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Materials and Methods 
Patient Cohort Description  
Samples for sequencing were obtained from patients diagnosed with NSCLC who 
underwent definitive surgical resection prior to receiving any form of adjuvant therapy, 
such as chemotherapy or radiotherapy. Informed consent allowing for genome 
sequencing had been obtained. Six samples were collected from University College 
London Hospital, London (UCLHRTB 10/H1306/42) and one sample was collected from 
Papworth Hospital, Cambridge (PHRTB 08/H0304/56). All tumors were subjected to 
pathology review to establish the histological subtype: five tumors were classified with 
CK7+/TTF1+ adenocarcinoma (L001, L003, L008 and L011) or poorly-differentiated 
CK7+ carcinoma (L004) histology (LUAD), one tumor (LS01) with squamous cell 
carcinoma histology (LUSC) and one tumor (L002) with adenosquamous histology 
(LUAD/LUSC; Fig S2). Tumor stages ranged from IB to IIIB. Two patients presented 
with disease in two separate lobes of the lung (L003 and L008), patient L001 presented 
with a germ-line MEN1 mutation. The median patient age was 75.5 years (range 59-84). 
One patient reported no history of tobacco smoking, three patients reported smoking 
(current smokers) and three reported previous smoking histories (former smokers). 
Detailed clinical characteristics are provided in table S1.  
 
Tumor processing 
Up to five regions from a single tumor mass, separated by 1cm intervals, and adjacent 
normal tissue were selected by a pathologist, documented by photography, and snap- 
frozen. Peripheral blood was collected at the time of surgery from all patients and snap-
frozen, except from L001. Approximately 5x5x5mm tumor tissue and 500µl of blood was 
used for genomic DNA extraction, using the DNeasy kit (Qiagen) according to 
manufacturer’s protocol. DNA was quantified by Qubit (Invitrogen) and DNA integrity 
was examined by agarose gel eletrophoresis.  
 
DNA ploidy analysis 
A small piece of each tumor region (approximately 1x5x5mm) was minced and incubated 
with 0.5% pepsin in PBS for 30 minutes at 37°C to obtain a single nuclei suspension. 
Nuclei were washed twice with PBS, fixed in 70% ethanol for 1 hour at room 
temperature, and again washed twice with PBS. Nuclei were resuspended in a propidium 
iodide (50µg/ml) solution in PBS and incubated on ice for 30 minutes, washed with PBS 
and analysed by FACs (488nm) to determine the DNA content using matched normal 
lung cells as control.  
 
Multi region Whole-Exome Sequencing 
For each tumor region and matched germ-line, exome capture was performed on 1-2 µg 
DNA using the Agilent Human All Exome V4 kit according to the manufacturer’s 
protocol (Agilent). Samples were paired-end multiplex sequenced on the Illumina GAII 
or HiSeq 2500 at the Advanced Sequencing Facility at the LRI, as described previously 
(27, 28). Each captured library was loaded on the Illumina platform and paired-end 
sequenced to the desired average sequencing depth (approximately 100x, detailed 
coverage information is provided in table S2).  
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Multi region Whole-Genome Sequencing Illumina platform 
For four tumor regions (L002_R1 and R3, and L008_R1 and R3) and matched blood, 
whole-genome paired-end sequencing was performed by Illumina Cambridge LTD, using 
1µg DNA, to the desired average sequencing depth (approximately 100x for the tumor 
regions and 40x for germ-line, detailed coverage information is provided in table S2).  
 
SNV calling from multi-region WES and WGS data Illumina platform 
Raw paired end reads in FastQ format generated by the Illumina pipeline (WES or WGS) 
were aligned to the full hg19 genomic assembly (including unknown contigs), using bwa 
0–5.9 (38) with a seed length of 72 bp for data sequenced on the GAII and 100 bp for 
data sequenced on the HiSeq. Up to 3 or 4 mismatches were allowed per read for the 
GAII or HiSeq respectively, all other settings were left as default.  Picard tools v1.8 was 
used to merge samples from the same patient region and to remove duplicate reads 
(http://picard.sourceforge.net) prior to determining sequence coverage (table S2). 
 
 Variant calling was performed between tumor and matched germ-line using the 
“somatic” tool from VarScan2 v2.3.3 (39). The input for VarScan2 was the SAMtools 
(40) mpileup output from combined tumor and normal samples generated by skipping 
bases with a phred score of <20 or reads with a mapping-quality <20.  SAMtools BAQ 
computation was disabled and the coefficient for downgrading mapping quality was set to 
50. VarScan2 somatic was run with default settings except for the following: minimum 
coverage was set to 10 for germline and 6 for tumor regions, the minimum variant 
sequency for calling a heterozygote was set to 0.01 and tumor purity was set to 0.5.  The 
resulting calls were filtered for false positives using Varscan2's associated fpfilter.pl 
script, run with settings as described by Ding et al. (41).  Additionally, variants were only 
accepted if present in ≥ 5% of reads in at least one tumor region and present with ≤2 
reads in germ-line and ≥ 2 reads in a tumor region.  
 
Small insertions and deletions (indels) were identified using Pindel version 0.2.4 pindel 
(42) in paired tumor-normal mode as previously described (27). All variants were 
annotated using both ANNOVAR (43) and dbNSFP (44). All variants identified as 
nonsilent were manually reviewed using Integrated Genomics Viewers (IGV) 38, and 
those showing an Illumina specific error profile (45) were removed from further analysis. 
Variants not subjected to ultra-deep orthogonal validation were further filtered using an 
in-house filter, VarSLR, which models strand-bias, mapping-quality, base-quality and 
position-in-read in a stepwise logistic regression framework (Salm et al., manuscript in 
preparation), and removed from further analysis. In addition, any substitution identified 
in dbSNP Build 132 was removed. For the WGS data, variants detected in repetitive 
regions (RepeatMasker, USCS genomicSuperDups tracks) or blacklisted by the Encode 
Mappability were removed from the analysis.  
 
Multi region Whole-Genome Sequencing SOLiDTM platform 
For LS01, all three tumor regions and matched blood, mate paired libraries (2 x50 bp, 
insert size 1-3kbp) were prepared and sequenced by Life Technologies (Beverly, MA, 
USA) on the SOLiDTM sequencer as described for the SOLiDTM Mate-Paired Library 
Construction Kit. Whole-genome sequencing was performed using the Exact Call 

http://picard.sourceforge.net/


 
 

4 
 

Chemistry (ECC) module as previously reported (46). Color space reads were mapped to 
the hg19 reference genome using SOLiDTM bioscope version 1.3 software and converted 
to base space. Hard clipping of reads removed an average of 4 bp / 50 bp read mapped.  
Multiple related bam files were merged and re-headed using samtools (40) and duplicate 
reads were removed with Picard Tools version 1.60 (http://picard.sourceforge.net). 
Sequence coverage (using Picard Tools version 1.80 (BamIndexStats software)) was 
estimated after duplicate removal (table S2). 
 
