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Abstract 

Purpose: Lung cancer is the leading cause of cancer deaths worldwide, with 

substantially better prognosis in early stage as opposed to late stage disease. Identifying 

genetic factors for lung squamous carcinoma (SqCC) risk will enable their use in risk 

stratification, and personalized intensive surveillance, early detection, and prevention 

strategies for high-risk individuals. 

Study Design and Participants: We analyzed whole-exome sequencing datasets of 

318 cases and 814 controls (discovery cohort) and then validated our findings in an 

independent cohort of 444 patients and 3,479 controls (validation cohort), all of 

European descent, totaling a combined cohort of 765 cases and 4,344 controls. We 

focused on rare pathogenic variants found in the ClinVar database and used penalized 

logistic regression to identify genes in which such variants are enriched in cases. All 

statistical tests were two-sided. 

Results: We observed an overall enrichment of rare, deleterious germline variants in 

Fanconi Anemia genes in cases with SqCC (joint analysis OR=3.08, p=1.4e-09, 95% 

confidence interval [CI]=2.2–4.3). Consistent with previous studies, BRCA2 in particular 

exhibited an increased overall burden of rare, deleterious variants (joint OR=3.2, p=8.7e-

08, 95% CI=2.1–4.7). More importantly, rare deleterious germline variants were enriched 

in Fanconi Anemia genes even without the BRCA2 rs11571833 variant that is strongly 

enriched in lung SqCC cases (joint OR=2.76, p=7.0e-04, 95% CI=1.6–4.7). 

Conclusions: These findings can be used towards the development of a genetic 

diagnostic test in the clinic to identify SqCC high-risk individuals, who can benefit from 

personalized programs, improving prognosis.  
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Introduction 

 Lung cancer is the leading cause of cancer mortality in the United States (1). 

Although the disease is significantly more common in individuals with a positive family 

history (Odds Ratio (OR) 1.57-5.52) (2,3) and has an estimated heritability of 18% (4), 

genome-wide scans have only identified common loci associated with modest risk (5). 

Identifying individuals at increased genetic risk for lung cancer would lead to 

personalized surveillance programs for diagnosis and improve prognosis. Recent studies 

have identified rare variants in BRCA2 and CHEK2 genes with large effects in genome-

wide scans of lung cancer patients (6). Interestingly, seemingly sporadic cancer patients 

also carry a significant number of rare germline variants of unknown significance (7,8).  

 

Here, we utilized whole exome sequencing (WES) data on a lung cancer case-

control cohort from Transdisciplinary Research in Cancer of the Lung (TRICL) 

(http://u19tricl.org) to examine the role of rare coding variants in risk for lung squamous 

cell carcinoma (SqCC), and validated our results in an independent case-control cohort 

by utilizing the untapped resources of cases in The Cancer Genome Atlas (TCGA) 

(http://cancergenome.nih.gov) and controls from various studies in database of 

Genotypes and Phenotypes (dbGaP) (http://www.ncbi.nlm.nih.gov/gap). We confirm 

previous observations regarding the role of BRCA2 in lung cancer risk and expand this 

observation and identify an overall burden of rare, deleterious variants in Fanconi 

Anemia (FA) genes, and especially those in the FA core complex, in lung SqCC. While 

FA genes have been previously implicated in cancer risk (9), ours is the first report of a 

role for them in lung cancer risk.  
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Methods 

Data Sources. We downloaded data for two case-control cohorts. The discovery 

case-control cohort was from the Transdisciplinary Research in Cancer of the Lung 

(TRICL) project, which we downloaded from dbGaP (phs000876). The validation cases 

were from The Cancer Genome Atlas (TCGA) and controls were from eight population-

based studies in dbGaP. We downloaded TCGA germline whole exome sequencing 

bam files from National Cancer Institute Genomic Data Commons (GDC) data portal 

(https://gdc-portal.nci.nih.gov). We downloaded the control samples from dbGaP studies: 

Multiethnic Study of Atherosclerosis (MESA) cohort (phs000209), STAMPEED study: 

Northern Finland Birth Cohort (NFBC) 1966 (phs000276), NHLBI GO-ESP: Lung 

Cohorts Exome Sequencing Project (COPDGene) (phs000296), Common Fund (CF) 

Genotype-Tissue Expression (GTEx) (phs000424), Genetic Analyses in Epileptic 

Encephalopathies: A sub-study of Epi4K - Gene Discovery in 4,000 Epilepsy Genomes:  

(phs000654), ARRA Autism Sequencing Collaboration (phs000298), Bulgarian 

schizophrenia trio sequencing study (phs000687) and Myocardial Infarction Genetics 

Exome Sequencing (MIGen_ExS) Consortium: Ottawa heart study (phs000806). 

