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Abstract 
 
Consistent with their assumed mechanism of action, PARP inhibitors show significant 

therapeutic efficacy in breast, ovarian and prostate cancer, which are the solid tumor 

types most often associated with loss of function of key homologous recombination 

genes. It is not known, however, how often other solid tumor types may be 

homologous recombination deficient. Specific DNA aberration profiles, genomic scars 

are induced by homologous recombination deficiency (HRD) and those could be used 

to assess the presence or absence of this DNA repair pathway aberration in a given 

tumor biopsy. We analyzed whether the various HRD associated mutational 

signatures are present in the whole genome and whole exome sequencing data of lung 

cancer in the TCGA cohorts and found evidence that a subset of those cases shows 

robust signs of HR deficiency. These clinical cases could be candidates for PARP 

inhibitor treatment and their prioritization for clinical trials could be achieved using 

next generation sequencing based mutational signatures. 

 

PARP inhibitors are a new class of cancer therapeutic agents that are most effective 

in tumors lacking the homologous recombination mediated DNA repair pathway1. 

They are approved either in BRCA1/2 mutant tumors or in solid tumor types most 

often associated with lack of HR in the form of BRCA1/2 function deficiency1. It is 

possible, however, that other tumor types not associated with germline BRCA1/2 

mutations may also be HR deficient. Non-small cell lung cancers, for example, show 

somatic mutations in the BRCA1/2 genes in 5-10% of the cases2, but it is not known 

how often those mutations are associated with loss of function of the gene and/or loss 
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of heterozygosity or other mechanisms suppressing BRCA1/2 function that lead to a 

bona fide HR deficient phenotype. We were seeking such tumor cases by investigating 

the next generation sequencing based DNA aberrations profiles of TCGA cohorts. 

Loss of function of the key homologous recombination genes BRCA1 and BRCA2 

is associated with a range of distinct mutational signatures that include:  1) A single 

nucleotide variation based mutational signature (“COSMIC signature 3” or “BRCA 

signature” as labeled in the original publication3), 2) a short insertions/deletions 

based mutational profile, often dominated by deletions with microhomology, a sign 

of alternative repair mechanisms joining double strand breaks in the absence of 

homologous recombination4,5 3) large scale rearrangements such as non-clustered 

tandem duplications of a given size range (mainly associated with BRCA1 loss of 

function) or deletions in the range of 1-10kb (mainly associated with BRCA2 loss of 

function)6.  We have recently shown that several of these DNA aberration profiles are 

in fact directly induced by the loss of BRCA1 or BRCA2 function5. 

Therefore, we analyzed all available whole genome sequencing data from the 

TCGA lung adenocarcinoma (LUAD) and squamous lung cancer (LUSC) cohorts and 

determined which of the above listed mutational signatures are present in these 

cases. Based on analyzing whole genome (n=42 and n=48, respectively) and whole 

exome (n=553 and n=489 samples) data we compared their utility for estimating 

HRD. 

 

Results 

Loss of function mutations of HR genes in lung cancer 
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Detailed analysis on the germline and somatic mutations of DNA repair genes were 

performed. We identified loss of function mutations for the BRCA2 gene in three LUSC 

and two LUAD cases (all three in LUSC and one in LUAD were coupled with LOH), and 

loss of function mutation for BRCA1 for one case in LUSC (Supplementary Figures 1-

4). A LUAD case was also identified with a RAD51B germline mutation that was 

recently shown to be associated with HR deficiency7 accompanied with an LOH in the 

tumor. We hypothesized that some of these cases may exhibit robust signs of 

homologous recombination deficiency induced mutational signatures.  

 

HR deficiency associated mutational signatures  in lung squamous carcinoma 

The three BRCA2 mutant LUSC samples showed an elevated short deletion/insertion 

ratio of >2 with two of the cases having the highest such ratio in the cohort (Figure 

1B). Increased deletion/insertion ratios were described previously for BRCA2 

deficient cancers using whole genome sequencing data8. Two of the three BRCA2 

deficient cases also showed the highest proportion (>0.1) of larger than 2 bp long 

microhomology mediated deletions and the same two cases had the highest 

proportion of larger than 9 bp long short deletions (Supplementary Figure 9). These 

two indel-patterns have also been described previously in BRCA2 deficient human 

cancer biopsies4,5,8.  

We did not detect an increased SNV signature 3 (originally described in BRCA1/2 

deficient tumors3) in these particular cases, probably because the high level of 

smoking induced mutational signatures would mask them even if they were present 
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(Figure 1C and D). (For a detailed distribution of SNV based signatures see Suppl. Fig 

8).  

On the other hand, both of the above mentioned BRCA2 deficient cases showed 

the highest number of RS5 rearrangement signatures (Figure 1D), which were 

previously described in breast cancer to be strongly associated with loss of function 

of BRCA26.  

Taken together, two of the three likely BRCA2 deficient LUSC specimens showed 

clear signs of BRCA2 deficiency associated mutational signatures and thus those cases 

are likely homologous recombination deficient.  