SNV calling from multi-region WGS data SOLiD platform 
Variant calling was performed using an in-house substitution-calling algorithm, 
CaVEMan (Cancer Variants through Expectation Maximisation) (18, 47, 48). In brief, 
this algorithm generates a probability score for each possible genotype at each genomic 
locus, by comparing tumor and matched normal sequence data to each other and to the 
reference genome. Copy number and aberrant cell fraction informs the probability score 
calculation, and was determined for these samples with ASCAT using the whole-genome 
NGS data combined for the three tumor regions (21). A number of filtering criteria were 
applied including the following: a SNP probability ≤ 0.05, a mutation probability ≥ 0.95, 
at least 1/3 of variants have a base quality ≥ 25, ≤ 1 variant with base quality ≥20 in 
germ-line, position outside centromeric repeat and more than 5 bases from a simple 
repeat. Variants reported with the same nucleotide substitution as reported in dbSNP 
Build 132 and variants present ≥ 2% in matched normal samples (blood or normal lung) 
were excluded from the dataset.  
 
Ion AmpliSeq™ Custom Validation panel and Comprehensive Cancer Gene Panel 
sequencing 
A total of 1999 mutations (enriched for nonsilent and/or heterogeneous mutations) were 
subjected to orthogonal validation. For each tumor, an Ion AmpliSeqTM custom panel 
(Life Technologies) was designed using the online designer (www.ampliseq.com). 
Multiplex PCRs were performed on DNA from each region of the relevant tumor 
according to the manufacturer’s protocol. Barcoded sequencing libraries were 
constructed, which were sequenced with 200 bp read length on the Ion Torrent PGMTM 
sequencer (Life Technologies). For each tumor, a comprehensive cancer gene panel 
targeting 409 cancer-related genes (Life Technologies) was also used for sequencing on 
the Ion Torrent PGMTM sequencer by Life Technologies (Beverly, MA & South San 
Francisco, CA USA). Sequence alignment to target regions from the hg19 genome was 
performed using the IonTorrent TorrentSuiteTM software. Variant allele frequencies 
(VAFs) for each variant position having a phred score >20 were determined. A variant 
was considered absent when VAF < 1% while having a read coverage ≥ 50x or 
considered a germ-line variant when VAF > 1% in the germ-line. In total 108 mutations 
were absent in all tumor regions or identified as germ-line variants (validation rate 
94.6%) and were removed from further analysis. Variants with read coverage <50x were 
considered inconclusive and regional distribution was extracted from exome or genome 
sequencing data. A total of 1,884 nonsilent and 76,129 silent mutations from all 
methodologies were included in the analyses.  
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Mutation clustering 
Subclonal clusters of mutations were identified using a previously described Dirichlet 
process, implemented using a Markov Chain Monte Carlo (MCMC) method (18, 22). 
From the MCMC assignment of mutations to clusters, the most likely configuration of 
clusters and node assignments was obtained using a stepwise, greedy expectation-
maximization (EM) algorithm that alternately added a node and shuffled mutations 
between nodes until no further improvement in the agreement with the posterior 
distribution from the MCMC sampling could be made. The best set of clusters was then 
chosen using the Bayesian information criterion (49). Clusters containing less than 1% of 
the mutations identified in a tumor were excluded from further analysis. 
 
Phylogenetic tree analysis 
The subclonal architecture of each tumor was used to construct phylogenetic trees, with 
ubiquitous clonal mutations representing the most recent common ancestor (trunk) and 
heterogeneous mutations reflecting later (branch) events.  The phylogenetic relationships 
between tumor regions (and where relevant, subclones) was inferred using both the 
Maximum Parsimony and the Unweighted Pair Group Methods (UPGMA) as 
implemented in the MEGA5 package (50). In both cases, for each tumor, all identified 
nonsilent and silent mutations were used as input. In cases where a given tumor region 
revealed considerable subclonal diversity, this region was divided into a major and a 
minor subclone based on the variant allele frequencies, prior to phylogenetic tree 
reconstruction, as previously described (27). In addition, in cases where there was 
evidence for ubiquitous mutations becoming heterogeneous due to regional copy number 
losses (Fig S4), mutations were considered ubiquitous prior to tree reconstruction.  
 
Maximum parsimony trees were inferred using the max-mini branch-and-bound 
algorithm (51)  calculating branch lengths with the average pathway method. The 
germline sample was designated as the outgroup, and, in the event of multiple optimal 
topologies, a consensus tree was constructed by collapsing branches reproduced in less 
than 50% of the trees. For the UPGMA trees, the evolutionary distances were calculated 
using the number of differences between regions, and uncertainty assessed by a bootstrap 
test (1000 replicates). Trees are drawn to scale, with branch lengths in the same units as 
those of the evolutionary distances used to infer the phylogenetic tree, and the percentage 
of replicate trees in which regions clustered together in the bootstrap test shown next to 
the branches. For samples with only two branches (WGS L002 and L008) a 
straightforward representation is provided with the trunk and branch lengths proportional 
to the number of variants, as previously described (28). 
 
Identification and classification of driver mutations 
All identified nonsilent mutations were compared with lists of potential driver genes in 
NSCLC, containing all genes identified as frequently mutated by large-scale lung cancer 
sequencing studies (5, 9, 19, 52) or large-scale pan-cancer analyses (20, 53) using q < 
0.05 as cut-off, or present in the COSMIC cancer gene census (downloaded February 
2013). Genes with a nonsilent mutation identified in our tumors by M-seq that were 
present in one of these lists, were analyzed in more detail using COSMIC (release v67) to 
determine whether the amino acid substitution has been previously identified. In addition, 
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when available, functional prediction scores (SIFT, Polyphen2, LRT and MutationTaster) 
implemented with dbNSFP (44) were used and a mutation was scored as ‘deleterious’ 
when at least two out of the four predictors classified the mutation as deleterious. We 
then classified all nonsilent mutations into 4 categories. Category 1 ‘high confidence 
driver mutations’ contained all disrupting mutations (nonsense, frameshift, splicing or 
‘deleterious’ missense) in tumor suppressor genes or activating amino acid substitutions 
in oncogenes as described in the literature. Category 2 ‘putative driver mutations’ 
contained all other amino acid substitutions located at the same position or up to 5 amino 
acids away from a substitution present in COSMIC. Category 3 ‘low confidence driver 
mutations’ contained all other nonsilent mutations in genes that were present in the lists 
of cancer-related genes described above. Category 4 ‘unknown significance’ contained 
the remaining nonsilent mutations. 
 
