the tumor. Our findings underscore the 

importance of sample collection and indicate that analysis of a single biopsy 

might not be representative of all subclones in the primary tumor. This may have 

consequences for the diagnostic mutation tests for targeted therapy choices, 

which are currently being performed on a single biopsy. So, as an alternative 

approach, multiple samples from different geographical regions in the primary 

tumor could be subjected to diagnostic testing.  

A high degree of tumor heterogeneity will increase the chance of resistant 

clones being already present. Moreover, a high degree of heterogeneity may be 

indicative of an increased mutation rate within the tumor cells and thus an 

increased chance of developing drug resistance and implicates the need of 

applying high depth diagnostic sequencing tests. 
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More recent improvements in NGS technologies 40-41 on analysis of 

circulating tumor cells, cell free DNA or platelet derived RNA might allow 

monitoring of tumor load. As these sources to obtain tumor cell DNA or RNA are 

minimally-invasive it will be feasible to follow treatment responses. Depending 

on the applied technique, it will also be possible to identify acquired genomic 

changes indicative of development of resistance and this might guide early 

adaption of treatment strategy.  

In conclusion, higher numbers of non-ubiquitous mutations in NSCLC 

indicates presence of many different subclones and ongoing evolution. Despite 

the low degree of heterogeneity at the mutational level starting with bulk 

material, we did show a high degree of heterogeneity at the single cell in SCLC 

patients. In addition, CNV plots of 2 of the primary tumor cells closely resembled 

the CNV plot of the bulk liver metastasis. In the future, characterization of 

multiple regions in the primary tumor, followed by monitoring of tumor cell 

subclones during treatment may be an option to improve treatment planning in a 

clinical setting. 
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Supplementary information 
 

Supplementary Table S1: Patient information and number of samples analyzed for each 

patient. 

Pat. Sex Age Subtype COPD Smoking PY 
Normal 
(WES) 

Primary 
(WES) 

Metastases 
(WES) 

#1 Male 71 Large cell 
Yes 

(GOLD2) 
Yes 30 1X 1X 

Lymph node 
(1x) 
Adrenal gland 
(1x) 

#2 Male 69 SQCC 
Yes 

(GOLD1) 
Yes >100 1X 1X 

Liver (1x) 
Spleen (1x) 
Heart (1x) 

#3 Female 51 Adeno No No 0 1X 1X 

Liver (1x) 
Lymph nodes 
(2x) 
Ovary (1x) 
Vertebra (1x) 
Jejunum (1x) 

#4 Female 79 SCLC Yes Yes >50 1X 1X 

Liver (1x) 
Lymph node 
(1x) 
Adrenal gland 
(1x) 

#5 Female 58 SCLC Yes Yes 40 1X 1X 
Liver (1x) 
Lymph nodes 
(4x) 

SQCC: squamous cell lung carcinoma, Adeno: adenocarcinoma, SCLC: small cell lung carcinoma, PY: 

pack year. 
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Supplementary Table S2a: Overview of coverage and number of mutations of WES in 

patient #1. 

 Patient #1: 462 mutation in 430 genes 

 Normal Primary lung Lymph node Adrenal gland 

Total reads (x10
6
) 103 150 107 119 

Mean coverage
a
 73 87.2 64.5 52 

20x coverage
b
 96% 94% 93% 91% 

# mutations - 333 357 346 

# mutated genes - 311 332 325 

SNPEFF_IMPACT     

High - 43 42 42 

Moderate - 290 315 304 

SIFT scores for “moderate”     

≤0.05 - 128 133 131 

>0.05 - 147 161 154 

not available - 15 21 19 

25-75% interquartile
c
     

Mean - 0.45 0.23 0.26 

SD - 0.09 0.05 0.05 

a
of all baits; 

b
fraction of target covered by; 

c
25-75% interquartile range of MRF as measure for 

normal cell admixture. 
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Supplementary Table S2b: Overview of coverage and number of mutations of WES in 

patient #2. 

 Patient #2: 331 mutations in 300 genes 

 Normal Primary lung Liver Spleen Heart 

Total reads (x10
6
) 184 134 103 147 134 

Mean coverage
a
 89.7 71 53.1 78.6 70.2 

20x coverage
b
 98% 92% 85% 92% 91% 

# mutations - 228 256 265 257 

# mutated genes - 208 234 243 234 

SNPEFF_IMPACT      

High - 32 38 38 34 

Moderate - 196 218 227 223 

SIFT scores for “moderate”      

≤0.05 - 87 99 101 106 

>0.05 - 102 107 113 107 

not available - 7 12 13 10 

25-75% interquartile
c
      

Mean - 0.39 0.38 0.37 0.38 

SD - 0.04 0.07 0.09 0.08 

a
of all baits; 

b
fraction of target covered by; 

c
25-75% interquartile range of MRF as measure for 

normal cell admixture. 
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Supplementary Table S2c: Overview of coverage and number of mutations of WES in 

patient #3. 