 

 Study cohorts. We first analyzed the discovery cohort of 333 familial-enriched 

lung SqCC cases and 853 controls, then the validation cohort of 494 sporadic cases and 

3,954 controls. The combined cohort included 827 cases and 4807 controls. All cohorts 

and their sample sizes are listed in Supplementary Table S1. 

 

Variant discovery. We performed variant discovery by realignment and joint 

analysis of all case and control germlines using GVCF-based best practices for the 

Genome Analysis Toolkit (GATK, https://www.broadinstitute.org/gatk/) as implemented 

in a custom pipeline at the Icahn School of Medicine at Mt. Sinai (10). 
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Sample QC. We removed samples with <85% missing data. We identified 

duplicates and related individuals by first or second degree based on analysis with KING 

software (11), where we removed a sample from each inferred pair that had a higher 

fraction of missing data. We removed any bias that may arise due to systematic 

ancestry-based variations in allele frequency differences between cases and controls by 

using samples with European ancestry as described below.  

 

Population stratification. To remove spurious associations and to adjust for 

population stratification, we used Principle Component Analysis (PCA). To identify the 

population structure, we removed indels and rare variants (defined by <5% of minor 

allele frequency, MAF), using 1000 Genomes dataset (12) and The Ashkenazi Genome 

Consortium (TAGC) as reference (https://ashkenazigenome.org). For the remaining 

variants, we performed Linkage Disequilibrium (LD) pruning, filtered for a call rate of at 

least 0.99, and did PCA with smartpca in EIGENSOFT 5.0.1 software. We filtered for the 

least ancestry-based variation by focusing our downstream analyses on the largest set 

of individuals clustered within the PCA plot by PCA gating. As shown in PCA plots of the 

three case-control cohorts along with the gated regions in Fig. 1, these correspond to 

European ancestry. 

 

Variant-level QC. Within the individuals that passed sample QC, we focused on 

ensuring high-quality genotype/variant calls for analysis. For this purpose, we filtered for 

variants with: read genotype quality ≥20; read depth ≥10; allelic depth of alternate allele 

≥4; variant sites with quality score ≥50; quality by depth score ≥2; mapping quality ≥40; 

read position rank sum >–3; mapping quality rank sum >–10 and variant tranche <99%. 

For heterozygous genotypes, we filtered for alternative allele ratio between 0.30 and 

0.70. Finally, we kept sites with ≥ 88% of data in both cases and controls. 
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Variant filtering. Among the variants that passed QC, we focused on rare 

variants with known pathogenic effects. Such causal variants have been shown to 

significantly alter encoded protein’s function and to occur significantly less frequently in 

control populations. To filter out common polymorphisms, we removed variants present 

in both cases and controls at MAF >2% or in Exome Aggregation Consortium (ExAC) 

non-TCGA Non-Finnish European population at MAF >1%. We considered variants that 

passed these filters as rare. We then filtered the rare variants for functional impact 

based on those present in the ClinVar database (13) using Annovar 

(http://annovar.openbioinformatics.org) (versions: 2016Feb01, clinvar_20170905). We 

considered a variant as pathogenic if it was: (i) listed pathogenic/likely pathogenic in 

ClinVar; or (ii) a frameshift or stopgain variant located 5’ of a listed pathogenic LOF 

variant (nonsense or frameshift) in ClinVar. We did not consider missense variants with 

conflicting pathogenicity in ClinVar (13) (where some submissions state pathogenic/likely 

pathogenic and others state benign/likely benign/uncertain significance). To reduce 

case-control sample differences, we kept sites with differential missing variant fraction ≤ 

0.05 between the cases and controls.  

 

Gene-sets. We considered six gene-sets associated with DNA repair and cancer 

predisposition (CPD) for gene-set level burden analysis of rare, pathogenic variants 

associated with lung SqCC risk, with full details in Supplementary Table S2. 

 

Statistical analysis 

 

Background variation correction. To test for possible background variation, we 

calculated the tally of rare autosomal synonymous variants per individual between cases 
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and controls. We defined synonymous variants as rare at Exac MAF ≤0.005% and MAF 

≤0.05% in combined case-control cohort. Supplementary Fig. S1 provides the 

distribution and background variation statistics of genes with rare synonymous variants 

in all cohorts. We accounted for differences in background variation as described below. 