Copy number analysis 
Relative copy number was estimated from whole-exome sequencing data using VarScan2 
(v2.2.11) (39) with default parameters, excluding the sex chromosomes and low 
mapability regions (ENCODE 'DAC blacklisted' regions) and adjusting for GC-content. 
To identify genomic segments of constant copy number, logR values were quantile 
normalized, winsorized using the Median Absolute Deviation, and jointly segmented at 
the patient level (gamma = 1000) (54). Absolute (integer) copy numbers were derived 
from relative copy numbers using ABSOLUTE (v1.0.6) (7). SNVs with ≥50x sequencing 
coverage were included in the analysis and AmpliSeq derived VAFs were used where 
possible. Minimum/maximum ploidy was set to within +/-0.5 of the prior ploidy estimate, 
calculated from the sample's FACS-based DNA-index. Subsequently, the top 5 
ABSOLUTE models (ranked by log-likelihood) were retrieved for each exome, and a set 
of inter-sample models was identified that minimized the total pairwise distance derived 
from the segments' expected modal copy-number, whilst maximizing the model’s 
posterior log likelihood. Final model solutions were manually reviewed as recommended 
(7). Finally, adjacent segments of equal clonality and absolute copy-number were 
merged, and annotated with recurrent copy-number changes referenced in the TCGA 
Copy Number Portal (http://www.broadinstitute.org/tcga/home). Gains and losses for 
each tumor region were defined relative to ploidy for that region. Gain and loss segments 
had to overlap with >75% of a TCGA recurrent amplified/lost region to be classified as a 
putative driver gain/loss.  
 
For M-seq WGS regions ASCAT was used for allele specific copy number estimation 
(21). Subclonal copy number analysis was performed using the Battenberg algorithm and 
was used as the input for the mutation clustering (22). 
 
Hierarchical clustering of copy number profiles was performed at cytoband resolution 
using the hclust function in R, based on euclidean distances. Cytoband coordinates were 
retrieved from the UCSC Genome Browser database (http://genome.ucsc.edu/) 
 
Large-scale structural variations  
Inter- and intra-chromosomal translocations, inversions, and large (≥10 kb) 
insertions/deletions were identified in WGS data using CREST (v1.0.1) (55) on tumor 

http://www.broadinstitute.org/tcga/home
http://genome.ucsc.edu/
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regions jointly, after pre-processing BAMs with the GATK IndelRealigner (v2.1-13-
g1706365). To reduce the false positive rate, breakpoint junctions of putative structural 
variants were de novo assembled using TIGRA (v0.3.7) (56) in germline and tumor 
BAMs individually, and aligned to hg19 using BLAT (v35) (57); breakpoints that were 
re-constituted from tumor BAMs only were considered valid. Furthermore, structural 
variants (SVs) with breakpoints mapping to low-copy repeats (i.e. UCSC 
genomicSuperDups track) were removed. Breakpoints were annotated with gene 
information, presence of nearby (<100 bp) polymorphic SV breakpoints (2013-07-23, 
http://dgv.tcag.ca/dgv/app/home) and high-copy repeat content (RepBase v17.03) using 
ANNOVAR. Breakpoint mechanism classification was attempted according to the 
criteria defined in Yang et al. (58) with additional strict manual review. In order to assign 
SVs to specific tumor regions, soft-clipped and discordant paired-end reads consistent 
with each SV in each tumor region were identified; an SV was called present if at least 
one of these read-level events was identified. All results were plotted using Circos (59). 
 
For the breakpoint clustering analysis, structural variant breakpoints (nodes) within 10kb 
of one another were linked by edges representing both inter-breakpoint distance and 
chromosome. To simplify the network, nodes connected to fewer than 3 edges were 
omitted. Breakpoint homology profiling as performed as previously described (23). 
 
TCGA exome data sets 
TCGA LUAD and LUSC exome data sets were obtained from: 
https://confluence.broadinstitute.org/display/GDAC/DCC+MAFs. Mutations calls were 
further filtered by removing any mutations that did not pass the following filters: variant 
allele frequency, >0.01; sequencing depth at mutated base, >10; mutant reads, >6. For a 
number of LUSC samples a likely sequencing artefact was identified (C>A mutations at 
CCA sites, see below for detailed description).  These samples were removed from 
further analysis. Only patient samples where SNP6.0 data was also available were 
utilized. In total 294 LUAD and 124 LUSC TCGA samples were used in the analysis.  
 
Estimating the cancer cell fraction of TCGA mutations 
For TCGA samples, the cancer cell fraction, defined as the proportion of cancer cells 
harbouring a given mutation, was estimated by integrating the wild-type and mutant 
allele counts, absolute major and minor copy numbers, and tumor purity estimates as 
previously described (60).  In brief, for a given mutation we first calculated the observed 
mutation copy number, nmut, describing the fraction of tumor cells carrying a given 
mutation multiplied by the number of chromosomal copies at that locus using the 
following formula:  

   
where VAF corresponds to the variant allele frequency at the mutated base, and p, CNt

 , 
CNn are respectively the tumor purity, the tumor locus specific copy number, and the 
normal locus specific copy number.  We then calculated the expected mutation copy 
number, nchr, using the VAF and assigning a mutation to one of the possible copy 
numbers using maximum likelihood.  The cancer cell fraction of a given mutation was 
then calculated as nmut/nchr  (i.e. the observed mutation copy number divided by the 
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expected mutation copy number if present in 100% of tumor cells). Confidence intervals 
were obtained by bootstrap resampling the wild-type and mutant reads at each mutated 
locus (n=10,000). A mutation was classified as either clonal or subclonal based on the 
confidence interval of the mutation copy number. Any mutation whose mutation copy 
number upper 95% confidence did not overlap 1 was classified as subclonal, with all 
other mutations classified as clonal.  
 
Integer major and minor copy numbers were estimated using SNP6.0 data, normalized 
with the aroma R package (61-63), and processed with OncoSNP (64). Tumor purity 
estimates were obtained using ASCAT (21). 
 