 

HR deficiency associated mutational signatures in lung adenocarcinoma 

In the case of LUAD, consistent with the lower number of smokers in this tumor type, 

in about half of the cases (20 out of 42) the smoking signature did not dominate the 

SNV signatures and the contribution of other mutational processes could be clearly 

detected (Supplementary Figure 8). More prominently, the BRCA2 mutant case with 

LOH (TCGA-78-7143), along with six other cases, showed a strong presence of 

signature 3. The same BRCA2 mutant sample had a high proportion of 

microhomology mediated deletions and four of the other six samples showed high  

deletion/insertion ratios along with high proportions of microhomology mediated 

deletions  (Figure 1A). The RAD51B case (TCGA-64-1680) showed both the signs of 

the HR deficiency associated indel patterns and a high signature 3 ratio.   

The BRCA2 mutant case and the four other cases showing HRD-like SNV and indel 

patterns also showed presence of the rearrangement signatures associated with 
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BRCA function loss, although to a lesser extent than that seen in TCGA-64-1680 and 

in BRCA1/2 mutant breast cancer in general.   

 

HRDetect scores in the LUAD and LUSC WGS cohorts 

Considering the different types of mutational signatures induced by the loss of 

function of HR genes, and that in a given tumor the loss of that gene may have a 

different impact on those mutational signatures, it was suggested recently that the 

SNV, short indel and large-scale rearrangement signatures along with a CNV-derived 

genomic scar score9 be combined into a single HRD quantifier, HRDetect10. This 

complex HR deficiency measure was trained on the number and relative distribution 

of HRD induced DNA aberration profiles in breast cancer.  

We calculated the breast cancer trained HRDetect values for all WGS cases by 

standardizing the lung predictors combined with the original breast cancer dataset, 

and found that the two above described, likely BRCA2 deficient LUSC cases;TCGA-66-

2766 and TCGA-21-5782 have the highest HRDetect values, the former of which even 

exceeded 0.7, which was proposed to be the threshold value for bona fide HR deficient 

cases in breast cancer (Supplementary Figure 11).  

We also calculated the HRDetect values when the predictors were standardized 

on the lung cancer cases alone (Figure 2B). These values are in general higher since, 

as we pointed out, some of the HRD suspect cases showed strong signs of some (e.g. 

SNV and short indel based) HRD signatures but not others (large rearrangement 

based signatures) (Figure 1C and D). In other words, it is possible that the individual 

parameters in a lung cancer specific HRDetect model will be significantly different 
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from those in breast cancer. Both in the case of LUAD and LUSC, eight of the analyzed 

cases showed a >0.7 lung cancer normalized HRDetect value (Figure 2B). 

 

HR deficiency associated biomarkers in whole exome sequencing data 

While whole genome sequencing data carry the most information about HRD induced 

mutational processes, we previously showed that whole exome sequencing data can 

also be used for these purposes under certain conditions, albeit using only 1 % of all 

aberrations that are present in the whole genome data11. While WES data contain a 

significantly reduced number of mutations, we extended our analysis to lung cancer 

WES data to allow for a more comprehensive assessment of the possible number of 

HR deficient lung cancer cases. (There are about ten times as many WES than WGS 

covered cases in the TCGA).  

We started with the comparative analysis of those cases that had both WGS and 

WES data available. (Suppl Figure 14). For the LUSC cases, the HRD-LOH score 

showed strong (0.83), and the ratio of signature 3 showed reasonable (0.41) 

correlation across the WES and WGS data . Due to the lower number of detectable 

deletions in whole exomes in general, all microhomology mediated deletions were 

considered in WES if their size exceeded 1bp, and this number was compared to the 

>2bp microhomologies in whole genomes. While on average there was a two order of 

magnitudes difference in the absolute number of deletions between the 

corresponding pairs, they exhibited a strong correlation (0.79). Of the two most likely 

HR deficient LUSC cases, TCGA-21-5782 showed good correlation of all three 

measures across the WES and WGS data. In the other case (TCGA-66-2766), however, 
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the WES data did not recapture the same mutational signatures as the WGS data 

(Supplementary Figure 13).   

For LUAD all three measures showed correlations between 0.55 and 0.84 across 

the WGS and WES data, and the cases with high HR deficiency associated attributes, 

like signature 3 or the HR deficiency-like insertion/deletion pattern in the WGS data 

had showed the same tendency in WES data as well.  

For the distribution of the various HR deficiency mutational signatures across the 

entire WES based cohorts see Supplementary Figures 12 and 13. 

 

HRDetect scores in the LUAD and LUSC whole exome sequencing data 

Finally, we calculated the HRDetect values based on the standardized and log-

transformed attributes of the WES data (further details of the whole exome model are 

available in the Supplementary Notes, Section 3.5). For breast cancer, there is a 

reasonably good correlation between the WES and WGS HRDetect values11, and we 

found moderate correlations (~0.5) between the corresponding pairs in both of the 

analyzed lung cancer cohorts as well (Supplementary Figure 14). 