 

Variant burden analyses. We identified risk genes associated with lung SqCC 

based on aggregate rare, pathogenic variant burden for each gene using Penalized 

Logistic Regression Analysis (PLRA), using the logistf package in R (https://cran.r-

project.org/web/packages/logistf/index.html). To adjust for background variation, we 

used the number of genes with rare synonymous variants as a covariate for each 

individual. We filtered out genes with minimal number of pathogenic variants (cases ≤2 

and controls ≤1). We deemed genes with p-value ≤0.05 statistically significant. For gene-

set level burden analysis, instead of considering the number of rare pathogenic variants 

in each individual, we considered if an individual has a pathogenic variant in a gene only 

when using PLRA. All statistical tests were two-sided. 

 

Smoking effects. To account for the effects of smoking on gene burden in 

discovery (cases: 4.1% never smoker (NS); 95.9% smoker; controls: 34.8% NS and 

65.2% smoker) and validation cohorts (cases: 2.7% NS; 95% smoker), we used PLRA 

with pack-years smoked as second covariate with background variation as the first 

covariate.  For smokers with missing pack-year values in discovery cohort (1.9% cases; 

1.1% controls), we imputed from average number of pack-years of other smokers. 

Resulting ORs and p-values of all gene-sets are in supplementary Fig. S2. 

 

Age and gender effects. For the effects of age and gender on gene burden, we 

used PLRA with the second covariate as i) gender; ii) age; and iii) both age and gender, 
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with background variation as the first covariate. Male and female percentages in all 

cohorts are provided in supplementary Table S3. We removed few control samples from 

analysis that had missing gender data (2 in validation and 3 in combined cohorts). 

Resulting ORs and p-values of all genesets are in supplementary Fig. S3-4. 

 

Results 

 

Identification of rare deleterious variants. To identify rare deleterious germline 

variants in individuals with lung SqCC, we utilized WES datasets from several previously 

published studies whose data are available through dbGaP. As the discovery cohort, we 

used 333 lung SqCC exomes enriched in familial cases and 853 control exomes from 

the TRICL study. As a validation cohort, we used 494 sporadic (non-familial) lung SqCC 

exomes from TCGA together with 3,954 control exomes from dbGaP. For all samples, 

we harmonized the data by realigning and jointly calling germline genetic variants using 

GATK Best Practices. We then performed QC and removed related individuals up to 

second degree. We also removed ancestry-based bias by classifying the genetic 

ancestry of all samples based on PCA and only filtering out individuals with European 

ancestry (Fig. 1). After sample QC, the discovery dataset included 318 cases and 814 

controls and the validation included 444 cases and 3,479 controls (Supplementary Table 

S1). To avoid potential confounding, we asked if the frequency of neutral variation varied 

among cohorts (Supplementary Fig. S1) and then adjusted for differences we observed 

in variation (see Methods). 

 

Single gene analysis. We first asked if any gene showed evidence for an 

enrichment of rare, deleterious variants in cases compared to controls. While numerous 

computational approaches exist for predicting the functional impact of a missense 
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mutation in protein-coding sequence (14), these predictions are not ready for use in the 

clinic. Therefore, we focused on those genes present in the ClinVar database (13), with 

strict pathogenicity criteria as described in Methods. When we applied these criteria to 

rare variants, we were able to test the remaining 593 genes after filtering in the 

discovery cohort. 

 

We note that while a BRCA2 stopgain variant, rs11571833 (p.Lys3326Ter), was 

previously reported to confer risk for lung SqCC (6), it did not satisfy our pathogenicity 

criteria as there were inconsistent reports of its pathogenicity in ClinVar (13) (29 studies 

report benign/likely benign; one study reports pathogenic), which annotated its clinical 

significance as benign. Testing this variant, we observed that results support the 

previous findings on its association with lung SqCC (6) risk, with a statistically significant 

difference between cases and controls (OR=3.0, p=5.3e-03, 95% CI=1.4–6.4 in 

discovery cohort and OR=3.3, p=4.4e-05, 95% CI=1.9–5.5 in validation cohort). 

Furthermore, among 20 individuals with this variant (12 males, 8 females) in the 

validation cohort, we observed Loss of Heterozygosity (LOH) in 8 (5 males, 3 females). 

This warrants more in-depth functional studies of this variant.  