Temporal dissection of mutations of M-seq tumors 
For each M-seq tumor, we classified each mutation as ‘early’ or ‘late’ based on whether it 
was located on the trunk or branch of the phylogenetic tree, with all truncal mutations 
classified as ‘early’ and any branch mutation as ‘late’.  
 
In cases where genome doubling was observed, mutation copy number estimates were 
used to time mutations relative to the doubling. Only regions with at least two copies of 
the major allele were used, whilst regions where the minor allele was equal to one were 
excluded as these could reflect mutations on the minor allele that occurred before 
doubling or mutations on one copy of the major allele occurring after doubling. Any 
mutations that had a ploidy ≥2 were considered to have occurred before doubling, and all 
ploidy of 1 mutations as after doubling. For tuncal dissection, mutations with a variant 
allele frequency less than 5% or less than 2 tumor reads were excluded. Temporal 
dissection of mutations occurring before and after genome doubling was performed 
independently for each tumor region. For L008, where whole-genome sequencing data 
was available, the consensus between the two regions was used. For L001, one region 
(R1) displayed considerably higher cellularity and was therefore used.  
 
Chi-square tests were used to compare the mutation spectra of the six mutations types 
(C>A, C>G, C>T, T>A, T>C, T>G).  To compare the relative frequency of specific 
mutation types a two-sided Fisher’s exact test was used.  APOBEC enrichment was 
assessed as described below.  
 
Temporal dissection of mutations in TCGA samples 
For each single-region TCGA sample, it was not possible to construct phylogenetic trees 
as described above. We therefore classified mutations as early or late based on their 
clonal status and when possible we timed mutations relative to copy number events. In 
brief, for timing mutations relative to copy number events, we restricted our analysis to 
mutations occurring in regions with at least two copies of the major allele. For any such 
region, mutations at ploidy ≥2 were classified as ‘before event’ and any mutations with a 
ploidy of 1 were classified as ‘after event’.  Combining this with our cancer cell fraction 
estimates (see above), all clonal mutations that were not classified as ‘after event’ were 
aggregated as ‘early’, whilst all subclonal or ‘after event’ mutations were aggregated as 
‘late’. Significance in mutation spectra between ‘early’ and ‘late’ mutations were then 
compared using a paired t-test.  
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Estimating smoking strand bias 
Strand bias was calculated based on annotating each C>A mutation as to whether it fell 
on the transcribed or untranscribed strand in the UCSC hg19 gene track (available from 
http://genome.ucsc.edu/cgi-bin/hgTables). TCGA samples, grouped according to 
histology and smoking status, were considered in aggregate.  Two-sided Fisher’s exact 
tests were used to determine significance. 
 
Detecting an APOBEC mutation pattern 
To detect an APOBEC mutation pattern the methods outlined by Roberts et al. (13) were 
adopted. In brief, the enrichment ETCW relating to the strength of mutagenesis at the TCW 
motif across the genome was calculated as follows:  

 
where mutationsTCW is the number of mutated cytosines (and guanines) falling in a TCW 
(or WGA) motif, mutationsC (or G) is the total number of mutated cytosines (or guanines), 
contextTCW is the total number of TCW (or WGA) motifs within a 41-nucleotides region 
centered on the mutated cytosines (and guanines) and contextC (or G) is the total number of 
cytosines (or guanines) within the 41-nucleotides region centered on the mutated 
cytosines (or guanines). Only specific base subsitutions were included (TCW to TTW or 
TGW, WGA to WAA or WCA, C to T or G, and G to A or C). Over-representation of 
APOBEC signature mutations in each sample was determined using a two-sided Fisher's 
exact test comparing the ratio of the number of cytosine-to-thymine or cytosine-to-
guanine substitutions and guanine-to-adenine or guanine-to-cytosine substitutions that 
occurred in and out of the APOBEC target motif (TCW or WGA) to an analogous ratio 
for all cytosines and guanines that reside inside and outside of the TCW or WGA motif 
within 41-nucleotide region centered on the mutation cytosine (and guanine). P-values 
were corrected using Benjamin-Hochberg multiple testing correction, and a significance 
threshold of q < 0.05 was used.  For each sample, APOBEC mutation enrichment was 
determined for all mutations, ‘early’ mutations and ‘late’ mutations separately. When 
temporally dissecting APOBEC mutation patterns in TCGA data, only samples with a 
significant APOBEC enrichment were used. Comparisons between early and late 
APOBEC mutation enrichment was performed using a paired t-test.  
 
Identifying a likely sequencing artefact signature in TCGA LUSC samples 
To identify patients that exhibited an enrichment C<A mutations occurring within a CCA 
or TCG mutation context, we adapted the methods described above. Thus, we defined 
enrichment ECCAorTCG as follows: 

 
 
where mutationsCCAorTCG is the number of mutated cytosines-to-adenine (and guanine-to-
thymidine) falling in a CCA (or TGG) or TCG (or CGA) motif, mutationsC (or G) is the 
total number of mutated cytosines-to-adenine (or guanine-to-thymidine), 
contextCCAorTCG is the total number of CCA (or TGG) or TCG (or CGA) motifs within a 
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41-nucleotides region centered on the mutated cytosines (and guanines) and contextC (or 

G) is the total number of cytosines (or guanines) within the 41-nucleotides region centered 
on the mutated cytosines (or guanines). Only specific base substitutions involving C>A 
were considered.  
 
Over-representation of CCA mutations in each sample was determined using a two-sided 
Fisher's exact test comparing the ratio of the number of cytosine-to-adenine and guanine-
to-thymidine substitutions that occurred in and out of the target motif (CCA or TGG) to 
an analogous ratio for all cytosines and guanines that reside inside and outside of the 
CCA or TGG motif within 41-nucleotide region centered on the mutation cytosine (and 
guanine). P-values were corrected using Benjamin-Hochberg multiple testing correction, 
and a significance threshold of q < 0.05 was used.   
 
A specific sequencing plate (9898) was found to show highly significant enrichment of 
CCA mutations (P < 0.001). Any samples sequenced on this plate as well as any samples 
showing CCA enrichment were therefore removed from further analysis. In total, 28 
samples were removed.    
 