The two LUSC patients showing signs of HR-deficiency based on whole genome 

sequencing, also had high HRDetect values based on whole exome sequencing 

analysis (TCGA-21-5782: 0.80, TCGA-66-2766: 0.66). Since the HR deficiency status 

of these two cases are supported by WGS data, we used the lower HRDetect value of 

these two cases as a putative threshold for HR deficiency in the WES characterized 

LUSC cohort.   In the LUSC WES cohort 16% of the patients had higher than 0.66 

HRDetect scores (Figure 3B), while in the case of the LUAD cohort (Figure 3A) 3.8% 
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of the patients had at least as high HRDetect score as the RAD51B-mutated sample 

(TCGA-64-1680).  

Since high HRDetect scores were reported to be associated with better clinical 

outcome in platinum treated breast cancer12, we were wondering whether lung 

cancer cases below and above the HRDetect thresholds that we determined in the 

WES data have significantly different outcome when treated with platinum 

containing therapy. However, higher HRDetect-scores were not associated with 

better outcome in these cohorts. (Supplementary Figures 15 and 16). 

 

 

Discussion 
 
PARP inhibitors show significant clinical efficacy in tumor types that are often 

associated with BRCA1/2 mutations, such as breast, ovarian, and prostate cancer. In 

order to further expand this clinical benefit, there are several ongoing clinical trials 

evaluating the efficacy of PARP inhibitors in non-small cell lung cancer, such as the 

PIPSeN (NCT02679963) and Jasper (NCT03308942) trials. If, however, the clinical 

benefit is strongly associated with HRD in this tumor type and only a minority of lung 

cancer cases harbor this DNA repair pathway aberration, then the success of those 

clinical trials will greatly depend on our ability to identify and prioritize the HRD 

cases. 

In order to develop such a diagnostic method, we first analyzed the BRCA1/2 mutant 

lung cancer cases. Lung cancer is usually not associated with germline BRCA1/2 

mutations, although a few sporadic cases have been reported13. Nevertheless, due to 
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e.g. smoking, about 5-10% of non-small cell lung cancer cases show somatic 

mutations in either the BRCA1 or BRCA2 genes. Some of those are likely to be 

pathogenic and associated with LOH as well. In our analysis, these cases clearly 

showed the mutational signatures usually associated with HRD. This strongly 

suggests that there are some bona fide HRD cases amongst lung cancer as well. 

Beyond mutations in BRCA1/2, HRD can be induced by a variety of mechanisms, such 

as suppression of expression of BRCA1 by promoter methylation. This is reflected by 

the fact that a significant number of ovarian and breast cancer cases show clear 

patterns of HRD associated mutational signatures in the absence of mutations of 

BRCA1/2 or other key HR genes10. Furthermore, BRCA1 mutant cases can be 

rendered HR proficient and thus PARP inhibitor resistant by the loss of other genes 

such as 53BP1 or REV7 etc14,15. Therefore, downstream mutational signatures, such 

as those investigated in our analysis, could be more accurate measures of HRD than 

the mutational status or expression change of individual genes. In fact, we identified 

several lung cancer WGS cases with high HRD induced mutational signatures that 

were not associated with BRCA1/2 mutations and it is reasonable to assume that 

those signatures were also induced by HRD.  It is important to estimate the proportion 

of potentially HRD non-small lung cancer cases to optimize PARP inhibitor trials. 

Since, we had only a limited number of WGS covered cases (less than one hundred in 

total), we extended our analysis to WES as well. Previously we found, that while WES 

based HRD estimates are less accurate and less sensitive than WGS based estimates, 

they still provide a clinically informative  measure of HRD11. The large number of WES 

covered cases in TCGA allowed us to make a reasonable first estimate at least on the 
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upper bound of the proportion of HRD cases. Based on the HRD associated mutational 

profiles it is likely that less than 20% of lung cancer cases are associated with HRD 

and thus likely  be responding to PARP inhibitors.  

We made every effort to detect a likely explanation for the cases with significant HRD 

associated mutational signatures but TCGA profiles have significant limitations due 

to e.g. normal tissue contamination. For example, significant expression deficiency  or 

LOH of the BRCA1 or BRCA2 genes can often be masked by the presence of these 

genes in the normal cells in the tumor biopsy.  

We did not find a correlation between the likely presence HRD and better survival 

upon treatment in lung cancer, which is probably due to the fact that these patients 

were treated in addition to platinum with other agents as well. Furthermore, 

sensitivity or resistance to platinum treatment is also associated with several other 

mechanisms in addition to HRD 16,17.  
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List of Figures: 
 
Figure 1: Summary of the HRD-related  predictors in the LUAD and LUSC whole 

genome datasets. 

A: Fraction of microhomology mediated deletions with larger or equal to 3 bp in 

length, versus deletions/insertions ratio in the TCGA LUAD whole genome dataset. 

B: Fraction of microhomology mediated deletions with larger or equal to 3 bp in 

length, versus deletions/insertions ratio in the TCGA LUSC whole genome dataset. 

C-D: Unsupervised (k-means) clusters of the HRD-related genomic biomarkers in the 

LUAD (C) and LUSC (D) cohorts. The considered attributes (vertical axes) are the 

following:  

HRD_sum: the sum of the three allele-specific CNV-derived genomic scars (HRD-LOH 

+ LST + ntAI); RS3_ratio: relative ratio of structural variants originating from 

rearrangement signatures 3; RS5_ratio: relative ratio of structural variants 

originating from rearrangement signatures 5; mhm_ratio: ratio of microhomology-

mediated deletions; Sig3_ratio: relative ratio of mutations originating from point- 

mutation signature 3.  