 

Similarly, a CHEK2 variant, rs17879961 (p.Ile157Thr), was previously associated 

with reduced SqCC risk (6) but had conflicting pathogenicity reports in ClinVar (11 

studies cite pathogenic/ likely pathogenic; 4 studies cite uncertain significance). Testing 

this variant, we did not observe a statistically significant difference between cases and 

controls (OR=0.30, p=0.11, 95% CI=0.03–1.26 in discovery cohort and OR=0.52, 

p=0.27, 95% CI=0.11–1.55 in validation cohort). In our gene-level tests, we therefore 

included BRCA2 rs11571833 but not CHEK2 rs17879961.  
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Testing genes with rare, pathogenic variants at gene-level, BRCA2 was a top 

significant gene associated with lung SqCC in our discovery cohort (p=1.5e-03; OR=3.2; 

95% CI=1.6–6.4), which we validated in the validation (p=8.0e-05; OR=3.0; 95% CI=1.8–

5.0) and combined cohorts (p=8.7e-08; OR=3.2; 95% CI=2.1–4.7). Without the 

rs11571833 variant, we still observed a statistically significant association in the 

combined cohort (p=0.04; OR=3.3; 95% CI=1.1–9.3). 

 

Previous studies have additionally identified pathogenic germline variants in DNA 

damage response genes BRCA1 (FANCS), ATM, BRIP1 (FANCJ), PALB2 (FANCN) and 

PMS2 in solid tumors in TCGA datasets (15,16) While we did not observe a statistically 

significant gene-level burden in cases versus controls in these genes in our cohorts, we 

did observe an increased frequency of rare, pathogenic variants in cases compared to 

controls for PALB2 (OR=2.6, p=0.2, 95% CI=0.5–11.0) and BRIP1 (OR=3.4, p=0.3, 95% 

CI=0.3–25.7) in the combined cohort. We noted that these, and BRCA2 are FA genes. 

 

Cancer predisposition gene-set analysis. We next studied whether clinically 

significant variants in CPD gene-sets were correlated with increased risk of lung SqCC.  

We first tested 3 gene-sets:  

(i) 94 genes associated with CPD and currently used for clinical genetic 

testing in the TruSight Cancer Gene panel (17), which are 

predominantly tumor suppressors involved in DNA repair and cell cycle 

regulation;  
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(ii) 114 CPD genes reported by Rahman (18) to have rare variants that 

confer high or moderate cancer risk (relative risk >2-fold) in multiple 

studies;  

(iii) 20 core DNA repair genes (DRGs) (19) associated with autosomal 

dominant CPD syndromes (20).	

	

To identify additional potential CPD gene-sets, we performed a data-driven 

exome-wide gene-set analysis. Briefly, we tested all genes with OR>1 in our cohorts that 

were also in gene-sets in Molecular Signatures Database (MSigDB) 

(software.broadinstitute.org). In total, we tested 16,928 gene-sets for overlaps. We 

observed the highest overlap with the Gene Ontology FA nuclear complex in all cohorts 

(13 genes, 38.5% overlap in combined cohort). Therefore, we additionally tested (iv) all 

known 22 FA/ FA-like genes (21,22); (v) 9 genes in FA core complex; (vi) 11 FA genes 

involved in DNA repair. We list all genes for each gene-set at Supplementary Table S2. 

 

Testing the gene-sets (i-vi), we observed higher frequency of rare, pathogenic 

germline variants in cases vs. controls for all gene-sets and statistically significant 

variant burden in the combined cohort (Table 1 and Fig. 2a). However, the variant 

burden was statistically significant in cases vs. controls in all cohorts only for 22 FA 

genes and 11 FA DNA repair genes (Fig. 2a). 

 

To test the extent to which our findings could be influenced by the BRCA2 

rs11571833 variant, we removed it and repeated our analysis. Without this variant, we 

did not observe significant burden in any cohort for gene-sets (i)-(iii)  (Fig. 2b). However, 

we still observed a significant variant burden in 22 FA genes (OR=2.8; p=7.0e-04, 95% 
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CI=1.6–4.7) and 11 FA DNA repair genes (OR=2.4; p=0.03; 95% CI=1.1–4.7) in the 

combined cohort. We next tested how much of this cumulative burden was dependent 

on all BRCA2 variants. Even without BRCA2, there was still a significant variant burden 

in FA genes (OR=2.6; p=5.2e-03, 95% CI=1.4–4.8) in the combined cohort. FA core 

complex does not include BRCA2, and remained significant in the combined cohort. FA 

genes with rare pathogenic variants are listed in Supplementary Table S4. 