Fluorescent In Situ Hybridization analysis 
A small section of snap-frozen tumor material was fixed o/n in 10% neutral buffered 
formalin and paraffin-embedded. Dual color FISH was carried out using 2 centromeric 
probes (CEP2 and CEP16 labeled with spectrum orange and spectrum green, 
respectively; Abbott Laboratories), selected on the basis of infrequent copy number 
alterations in the TCGA LUAD and LUSC dataset for these chromosomes (Fig 2A). 
Briefly, 5-micron sections were used. Following dewaxing and rehydration using ethanol 
gradients, slides were placed in SPoTLight Pretreatment buffer (Invitrogen) at 98°C for 
15 minutes and washed. Digestion enzyme was added to each slide and incubated for 22 
minutes at room temperature. Slides were washed and dehydrated. 1.5µL of each 
centromeric probe was mixed with 10 µL hybridization buffer, denatured for 5 minutes at 
95°C and placed on each dehydrated section. Slides were incubated overnight at 37°C in 
a moisturized chamber. After washing with 0.5x SSC at 75°C, slides were stained and 
mounted using Vectashield mounting media with DAPI (Vector Labs). Slides were 
scanned and images were captured using a 40x objective on the Applied Imaging Ariol 
System (Applied Imaging), with seven 0.5-mm z-stacks. For each region, sixty nuclei 
were scored manually in an unbiased manner. 
 
 
APOBEC3B mRNA analysis by qRT-PCR 
Total RNA was isolated from tumor regions of which fresh frozen material was available 
(L001, L002, L003, L004 and L011), using the AllPrep DNA/RNA kit from Qiagen 
according to the manufacturer’s instruction, and used to synthesize cDNA. The cDNA 
was then amplified using APOBEC3B Taqman Assay or Taqman Assays for the 
housekeeping gene TBP (Applied Biosystems) on a 7500 FAST Real Time PCR machine 
(Applied Biosystems). APOBEC3B expression was normalised towards TBP, and the 
fold-change in expression was determined against the expression in the adjacent normal 
lung. 
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Supplementary Figures 

 
 

Fig. S1. 
Intratumor heterogeneity of somatic mutations detected by a comprehensive cancer gene 
panel. Heatmaps show the regional distribution of all point mutations detected by 
sequencing a panel of 409 cancer-related genes. Presence (blue) or absence (grey) is 
indicated for each mutation per tumor region. The right column displays the severity of 
each mutation; nonsense or splice site (red), missense (orange) or silent (yellow). 
Cartoons above each heatmap depict the location of each tumor in the lung. 
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Fig. S2 
L002 histopathology staining. Sections from LUAD (upper) or LUSC (lower) regions are 
shown. Left section is taken from frozen material adjacent to material used for DNA 
extraction for sequencing. The remaining sections are taken from FFPE representing 
LUAD or LUSC tumor regions and stained with Hematoxylin and Eosin or with an 
antibody detecting CK5 or CK7, as indicated. Scale bars, 100 µm. 
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Fig. S3 
Clonal architecture of NSCLC tumors. 2D-dirichlet plots show the cancer cell fraction of 
the mutations in regions of each NSCLC tumor; increasing intensity of red indicates the 
location of a high posterior probability of a cluster. For the M-seq WES tumors, 
identified mutations are indicated in black dots. L004 is presented in Fig.1B. 
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Fig. S4 
Copy number events leading to mutational heterogeneity. 
A) In LS01, loss of one allele of chromosome 6 in regions R1 and R2 results in private 
mutations in R3, creating mutational intra-tumor heterogeneity. Total copy number is 
shown with a black line, major allele copy number with a red line and minor allele copy 
number with a green line. Shared and private mutations are indicated in blue, orange, 
purple and grey. 
B) Loss of one allele of chromosome 7q specifically in region R3 of L008 also results in 
loss of mutations carried on the allele, creating mutational diversity between regions R1 
and R3. Total copy number is shown with a black line and the minor allele copy number 
with a red line. Mutations only detected in region R1 are depicted in blue, mutations only 
detected regionR3 are depicted in orange, with shared mutations in grey.  
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Fig. S5.  
A) Phylogenetic trees generated by a maximum parsimony approach based on the 
distribution of all detected mutations. Scale is indicated for each sample next to the trunk 
with the number of mutations; trunk and branch lengths are proportional to the number of 
mutations acquired. GL indicates germ-line. Trees of L002, L008 and LS01 are based on 
M-seq WGS data. Categories 1 and 2 driver mutations are indicated next to the trunk or 
with an arrow pointing to the branches where they were acquired. 
B) Dendrograms were inferred using the UPGMA method. The dendrograms are 
presented to scale, with the number of mutations as evolutionary distance. Uncertainties 
assessed by bootstrap tests are indicated next to the nodes. Categories 1 and 2 driver 
mutations are indicated above the trunk or branch where they were acquired. 
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Fig. S6.  
Clonality of driver and non-driver mutations in TCGA LUAD and LUSC tumors as well 
as M-seq samples. Driver genes are significantly more often clonally mutated compared 
to non-driver genes. For TCGA samples, driver gene status is based on (1-3). For M-seq 
tumors, category 1-2 drivers are displayed (16).  
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Fig. S7.  
A)Copy number states across the genome for every tumor region. Losses (blue) and gains 
(red) are depicted relative to mean ploidy of the tumor region, with darker colors 
representing increased deviations from ploidy. Mean ploidy of each tumor region is 
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shown at the bottom of the plot. On right, recurrent gains (red) and losses (blue) are 
shown for TCGA LUAD and LUSC samples.  
B) Hierarchical clustering of copy number profiles at cytoband resolution, using 
Euclidian distance. Copy number profiles of tumor regions from the same patient clearly 
cluster together, with the exception of L003, for which two clonally distinct tumors were 
observed.  
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Fig. S8.  
Copy number profile of L008. Chromosomal segments with subclonal copy number 
aberrations are highlighted in blue.  
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Fig. S9. 
Centromeric FISH for M-seq tumors. A) Cenotromeric FISH for L004 region R4. 
Centromeric probes for chromosome 2 are shown in red, and for chromosome 16 in 
green. Scale bar, 10µm. B)The top panel shows the Shannon diversity index for each 
tumor region. The bottom panels show the proportion of different centromeric counts 
observed for chromosomes 2 and 16.   
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Fig. S10.  
Structural variant breakpoints (nodes) within 10kb of one another are linked by edges 
representing both inter-breakpoint distance (line type) and chromosome (line color).  
Breakpoint homology profiling indicates that these highly localised breakpoint clusters 
involved either nonhomologous end-joining (purple) or alternative end-joining (red), 
indicative of double-strand break events, and are concentrated on chr17 (brown line) and 
chr19 (pink line). 