The number k was set to 4 in both cases, and the samples had been arranged 

according to their respective clusters. Dark and light gray tiles on the top panels 

indicate that the sample they belong to (horizontal axis) had one of the highest values 

in the corresponding attribute. The two shades of grey separate the top tercile range 

into two sextiles ranges. The darker color indicates that the value lies in the [5/6,1] 

quantile range, the ligter color indicates that it lies in the [4/6,5/6] quantile range.  

Below the summary of the biomarkers, the smoking history of the participants is 
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shown (years: years of active smoking, cig.per.day: average number of cigarettes 

smoked per day, ts_history: tobacco smoking history). Empty tiles stand for NAs in 

the dataset, i.e. they do not necessarily translate to a non-smoking history. 

 

Figure 2: HRD scar scores and HRDetect scores of the LUAD and LUSC WGS 

datasets 

In both panels, the sample names are colored according to their genotypes: yellow – 

BRCA2 heterozygote mutant, red – BRCA2 homozygote mutant, blue – BRCA1 

heterozygote mutant. 

A, The total sum of the genomic scar scores (HRD-LOH, LST, and ntAI) determined 

from the LUAD and LUSC whole cancer genome`s allele specific copy number 

profiles. 

B, HRDetect scores calculated using the original, breast cancer whole genome-based 

HRDetect weights by following the original article`s standardization and attribute-

transformation strategies (Davies et al. 2017). 

 

Figure 3: Distribution of the exonic HRDetect scores of the TCGA LUAD (A) and 

LUSC (B) whole exome samples. 

 The bars are colored according to the mutational status of the two BRCA genes. 

Furthermore, the exonic version of a single LUAD sample (TCGA-64-1680) with a 

likely pathogenic RAD51B mutation and high HRD-related biomarkers in the whole 

genome dataset is highlighted in pink. The two likely biallelic BRCA2 mutant LUSC 
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samples from the whole genome analysis (TCGA-21-5782 and TCGA-66-2766) are 

highlighted in orange.  
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Online Methods 

The normal and tumor BAM files were downloaded for the whole exome sequencing 

(WXS) samples from TCGA. There were n=489 lung squamous carcinoma (LUSC) and 

n=553 lung adenocarcinoma (LUAD) samples available with both normal and tumor 

samples. The Mutect2 vcf files and the clinical data were  downloaded from the TCGA 

data portal (portal.gdc.cancer.gov). 

The BAM files for the whole genome sequenced samples were download via the ICGC 

data portal (dcc.icgc.org). (LUSC: n=48, LUAD: n= 42 patients.) 

 

Mutation, Copy number, and Structural Variant Calling 

Germline single nucleotide mutations were specifically called at and around the key 

HR-related genes for genotyping purposes using HaplotypeCaller, while somatic 

point-mutations and indels had been called using Mutect2 (GATK 3.8).  In order to 

ensure the high fidelity of the reported SNVs, additional hard-filters had been applied 

to the resulting variants. In the germline case, the minimum mapping quality 

(PHRED) was set to 50, variant quality to 20 and a minimum coverage of 15 was 

ensured, while in case of the somatic SNVs and indels, the minimum tumor LOD 

(logarithm of odds) was set to 6, the normal to 4, the normal depth to 15, the tumor 

depth to 20 and the minimally allowed tumor allele frequency to 0.05.   

Copy number profiles were determined using Sequenza18, with fitted models in the 

ploidy range of [1,5] and cellularity range [0,1]. When a fitted model’s predictions 

significantly differed from the expected ploidy-cellularity values, an alternative 

solution was selected manually.  
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Structural variants were detected via BRASS (v6.0.0 - 

https://github.com/cancerit/BRASS). Through additional hard filters, the minimum 

amount of variant-supporting read-pairs was set to 6, and a successful local de novo 

assembly of the reads by velvet was demanded.  

 

Genotyping 

The genotypes of the key homologous recombination related genes  was determined 

via annotating the small-scale variant files using intervar19. Variants predicted as 

pathogenic or likely pathogenic were considered deleterious, while variants with 

unknown significance were treated with greater care but kept as wild-type. 

 

Mutational Signatures 

Somatic point-mutational signatures were determined with the deconstructSigs R 

package20, by using the cosmic signatures as a mutational-process matrix 

(Supplementary Figures 5-8).   

The extraction of rearrangement signatures was executed according to the following 

strategy: first, the reported structural variants were mapped to the alphabet of the 

32-dimensional structural variant-affecting mutational alphabet, and stored into the 

matrices MLUSC and MLUAD. Due to the low number of samples in the two WGS cohorts, 

the extraction of de novo rearrangement signatures was not achievable. Instead, a 

breast cancer-based, previously described matrix of mutational signatures (P) was 

used6. From these matrices, the signature composition (E) was estimated by solving 
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the non-negative least squares problem||P*E – M||2, subject to Eij > 0, for all i and j 

(Supplementary Figure 10). 