 Patient #3: 92 mutations in 91 genes 

 Normal 
Primary 

lung 
Liver 

Mediastinal 

lymph 

Supraclavicular 

lymph 
Ovary Vertebra Jejunum 

Total reads (x106) 196 190 104 95 207 201 93 84 

Mean coverage
a
 69 78.8 72.2 43.3 66.8 68.4 66.1 62.8 

20x coverage
b
 95% 96% 94% 90% 96% 95% 94% 92% 

# mutations - 61 72 69 69 65 58 73 

# mutated genes - 60 71 68 68 64 57 72 

SNPEFF_IMPACT         

High - 8 11 12 10 8 8 11 

Moderate - 53 61 57 59 57 50 62 

SIFT scores for “moderate”         

≤0.05 - 19 24 23 23 21 17 22 

>0.05 - 31 33 31 33 32 30 36 

not available - 3 4 3 3 4 3 4 

25-75% interquartilec         

Mean - 0.28 0.18 0.25 0.24 0.27 0.27 0.22 

SD - 0.06 0.02 0.05 0.04 0.07 0.05 0.03 

a
of all baits; 

b
fraction of target covered by; 

c
25-75% interquartile range of MRF as measure for 

normal cell admixture. 
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Supplementary Table S2d: Overview of coverage and number of mutations of WES in 

patient #4. 

 

Patient #4: 359 mutations in 345 genes 

Normal 
Primary 

lung 
Liver 

Mediastinal 

lymph  

Adrenal 

gland 

Total reads (x10
6
) 110 105 97 77 104 

Mean coverage
a
 59.1 67.3 67.4 46.6 58.3 

20x coverage
b
 95% 90% 90% 83% 90% 

# mutations - 348 348 351 349 

# mutated genes - 335 335 338 336 

SNPEFF_IMPACT      

High - 41 40 41 41 

Moderate - 307 308 310 308 

SIFT scores for “moderate”      

≤0.05 - 126 128 131 128 

>0.05 - 155 154 154 154 

not available - 26 26 25 26 

25-75% interquartile
c
      

Mean - 0.49 0.48 0.49 0.47 

SD - 0.05 0.04 0.05 0.05 

a
of all baits; 

b
fraction of target covered by; 

c
25-75% interquartile range of MRF as measure for 

normal cell admixture. 
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Supplementary Table S2e: Overview of coverage and number of mutations of WES in 

patient #5. 

 Patient #5: 271 mutations in 249 genes 

 Normal 
Primary 

lung 
Liver 

Mediastinal 

lymph 

Paratracheal 

lymph 

Lymph 

near 

trachea 

Lymph 

near 

pancreas 

Total reads (x106) 107 110 75 90 112 104 98 

Mean coverage
a
 67.1 61.1 51.4 63.4 65.5 72.8 51.3 

20x coverage
b
 96% 92% 86% 91% 92% 92% 86% 

# mutations
 - 267 265 269 265 270 265 

# mutated genes - 245 243 247 243 248 245 

SNPEFF_IMPACT        

High - 35 34 35 33 35 33 

Moderate - 232 231 234 232 235 232 

SIFT scores for “moderate”        

≤0.05 - 110 109 112 111 111 111 

>0.05 - 109 109 110 109 111 108 

not available - 13 13 12 12 13 13 

25-75% interquartilec        

Mean - 0.46 0.44 0.46 0.40 0.44 0.47 

SD - 0.05 0.05 0.05 0.04 0.04 0.05 

a
of all baits; 

b
fraction of target covered by; 

c
25-75% interquartile range of MRF as 

measure for normal cell admixture. 
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Supplementary Table S3: Overview of the SNVs before and after applying z-score, and 

the number of mutations selected for validation.  

Patient No. of SNVs before 
applying z-score 

No. of SNVs after 
applying z-score 

No. selected  
for validation  

No. with ≥30x coverage 
in validation  

#1 692 462 (67%) 226 204 

#2 477 331 (69%) 151 140 

#3 353 92 (26%) 47 43 

#4 545 359 (66%) 23 21 

#5 410 271 (66%) 17 13 
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Supplementary Table S6: Validated mutations based on their classification as major, 

minor, inconclusive or absent per sample.  

Patient Samples 
Major (%) 

*N=403 

Minor (%) 

*N=146 

Inconclusive (%) 

*N=139 

Absent (%) 

*N=331 

#1 

Primary 74/74 (100) 4/9 (44.4) 3/3 (100) 118/118 (100) 

Lymph node 87/89 (97.8) 4/24 (16.7) 43/43 (100) 48/48 (100) 

Adrenal gland 92/93 (98.9) 6/13 (46.2) 54/54 (100) 44/44 (100) 

#2 

Primary 36/37 (97.3) 0/10 (0) 14/15 (93.3) 78/78 (100) 

Liver 60/60 (100) 2/13 (15.4) 15/15 (100) 52/52 (100) 

Spleen 39/42 (92.9) 27/40 (67.5) 4/4 (100) 54/54 (100) 

Heart 58/58 (100) 3/15 (20) 21/21 (100) 46/46 (100) 