 
 

22 
 

Fig. S11.  
2D-dirichlet process plot (upper) using mutation copy numbers; increasing intensity of 
red indicates the location of a high posterior probability of a cluster. Private mutations 
clustered at a copy number 2 are observed in both regions R1 and R3, suggesting two 
independent genome-doubling events. Copy number profiles of L002 regions R1 and R3 
(lower). Trunk mutations are showed in blue, whilst private mutations are depicted in 
green. Total copy number is depicted as a black line, with minor allele as a red line.  
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Fig. S12.  
Rainfall plot showing difference in early and late APOBEC mutation enrichment for 
TCGA LUAD and TCGA LUSC. Each bar represents one TCGA tumour and its height 
corresponds to the difference in early versus late APOBEC enrichment. Only samples 
with significant APOBEC enrichment as well harbouring both early and late mutations 
are shown.  
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Fig. S13.  
Graph showing APOBEC3B mRNA expression in tumor regions relative to the adjacent 
normal lung for each tumor, using TBP mRNA expression for normalization. 
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Fig. S14.  
Truncal mutations pre and post genome doubling in L001. Stacked bar-charts (left) and 
pie charts (right) showing prevalence of different mutation types for truncal mutations 
occuring before and after genome doubling in L001. 
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Supplementary tables 

Table S1. 
Detailed patient characteristics.  
 

        

Patient ID Age 
(years) Gender Histology 

Tumour 
Location 

/Max 
Diameter 

(mm) 

Lymph 
Node(s)/
Location 

Histological 
Stage 

Stage 
(I-IV) 

Regions 
Sequenced 

Smoking 
Status 
(Pack-
Years*) 

Smoking 
Cessation 

(years) 

L003 84 F LUAD RLL/22 & 
RUL/25 

2/Station 
4 pT4N2M0 IIIB 

R2 (RLL), 
R4 (RUL), 

LN 
Never N/A 

L008 75 M LUAD RUL/15 & 
RML/24 2/Hilar pT4N1M0 IIIA 

R1 (RUL), 
R3 (RML), 

LN 

Former 
(25) 20 

L001† 59 F LUAD LLL/30 3/Hilar pT2aN1M0 IIA R1-R5, LN Former 
(10) 23 

L004‡ 73 M Undiff. 
NSCLC LLL/100 none pT3N0M0 IIB R1-R4 Current 

(50) N/A 

L011 49 F LUAD LUL/55 none pT2aN0M0 IB R1-R3 Current 
(45) N/A 

L002 78 M LUAD/ 
LUSC LUL/90 2/Station 

5 pT3N2M0 IIIA R1-R4 Current 
(>50) N/A 

LS01 69 M LUSC LLL/38 none pT2aN0M0 IB R1-R3 Former 
(50) Unknown 

Abbreviations: LLL, lower lobe; LUL, left upper lobe; RLL, right lower lobe; RUL, right upper lobe; 
RML, right middle lobe; R, region; LN, lymph node; Undiff, undifferentiated. * a pack-year is defined as 
the number of packs of cigarettes smoked per day multiplied by the number of years the person has 
smoked. †L001 presented a synchronous MEN1 syndrome-associated tumor, classified as separate tumor 
based on histological morphology, biochemical profile and octreotide scan imaging. ‡L004 presented a 
synchronous oesophageal adenocarcinoma, classified as separate primary tumors based on histological 
morphology and immunohistochemistry marker profile. 
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Table S2. 
Detailed coverage information. 
  Tumor Region Coverage 
  

 
  Mean Median 

M-seq WES L003 B 131 103 
   R1 103 76 
   R2 100 77 
   R4 107 76 
  L008 B 111 87 
   R1 106 78 
   R3 91 72 
   R5 102 79 
  L001 N 57 44 
   R1 99 72 
   R2 119 87 
   R3 67 49 
   R4 115 86 
   R5 131 96 
  L004 B 60 47 
   R1 108 76 
   R2 188 140 
   R4 100 76 
   R5 174 129 
  L011 B 99 78 
   R1 92 70 
   R2 95 73 
   R3 92 70 

  L002 B 132 121 

   R1 91 70 

   R2 94 74 

   R3 148 117 

   R4 95 74 

M-seq WGS L008 B 38 38 

   R1 90 86 

   R3 102 102 

  L002 B 38 38 

   R1 96 95 

   R3 97 98 

  LS01 B 20 NA 

   R1 22 NA 

   R2 17 NA 

   R3 24 NA 
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Table S3. 
Detailed information of candidate driver mutations 

Tumor 
 

Gene 
  

Substitution In 
Cosmic 

(v67) 

  
Cancer-related gene 

  
dbNSFP 
 

Tumor 
region 

Driver 
Category 

cDNA AA NSCLC 
pan-

cancer 
TUSON 

L003 CTNNB1 C110T S37F YES x x OG 4xD R2 1   
  EGFR T2573G L858R YES x x OG 4xD all 1   
  FOXP1 C75A Y25X STOP   x   STOP R2 1   
  BRAF G89A G30D YES x x OG 1xD R1 (LN) 2   
  IL7R C394T P132S 5aa   x - 4xD R2 3   
  JAK1 G1837A E613K 5aa  

 
x 

 
0xD R2 3   

  MUC1 C346G H116D NO 
 

x 
 

NA R1,R4 3   
  MLL C8492T S2831L NO   x   4xD R4 3   
L008 BRAF G1406C G469A YES x x OG 4xD all 1   
  PIK3CA G1624A E542K YES  x x OG 3xD R3 1   
  RB1 C2486G S829X YES x x TS STOP all 1   
  TP53 C577T H193Y YES x x TS 4xD all 1   
  ALK G2467A G823R 5aa    x OG 4xD all 2   
  CAMTA1 A1481C Q494P 5aa   x   4xD all 2   
  HSP90AB1 C52T Q18X YES   x   STOP all 2   
  KDR C2000A P667H 5aa x x   4xD all 2   
  MLL2 G15028A A5010T 5aa x x   NA all 2   
  ERCC4 G1093C E365Q 5aa   x   1xD all 3   
  FANCM A2068G R690G NO   

 
TS 1xD all 3   

  FANCM A2152C N718H 5aa   
 

TS 1xD all 3   
  KANSL1 C3260G P1087R 5aa   

 
TS 1xD all 3   

  MAGI2 G1723A D575N 5aa     OG 2xD R3 3   
L001 EGFR T2573G L858R YES x x OG 4xD all 1   
  EP300 C823T Q275X STOP   x TS STOP LN, R2 1   
  RB1 C1853G S618X STOP x x TS STOP all 1   
  TP53 G818A R273H YES  x x TS 3xD all 1   
  DACH1 C1389A S463R 5aa  x 