 

Genomic scar scores 

The calculation of the genomics scar scores (loss-of-heterozygosity: LOH, large scale 

transitions: LST and number of telomeric allelic imbalances: ntAI) were determined 

using the scarHRD R package.  

 

HRDetect: 

Since our cohorts did not have enough clearly HR-deficient cases, the derivation of 

two LUAD and LUSC specific HRDetect models was not achievable. Instead, on the 

whole genomes, the scores were calculated using the original, breast cancer-derived 

model, while the whole exomes relied on an alternative, whole exome-based, but 

also breast cancer-specific model (further details are available in the Supplementary 

Notes).  In order to get to the results of Figure 2B, the variables were standardized 

within their respective cohorts (i.e. N_LUSC = 48, N_LUAD = 42).  As an alternative 

way of interpreting the attributes, both sample sets had been appended to the 

breast cancer predictors, and the standardization step was executed on the resulting 

larger datasets as well. The distribution of the resulting alternative HRDetect scores 

are available in Supplementary Figure 11,   and both the scores and sample-

attributes are available in Supplementary Tables 1 and 2. 
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A, B,

TCGA-ID:BRCA2 heterozygous mutant

TCGA-ID: BRCA2 homozygous mutant

TCGA-ID: BRCA1 heterozygous mutant

TCGA-ID: BRCA1/2 wild-type
Genotype:

C,

D,

in the [4/6, 5/6] quantile range in the [5/6, 1] quantile range

.CC-BY-NC-ND 4.0 International licensea
certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made available under 

The copyright holder for this preprint (which was notthis version posted March 13, 2019. ; https://doi.org/10.1101/576223doi: bioRxiv preprint 

https://doi.org/10.1101/576223
http://creativecommons.org/licenses/by-nc-nd/4.0/


Figure 1 caption:
Figure 1: Summary of the HRD-related  predictors in the LUAD and LUSC whole genome 
datasets.
A: Fraction of microhomology mediated deletions with larger or equal to 3 bp in length, versus 
deletions/insertions ratio in the TCGA LUAD whole genome dataset.
B: Fraction of microhomology mediated deletions with larger or equal to 3 bp in length, versus 
deletions/insertions ratio in the TCGA LUSC whole genome dataset.
C-D: Unsupervised (k-means) clusters of the HRD-related genomic biomarkers in the LUAD (C) and 
LUSC (D) cohorts. The considered attributes (vertical axes) are the following:
HRD_sum: the sum of the three allele-specific CNV-derived genomic scars (HRD-LOH + LST + ntAI); 
RS3_ratio: relative ratio of structural variants originating from rearrangement signatures 3;
RS5_ratio: relative ratio of structural variants originating from rearrangement signatures 5;
mhm_ratio: ratio of microhomology-mediated deletions; Sig3_ratio: relative ratio of mutations 
originating from point- mutation signature 3.
The number k was set to 4 in both cases, and the samples had been arranged according to their 
respective clusters. Dark and light gray tiles on the top panels indicate that the sample they belong to 
(horizontal axis) had one of the highest values in the corresponding attribute. The two shades of grey 
separate the top tercile range into two sextiles ranges. The darker color indicates that the value lies 
in the [5/6,1] quantile range, the ligter color indicates that it lies in the [4/6,5/6] quantile range. 
Below the summary of the biomarkers, the smoking history of the participants is shown (years: years 
of active smoking, cig.per.day: average number of cigarettes smoked per day, ts_history: tobacco 
smoking history). Empty tiles stand for NAs in the dataset, i.e. they do not necessarily translate to a 
non-smoking history.
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Figure 2
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Figure 2 caption:
Figure 2: HRD scar scores and HRDetect scores of the LUAD and LUSC WGS datasets
In both panels, the sample names are colored according to their genotypes: yellow – BRCA2 
heterozygote mutant, red – BRCA2 homozygote mutant, blue – BRCA1 heterozygote mutant.
A, The total sum of the genomic scar scores (HRD-LOH, LST, and ntAI) determined from the LUAD 
and LUSC whole cancer genome`s allele specific copy number profiles.
B, HRDetect scores calculated using the original, breast cancer whole genome-based HRDetect 
weights by following the original article`s standardization and attribute-transformation strategies 
(Davies et al. 2017). 
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Figure 3
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Figure 3 caption

Figure 3: Distribution of the exonic HRDetect scores of the TCGA LUAD (A) and LUSC (B) 
whole exome samples.
The bars are colored according to the mutational status of the two BRCA genes. Furthermore, 
the exonic version of a single LUAD sample (TCGA-64-1680) with a likely pathogenic RAD51B 
mutation and high HRD-related biomarkers in the whole genome dataset is highlighted in pink. 
The two likely biallelic BRCA2 mutant LUSC samples from the whole genome analysis 
(TCGA-21-5782 and TCGA-66-2766) are highlighted in orange.
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Supplementary text Genotyping

1 Analyzed cohorts

1.1 Whole Genomes

42 LUAD and 48 LUSC WGScohorts had been downloaded from the icgc data portal:

• LUAD cohort: https://icgc.org/ZV9

• LUSC cohort: https://icgc.org/ZVC

1.2 Whole Exomes

Both binary alignment files and MuTect2 vcfs had been downloaded from the gdc data portal. Altogether 553
LUAD and 489 LUSC whole exomes were considered.