#3 

Primary 12/12 (100) 0/4 (0) 5/5 (100) 22/22 (100) 

Liver 20/20 (100) 2/6 (33.3) 9/9 (100) 8/8 (100) 

Mediastinal lymph 18/18 (100) 2/4 (50) 15/15 (100) 6/6 (100) 

Supraclavicular lymph 17/17 (100) 0/4 (0) 8/8 (100) 14/14 (100) 

Ovary 12/12 (100) 0/7 (0) 7/7 (100) 17/17 (100) 

Vertebra 12/12 (100) 0/1 (0) 11/11 (100) 19/19 (100) 

Jejunum 22/22 (100) 2/4 (50) 10/10 (100) 7/7 (100) 

#4 

Primary 7/7 (100) 1/3 (33.3) 2/2 (100) 7/9 (77.78) 

Liver 7/7 (100) 2/5 (40) 2/2 (100) 7/7 (100) 

Mediastinal lymph 9/9 (100) 3/5 (60) 2/2 (100) 5/5 (100) 

Adrenal 6/6 (100) 3/6 (50) 1/1 (100) 8/8 (100) 

#5 

Primary 9/9 (100) 0/1 (0) ** 3/3 (100) 

Liver 8/8 (100) 0/1 (0) 1/1 (100) 3/3 (100) 

Mediastinal lymph 8/9 (88.9) 0/2 (0) ** 2/2 (100) 

Paratracheal lymph 8/8 (100) ** 1/1 (100) 4/4 (100) 

Lymph near trachea 9/9 (100) 3/4 (75) ** ** 

 Lymph near pancreas 8/8 (100) 1/2 (50) ** 3/3 (100) 

Mean (±SD) 
 

99% ±2.7 28.3% ±25.4 99.7% ±1.5 99% ±4.6 

*Number of unique mutations in each category. **No mutation in this category selected for 

validation. 

 
 
 
 



Tumor heterogeneity in lung cancer 

 

91 

4 

Supplementary Figure S1: Mutant read frequency (MRF) for somatic mutations in three samples 
with different percentages of tumor cells.  The mean and standard deviation (SD) of the 25-75% 
interquartile range of MRF is indicated. A) The primary lung tumor of patient 4 contains 98% of 
tumor cells. B) The primary lung tumor of patient 2 contains 78% tumor cells C) The lymph node 
metastasis of patient #1 contains 46% tumor cells. 
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Supplementary Figure S2: Validation of the mutations in all tumor samples of patient #1 based by 
NuGen targeted re-sequencing. A) Validation in primary lung tumor showed that 100% of major 
clones were truly present, while only 44% of the minor mutations were present. Inconclusive and 
absent mutation are truly absent. B) Validation in lymph node metastasis confirmed presence of 
approximately 98% of major clones and 17% of minor clones. C) Validation in adrenal gland 
metastasis revealed that almost 99% and 46% of the major and minor clones, respectively were 
truly present. Horizontal dashed line in upper part of each graph indicates mutant read frequency 
(MRF) of 0.05. TR: Total read (Coverage) Purple: different categories of mutations based on WES; 
Red: MRF based on validation results (NuGen); Green: Total number of reads for each mutation. 
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Supplementary Figure S3: CNV plots for the tumors of all five patients show many structural 

variations. Only samples with tumor content ≥ 50% are included. A) CNV plots from patient #1 

shows several differences between primary and metastasis almost in all the chromosomes. B) CNV 

plots of patient #2 shows genome wide copy number gain from diploid in the primary to triploid in 

all three metastases. C) CNV plots of patient #3 shows differences between primary tumor and at 

least of the metastasis in chromosomes 1, 2, 5, 6, 7, 16, 19, 21 and X. D) CNV plots of patient #4 

revealed differences of parts of chromosomes 7, 11, 16, 18 and 22 in at least one of the metastases 

with comparison to the primary tumor. E) CNV plots of patient #5 shows no difference between 

primary tumor and different metastases sample.  
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Supplementary Figure S4: CNV plots of bulk primary tumor and liver metastasis generated from 

single cell WGS. Gray: Nullsomy; Purple: Monosomy; Green: Disomy; Red: Trisomy; Yellow: 

Tetrasomy; Blue: Multisomy. 
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Supplementary Figure S5: Comparison of bulk CNV plots generated by single cell WGS in primary 

lung tumor of patient #4 to the WES based CNV plots. Main differences between primary tumor and 

liver metastasis have been marked by red circles in CNV plots generated from WES data. These 

differences were also observed in the bulk CNV plots generated from single cell WGS data. Gray: 

Nullsomy; Purple: Monosomy; Green: Disomy; Red: Trisomy; Yellow: Tetrasomy; Blue: Multisomy. 
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Supplementary Figure S6: CNV plots of the two primary tumor derived single cells that resemble 

the liver metastasis pattern. CNV plots have been generated from single cell WGS data. Gray: 

Nullsomy; Purple: Monosomy; Green: Disomy; Red: Trisomy; Yellow: Tetrasomy; Blue: Multisomy. 
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