 
TS 3xD all 2   

  FANCM G2578T E860X NO   
 

TS STOP R2 2   
  GRM8 A498C L166F 5aa  x 

  
4xD all 2   

  MEN1 A280C T94P 5aa    x TS 3xD all 2   
  PTN G258T K86N YES   

 
OG 4xD all 2   

  ATP5B G1342A E448K 5aa    x 
 

3xD all 3   
  ELF4 G964T A322S NO   x 

 
0xD R2 3   

  NUP214 C2810G SP exon21 NO   x 
 

splicing all 3   
  PAX7 G203A R68Q NO   x 

 
4xD R2-5 3   

  RBM10 G970C A324P NO x   TS 1xD all 3   
L004 NF1 G8239A D2747N 5aa x x TS 2xD all 1   
  SETD2 G5009C R1670T 5aa x x TS 3xD all 1   
  AKAP9 G3589A E1197K 5aa   x   3xD R4 2   
  CREBBP G4198C E1400Q YES*   x TS 2xD all 2   
  KANSL1 A2167T R723W 5aa   

 
TS 4xD all 2   

  LRP1B T11479C C3827R 5aa x 
 

  4xD all 2   
  MLL3 C10781G S3594C 5aa   x   4xD R4 2   
  ODAM G775T D259Y 5aa   x   3xD R5 2   
  ANO3 A58T S20C 5aa   

 
TS 4xD all 3   

  ATAD2 A3394G T1132A NO   
 

TS 0xD all 3   
  DNAH12 G7181A W2394X STOP   x   STOP R5 3   
  EWSR1 G1766A R589K YES *   x   1xD R5 3   
  FLI1 T863A L288Q 5aa   x   NA all 3   
  MYH9 G1317C K439N 5aa   x   3xD all 3   
  NCOA1 G2494C E832Q 5aa   x   0xD R4 3   
  ODAM C268A Q90K NO   x   0xD all 3   
  TAF15 A215G N72S NO   x   0xD all 3   
  TRIM23 A772T I258F NO     OG 3xD all 3   
L011 BRAF T1799A V600E YES x x OG 3xD all 1   
  LRP1B C7638G Y2546X 5aa x 

 
  STOP all 1   

  TP53 G892T E298X YES x x TS STOP all 1   
  AKT1 G44C R15P 5aa   x OG 3xD all 2   
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  CHD2 A3065T K1022M 5aa   
 

TS 3xD R2 2   
  FAT1 T3320G L1107R 5aa   x TS NA all 2   
  GRM8 T2522C I841T 5aa x 

 
  4xD all 2   

  GRM8 C1696A R566S YES x 
 

  2xD all 2   
  HOOK3 G322T E108X 5aa   x   STOP all 2   
  JAK1 G29A C10Y 5aa   x   2xD all 2   
  PIM1 G142T G48C 5aa   x   4xD all 2   
  PTPRD G3076T V1026F 5aa x 

 
  4xD all 2   

  CLTCL1 G2914T D972Y 5aa   x - NA all 3   
  MYCN G520T A174S NO   x OG 0xD all 3   
  MYH9 G250T E84X 5aa   x   STOP all 3   

  
PLEKHA
6 G2854A E952K 5aa   

 
TS 4xD all 3   

  TBX3 C1872A H624Q 5aa   
 

TS 1xD all 3   
  XPC G1325T G442V 5aa   x   NA all 3   
L002 FAT1 C76T R26X STOP   x TS STOP R3,R4 1   
  TGFBR1 C1310G S437X STOP x 

 
  STOP R1,R2 1   

  TP53 G404A C135Y YES x x TS 4xD all 1   

  
ARHGAP3
5 G2915- R972fs*55 FS   x TS FS R1,R2 2   

  CHD8 G1232C G411A 5aa   x TS NA all 2   
  FBXW7 G1394C R465P YES * x x TS 4xD all 2   
  LRP1B A7715T D2572V 5aa  x 

 
  3xD all 2   

  LRP1B T3968C V1323A 5aa  x 
 

  2xD all 2   
  PTPRD G1999A E667K 5aa  x 

 
  3xD R1,R2 2   

  RECQL4 T1895C M632T 5aa   x   NA all 2   
  TRIM33 G1748T G583V 5aa    x   3xD all 2   
  USP28 A1971T SP exon 16 splice   

 
TS splicing all 2   

  ZFHX4 C6394A P2132T YES  x 
 

  NA R1,R2 2   
  ARHGAP5 A38G Y13C NO   

 
TS 3xD all 3   

  HOXA11 G688A E230K 5aa   x   1xD R1,R2 3   
  KCNQ5 G1247T SP exon 9 splice   

 
OG splicing all 3   

  LIMCH1 A333T R111S 5aa   
 

TS 1xD all 3   
  MBOAT2 A498T L166F NO   

 
OG 2xD R1,R2 3   

  MGA C72G F24L 5aa   x TS NA R3,R4 3   
  MITF C92T P31L NO   x   2xD R3,R4 3   
  NTRK1 C47A A16D NO x x   1xD R1-3 3   
  PRDM16 C1967T P656L 5aa   x   0xD R3,R4 3   
  SMC3 T2457G I819M 5aa   x   2xD R1-3 3   
  SMO G385A V129I NO   x   2xD all 3   
  WHSC1L1 G1375A E459K NO   x   1xD R1,R2 3   
  ZFHX4 C8014A Q2672K 5aa x 

 
  NA all 3   

  ZFHX4 C5131A P1711T 5aa x 
 

  NA R1,R2 3   
  ZFHX4 G9271T G3091C 5aa x 

 
  NA R3,R4 3   

  ZNF292 A1436T Y479F NO     TS NA all 3   
LS01 ASXL1 G566T G189V splice   x TS splicing all 1   
  PTEN G209+1A SP exon3 splice x x TS splicing all 1   
  TP53 A97-2G SP exon 5  splice x x TS splicing all 1   
  TP53 G797A G266E YES x x TS 4xD all 1   
  ALK G1753T A585S YES * x x OG 1xD all 2   
  CFTR C1057A Q353K 5aa x 

 
  NA all 2   

  CREBBP G7285T D2429Y YES    x TS 3xD all 2   
  CREBBP G1690T D564Y 5aa   x TS 4xD all 2   
  MYH9 A452G Y151C YES    x   4xD all 2   
  NOTCH2 A809G Q270R 5aa   x TS 1xD all 2   
  AOAH T688A C230S 5aa   