1.3 Donors with both WGS and WES samples

The majority of the patients who had whole genome data available, had whole exome sequences as well. All the
48 patients in the LUSC WGS cohort had at least 1 corresponding whole exome, however out of the 42 LUAD
WGS patients only 39 had whole exomes. The WGS samples without pairs:

• TCGA-05-5429

• TCGA-64-1678

• TCGA-78-7143

Since TCGA-78-7143 had a likely pathogenic germline BRCA2 mutation coupled with an LOH, we have created
an exonic bam-slice using the reads that cover the exome from the WGS bam, in order to check whether the
BRCAness phenotype is detectable in the exonic version.

2 Genotyping

Genotypes were determined according to the following scheme; we have called germline variants via GATK
(v3.8) HaplotypeCaller, and on whole genomes somatic variants with GATK (v3.8) MuTect2 (for whole exomes,
MuTect2-derived vcfs were already available from the gdc data portal). The pathogenecity of these variants was
assessed using Intervar (v2.0). From the resulting variant files only the exonic and the +/- 10 nucleotide regions
around the exons (in order to account for the possible splice-variants) were considered. From these mutations
only those were kept, that were predicted as "Likely Pathogenic", "Pathogenic" or "Uncertain" according to
ClinVar (20170905). At last, a threshold on the depth of these variants were set to 20.

If a variant had been characterized as pathogenic or likely pathogenic by intervar, the corresponding sample
was considered mutant, assuming that at least a heterozygous mutation is present in the sample. Variants with
unknown significance were collected separately, but they did not affect the genotyping scheme.

2.1 Lung adenocarcinoma WGS samples - mutations in HR-relevant genes

Mutations found in the LUAD WGS cohort are summarized in Suppl.Fig. 1.

2.2 Lung squamous carcinoma WGS samples - mutations in HR-relevant genes

Mutations found in the LUSC WGS cohort are summarized in Suppl.Fig. 2.
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Suppl.Fig. 1: First two panel from the top: Pathogenic or likely pathogenic and UNK germline mutations in the LUAD WGS cohort. Bottom

two panel: Somatic variants in the LUAD WGS cohort
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Suppl.Fig. 3: Estimated occurrences of LOH events in the analyzed genes. Segment means are estimated using the sequenza and copynumber

R packages.

2.3 Loss of Heterozygosity

The occurrance of Loss of heterozygosity was estimated using the samples’ sequenza-derived copy-number
segments. If the copy-numbers of either the A or B alleles dropped to zero within the coordinates of a gene,
then the LOH event was registered (Suppl. Fig. 3).

2.4 Methylation

Since the majority of the samples had only HumanMethylation 27k data available or didn’t have methylation
info at all, the genotyping scheme did not consider the methylation status of the gene-specific probes.

2.5 Final genotypes

The final genotypes are summarized in Suppl.Fig. 4. Both cohorts had likely pathogenic heterozygous or ho-
mozygous BRCA1/2 mutants among their samples:

LUAD:

• TCGA-75-7156 (likely pathogenic BRCA2 germline mutation)
/frameshift insertion at chr13:32912949,T>TTGTGC/

• TCGA-78-7143 (likely pathogenic BRCA2 germline mutation + LOH)
/frameshift insertion at chr13:32906473, A>ACCTAATCTTACTATAT/

LUSC:
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• TCGA-21-1083 (likely pathogenic BRCA1 somatic mutation)
/stopgain SNV at chr17:41244585, G>C/

• TCGA-21-5782 (likely pathogenic BRCA2 somatic mutation + LOH)
/frameshift deletion at chr13:32930627, AG>A/

• TCGA-66-2744 (likely pathogenic BRCA2 germline mutation + LOH)
/frameshift deletion at chr13:32912337, CTG>C/

• TCGA-66-2766 (likely pathogenic BRCA2 germline mutation + LOH)
/stopgain SNV at chr13:32914349, G>T/

In addition, TCGA-64-1680 – a LUAD sample with high HRD-related genomic aberration scores – had a
UNK germline mutation in RAD51B /nonsynonymous SNV at chr14:68352672, A>G/.

2.6 Whole Exomes

Genotyping of the whole exomes followed a similar strategy to the whole genomes’.
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Suppl.Fig. 4: Final genotypes of the LUAD and LUSC WGS cohorts. Genotyping is based on the presence of a pathogenic or likely pathogenic somatic/germline mutation in the gene and whether

a loss of heterozygosity event accompanies them. - Heterozygote: at least a germline/somatic mutation present, but no LOH, homozygote: at least a germline/somatic mutation present AND an LOH.
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Suppl.Fig. 5: Summary of the somatic substitutions detected in the whole genome cohorts. The vertical axis contains overall numbers, the

colors on the bars indicate the relative composition of the mutational directions. Most samples are dominated by C>A mutations. Top panel:

LUAD, Bottom panel: LUSC.