 
TS NA all 3   

  ASXL2 G1448A C483Y NO   x TS NA all 3   
  COL1A1 G1202A G401D splice   x   splicing all 3   
  ETV6 G206T W69L 5aa   x   NA all 3   
  JUN A35T D12V 5aa   x   3xD all 3   
  MLL A1699C T567P NO   x   NA R3 3   
  MLL3 C4209G F1403L NO   x   NA R3 3   

Abbreviations: AA, amino acid; subst, substitution; FS, frameshift; 5aa, within 5 amino acids; Cat, category 
driver mutation; SP, splicing; *different substitution in COSMIC database v67. x indicates that gene is 
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identified as potential driver gene in NSCLC sequencing or pan-cancer data; TS or OG indicate 
identification as Tumor Suppressor or OncoGene by TUSON (16). 
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Table S4 
Chromosomal rearrangements identified in L002 and L008.  
Sample SV type left position right position mechanism R1 R3 
L002 CTX chr2:155998950 chr22:29065839 alt-EJ present present 
    chr2:236363124 chr3:167098659 VNTR present present 
    chr18:32544412 chr8:118344509 VNTR present present 
    chr1:31404868 chr6:47733848 alt-EJ present - 
    chr5:34614984 chr22:42503929 alt-EJ present - 
    chr6:13191304 chr18:22134677 NHEJ present - 
    chrX:11952758 chr7:28756841 alt-EJ present - 
    chrX:11953158 chr5:11979024 alt-EJ present - 
    chr11:93465300 chr4:124476626 NHEJ - present 
    chr12:116282296 chr8:38486564 NHEJ - present 
    chr5:147360434 chr2:233682520 alt-EJ - present 
    chr21:47629746 chr15:72570211 NHEJ - present 
    chr8:38486329 chr12:116281769 NHEJ - present 
    chr18:34666016 chr21:45437425 alt-EJ - present 
  ITX chr8:116143651 chr8:118139173 FoSTeS present present 
    chr10:54090613 chr10:54104578 NHEJ present - 
    chr10:54322851 chr10:54355481 NHEJ present - 
    chr3:195620398 chr3:190198721 NHEJ present - 
    chr6:13191101 chr6:76640812 alt-EJ present - 
    chrX:11951845 chrX:80996702 alt-EJ present - 
    chr12:102694542 chr12:104762458 alt-EJ - present 
  DEL chr4:141659964 chr4:142707155 alt-EJ present present 
    chr5:5321894 chr5:13526542 NHEJ present present 
    chr4:187325363 chr4:189488078 alt-EJ present - 
    chr2:235046417 chr2:237576417 NHEJ - present 
    chr5:21812115 chr5:45755186 alt-EJ - present 
    chr8:33575222 chr8:122792951 alt-EJ - present 
  INS chr1:209720908 chr1:209401475 alt-EJ - present 
    chr10:53461830 chr10:53401722 alt-EJ - present 
    chr11:65387961 chr11:65255262 NHEJ - present 
L008 CTX chr1:41420591 chr6:153820131 NHEJ present present 
    chr1:41429899 chr6:138283492 NHEJ present present 
    chr1:41522450 chr6:138288122 alt-EJ present present 
    chr3:142094843 chr19:675705 VNTR present present 
    chr4:21087179 chr18:66132623 alt-EJ present present 
    chr6:139208791 chr1:41385823 alt-EJ present present 
    chr8:118172674 chr4:111859631 VNTR present present 
    chr14:21641322 chr19:10070782 alt-EJ present present 
    chr14:21659076 chr17:29633312 FoSTeS present present 
    chr14:22931256 chr17:27047855 NHEJ present present 
    chr14:22945889 chr17:40582022 NHEJ present present 
    chr14:23865070 chr20:9485468 alt-EJ present present 
    chr14:43202845 chr17:27041499 NHEJ present present 
    chr14:43221709 chr17:30598522 alt-EJ present present 
    chr14:43226786 chr17:40484004 alt-EJ present present 
    chr14:43983534 chr17:32557240 NHEJ present present 
    chr14:45606236 chr17:29633089 NHEJ present present 
    chr14:45607709 chr17:40582243 NHEJ present present 
    chr17:32006130 chr14:21438822 NHEJ present present 
    chr17:32531855 chr14:45639647 alt-EJ present present 
    chr17:33970201 chr14:43983604 alt-EJ present present 
    chr17:40583254 chr19:10080082 NHEJ present present 
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    chr18:3374296 chr11:93333146 VNTR present present 
    chr18:63100198 chr4:20528186 NHEJ present present 
    chr18:63106534 chr3:88076969 alt-EJ present present 
    chr19:10077608 chr14:45881885 alt-EJ present present 
    chr19:10077623 chr14:23858748 alt-EJ present present 
    chr19:10077841 chr17:32532990 NHEJ present present 
    chr20:6037223 chr17:27048797 FoSTeS present present 
    chr20:7462891 chr17:33945011 alt-EJ present present 
    chr20:7463341 chr17:32564592 alt-EJ present present 
    chr20:7469802 chr14:43913262 NHEJ present present 
  ITX chr6:138283919 chr6:116907520 alt-EJ present present 
    chr14:45624623 chr14:22934184 NHEJ present present 
    chr17:27047629 chr17:32563709 alt-EJ present present 
    chr17:27048551 chr17:30619424 FoSTeS present present 
    chr17:32556109 chr17:40483031 alt-EJ present present 
    chr18:1257044 chr18:54722755 NHEJ present present 
    chr2:40299203 chr2:41619314 NHEJ present - 
    chr2:41618561 chr2:40304683 NA present - 
    chr4:21144053 chr4:21639085 NHEJ present - 
    chr4:37953544 chr4:21638626 alt-EJ present - 
  DEL chr14:22934146 chr14:43204483 alt-EJ present present 
    chr17:29659502 chr17:32564783 NHEJ present present 
    chr18:25060027 chr18:53994682 NHEJ present present 
  INS chr1:45843008 chr1:39747926 alt-EJ present present 
    chr2:42346589 chr2:42187285 alt-EJ present present 
    chr11:103580980 chr11:80028837 NHEJ present present 
    chr17:39957797 chr17:27041102 NHEJ present present 
    chr18:25357067 chr18:25063438 alt-EJ present present 
    chr18:25382005 chr18:1168244 NHEJ present present 
    chr18:66410779 chr18:63101330 alt-EJ present present 

Abbreviations: CTX, interchromosomal rearrangement; ITX, intrachromosomal rearrangement; DEL, 
deletion; INS, insertion.   
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