3 HRD-related biomarkers

The HRD-induced genomic fingerprints analyzed in this study were the following:

1. Somatic Substitution Signatures [1]

2. Microhomology-mediated deletion ratio, and insertion/deletion ratio [3, 4]

3. Genomic scar scores [6, 7, 8]

4. Rearrangement Signatures [10]

3.1 Somatic Substitution Signatures

Somatic variants returned by MuTect2 had to PASS the following criteria as well, on top of the default filters of
MuTect2

• TLOD ≥ 6

• NLOD ≥ 3

• Normal depth ≥ 15

• Tumor depth ≥ 20

• Alt. allele supporting reads in the tumor ≥ 5
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Suppl.Fig. 6: A graphical representation of the dynamic signature addition process. In each iteration a signature that would improve the most

on the cosine similarities were considered, however no additional signatures had been added to the list in either cohort. Left: LUSC, Right: LUAD

• Alt. allele supporting reads in the normal = 0

• Alt. allele frequency ≥ 0.05

• FILTER field = "PASS"

The resulting distribution of SNV is displayed in Suppl. Fig. 5.

Somatic signatures were extracted with the help of the deconstructSigs R package [2]. The list of possible
mutational processes whose signatures’ linear combination could lead to the final mutational catalogs (a.k.a.
mutational spectra) was confined to those, that were reportedly present in lung adenocarcinomas and squamous
carcinomas according to the COSMIC database (i.e. in LUAD: Signatures 1, 2, 4, 5, 6, 13, and 17, in LUSC: 1,
2, 4, 5, and 13). Furthermore, since we were primarily interested in their HR-related signature composition, we
have added Signature 3 and 8 to the lists. After the evaluation of their signature compositions, the mutational
catalogs of the samples were reconstructed, and the cosine of the angle between the 96-dimensional original and
reconstructed vectors were measured (cosine similarity). Using this technique, we have also checked whether
the incorporation of any additional signatures would improve the mean reconstruction similarities significantly,
but the improvement was negligible in both WGS cohorts (Suppl. Fig. 6). In general, the final cosine similarities
were adequately high, especially between the original and reconstructed squamous carcinoma whole genomes
(Suppl. Fig. 7).
The final mutational signatures can be observed in Suppl. Fig. 8.

3.2 Classification of deletions

It has been shown recently, that cancer cells that exhibit homologous recombination deficiency, have unique
characteristics in their indel profiles. Specimens with biallelic BRCA1/2 mutations have significantly more dele-
tions that are longer than 10 bp than BRCA1/2 wild-type tumors, and they also tend to have more deletions
than insertions [4]. It has also been found, that these deletions mostly arise due to the activity of the Micro-
homology Mediated End Joining (MMEJ) or the Single Strand Annealing (SSA) DNA repair pathways, and
thus the relative ratio of microhomology mediated (mhm) deletions among them is significantly higher than in
HR-competent cases [3]. Since the HR and MMEJ pathways differentiate at the point when RPA binds to the
ssDNA overhangs, a dysfunctional BRCA2 protein involuntarily gives rise to an increased MMEJ/SSA activity.
Non-surprisingly, the aforementioned increase in the mhm-deletion ratio is much more obvious in samples with
BRCA2-/- mutations than in BRCA1-/- tumors.
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Suppl.Fig. 7: Cosine similarities between the original and reconstructed mutational alphabets. Left: LUSC, Right: LUAD
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Suppl.Fig. 8: Somatic signature composition of the LUAD and LUSC whole genomes. Top panel: LUAD, Bottom panel: LUSC.

In general, deletions were classified into three sets: (1) complete repetitions; when the complete deleted
sequence is repeated after the deletion in the reference genome, (2) microhomologies; when only the first n
nucleotides of the deleted sequence is repeated after the deletion and (3) unique deletions, when the sequence
following the deletion has no resemblance to the deleted series of nucleotides. However, since the repetition of
the first 1-2 nucleotides could occur by pure chance (With 0.25 and 0.0625 probabilities respectively - assuming
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that all 4 nucleotides can occur with the same probability), when investigating the effects of the MMEJ/SSA
pathway, it is considered a good practice to work with the n ≥ 3 microhomologies only. Suppl.Fig. 9 provides a
summary of this analysis.

3.3 Rearrangement Signatures

Structural Variants had been called using BRASS (v5.4.1). In the analysis only those variants were considered,
whose reads could be denovo-assembled by velvet, and at least 6 read-pairs had supported them.

The resulting structural variants then were mapped to the rearrangement-signature alphabet [10], and a
non-negative least-squares strategy was executed to extract their signature composition. Similarly to the sub-
stitution signatures, the similarity between the reconstructed and original spectra was quantified using the
cosine between their two 32-dimensional vectors. Since the currently available list of rearrangement signatures
is based on breast cancer whole genomes, it isn’t surprising, that the cosine similarities of the reconstructions
were generally low, especially in the LUAD cohort: mean(cosSim(LUAD)) = 0.77± 0.25, mean(cosSim(LUSC)) =
0.89 ± 0.07. A summary of the structural variants and their rearrangement signature composition is displayed
in Suppl.Fig. 10.
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Suppl.Fig. 10: Top panel: Hard-filter-passing structural variants present in the LUAD and LUSC chohorts. The vertical axis shows the total number of structural variants in each sample, on
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Bottom panel: Rearrangement signatures in the two lung cancer cohorts. The bars only show the relative compositions, the order of the samples follow the order of the structural variant (top) plot.
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3.4 Genomic scar scores

We have used the sequenza R-package [5] to estimate the copy number profiles of the non-small cell lung
cancer cohorts. Sequenza can utilize the whole context of whole exome and whole genome sequences, and
as such requires the original normal and tumor binary alignment files (BAMs) along with the reference fasta
(grch37 in the whole genome and grch38 in the whole exome cases) file that was used for the alignment to do its
analysis. When it is done, it provides an estimated allele specific copy number profile for the sample, with the
segments corresponding to the parental alleles stored in a data frame. The three genomic scar scores had been
calculated from these data frames [6, 7, 8]. The scores had been determined using the scarHRD [9] R package.

3.5 HRDetect scores

Since the whole genome cohort was too small, and the whole exome cohort didn’t have enough BRCA mutants,
we could not train a new logistic regression model. Instead, we used the original, breast-cancer-specific weights.
For the whole genomes:

intercept = −3.3642
Signature.8 = 0.09062
HRD-LOH = 0.6666

RS5 = 0.8467
RS3 = 1.1532

Signature.3 = 1.6114
mhm.del.ratio = 2.3977

For the whole exomes, we have used a different model, trained on 560 artificially derived (from whole genomes)
breast cancer whole exomes [11]:

intercept = −2.6192939
Signature.17 = 0.067098
Signature.20 = 0.09409
Signature.26 = 0.16166

Signature.6 = 0.310146
Signature.18 = 0.31205

mhm.del.ratio = 0.314225
Signature.8 = 0.61474

Signature.13 = 0.83017
Signature.3 = 2.00757
HRD-LOH = 2.3865

Before they were seeded to the logistic models, sample attributes had been standardized and log-transformed,
just as they were in the original paper [12], however this could had been done in two ways. The first, which is
reported in the main article is when the standardization step contains the lung cohorts (LUAD or LUSC sepa-
rately) only. Since the distributions of the HRD-related attributes is most likely different than the distributions
present among breast cancer samples, this form of standardization makes more biological sense.

However, we argued, that it is worth to check what would be the HRDetect status of these samples, if we
would treat them as breast cancers. In order to check this, the two lung cohorts had been appended to the
560 breast WGS dataset, and the standardization was executed on the resulting 602 (breast + LUAD) and 608
(breast + LUSC) specimens. The resulting distribution of "breast-standardized" HRDetect scores is displayed
on Suppl.Fig. 11. In this scenario only a single LUSC sample (TCGA-66-2766) exceeds the 0.7 HRDetect score
threshold.
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Suppl.Fig. 11: Breast cancer standardized HRDetect scores of the LUAD and LUSC whole genomes.
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Supplementary text WES HRD predictors

4 HRD-related genomic features extracted from the whole exomes
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Suppl.Fig. 12: Distribution of genomic scar scores (HRD-LOH, Telomeric Allelic Imbalance, Large-scale Transitions), homologous-

recombination deficiency related mutational signatures (Signature 3, 5), number of micrhomomology-mediated deletions, microhomology / deletions

ratio, deletion / insertion ratio and BRCA1/2-status in whole exome sequnced lung adenocarcinoma samples (n=553).

16

.CC-BY-NC-ND 4.0 International licensea
certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made available under 

The copyright holder for this preprint (which was notthis version posted March 13, 2019. ; https://doi.org/10.1101/576223doi: bioRxiv preprint 

https://doi.org/10.1101/576223
http://creativecommons.org/licenses/by-nc-nd/4.0/


Supplementary text WES HRD predictors
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Suppl.Fig. 13: Distribution of genomic scar scores (HRD-LOH, Telomeric Allelic Imbalance, Large-scale Transitions), homologous-

recombination deficiency related mutational signatures (Signature 3, 5), number of micrhomomology-mediated deletions, microhomology / deletions

ratio, deletion / insertion ratio and BRCA1/2-status in whole exome sequnced lung squamous carcinoma samples (n=489).
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Supplementary text WES vs WGS predictors

5 Correlations between the WES and WGS HRD-predictors
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Suppl.Fig. 14: Correlation of the three main components (number of HRD-LOH events, number of microhomology-mediated deletions, and

contribution of Signature 3 to the mutational profile) of HRDetect between paired whole exome and whole genome sequenced samples
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Supplementary text Survival analysis

6 Survival analysis

Higher WXS-based HRDetect-score was not associated with better progression free survival (PFS) or overall
survival (OS) in LUAD and LUSC patients in the TCGA dataset. There was also no significant difference among
the subset of patients who received platinum treatment.

with with

Suppl.Fig. 15: Survival curves - LUAD
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Supplementary text Survival analysis

with with

Suppl.Fig. 16: Survival curves - LUSC
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