 

FA second-hits. We did not observe a case with multiple rare, pathogenic 

germline FA variants. We also did not observe tumor second-hits in any of the cases 

with a rare, pathogenic germline FA variant in the validation cohort (for which we had 

tumor data), outside of LOH in carriers of BRCA2 rs11571833 (8/30 individuals) 

discussed above. 

 

Effects of smoking. Next, we tested for possible confounding effects of smoking 

in the discovery cohort (validation cohort controls did not include complete smoking 

information). Lung SqCC is known to be associated with smoking, and the majority of the 

individuals in our study were smokers (95.9% in cases and 65.2% in controls). We did 

not observe noticeable change in the results for any gene-set (Supplementary Fig. S2).  

Thus, the FA genetic effects appear to be independent of smoking history.  

 

Effects of age and gender. Finally, we tested for confounding effects of gender 

in all cohorts (gender distribution provided in Supplementary Table S3). We again did 

not observe a noticeable change in the results for any gene-set (Supplementary Fig. 

S3). Age, and age plus gender confounding effects in the discovery cohort (validation 
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cohort controls did not include complete age information) also did not reveal a strong 

effect for any gene-set (Supplementary Fig. S4). 

 

Discussion 

Previous studies have shown that germline variants that increase an individual’s 

cancer risk occur on a spectrum, from common variants that typically have a modest 

effect, to rare variants that have high penetrance (23). In this study, we have focused on 

identifying rare, pathogenic germline variants, which can provide insights into the 

molecular basis of both familial and sporadic lung SqCC tumorigenesis and a basis for 

the rational development of personalized prevention strategies for at-risk individuals. For 

this purpose, we have utilized WES case-control datasets to discover and validate genes 

with high burden of rare germline variants that confer increased risk for lung SqCC. Ours 

is the first study that involves joint analyses of rare, disruptive variants that may affect 

SqCC risk cumulatively as part of a gene or gene-set. While such groupings of single 

variants based on their cumulative burden on each gene has been shown to increase 

power to identify new risk genes that drive other diseases (24), they have so far not 

been used for identifying SqCC risk. Here, we have grouped single variants based on 

their cumulative burden on each gene, and thus addressed the issue of low power 

observed in single, recurrent variant studies by a joint analysis of rare, disruptive 

variants that may affect risk cumulatively as part of a gene. We have further augmented 

this gain of power by incorporating supporting biological knowledge on functionally 

related gene groups important in cancer predisposition, another first in SqCC risk 

studies. 
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Our study further demonstrates that by using the ClinVar database to restrict 

analyses of WES data to only those variants known to have a clinical impact, even on 

other diseases, we can identify important risk genes and gene groups for a disease. Our 

results support BRCA2 as a lung cancer risk gene, and we discovered that rare, 

pathogenic variants in FA genes also increase lung SqCC risk.  

 

Within our analyses, we have pursued a resource-conscious approach, 

leveraging all publicly available germline WES datasets on lung SqCC in TCGA and 

dbGaP for validation, demonstrating the utility of these databases and especially the 

importance of analyzing germline DNA from cancer genomics studies. This arguably 

represents the first successful use of the TCGA germline exome data on sporadic cases 

to validate a novel set of inherited risk genes for a specific cancer. Indeed, the inherited 

BRCA2 and FA genetic risk factors were significant in the unselected (sporadic) cohort 

from TCGA. These observations are in agreement with literature that suggests that 

genetic predisposition can play a substantial role in the disease onset in sporadic cases, 

comparable to genetically enriched cohorts (25). For example, recent research has 

shown that about a quarter of individuals with breast cancer have a risk variant identified 

from multi-gene sequencing tests (26). In fact, pathogenic variants for which guidelines 

advise a change in care were detected twice as often in patients who had multi-gene 

sequencing than in those who only had BRCA1 and BRCA2 analyzed. Our results 

suggest the development of similar multi-gene genetic testing panel may be useful in 

helping predict risk of SqCC. 

 

FA genes are known to encode for proteins involved in multiple pathways that 

affect DNA damage repair, particularly inter-strand crosslink, which inhibits DNA 

replication and transcription and arises from exposure to chemicals found in cigarette 
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smoke. Given that lung SqCC is strongly associated with a history of smoking (e.g. 95% 

of the cases in this study smoked), it is plausible that in these individuals, if the inter-

strand cross-links caused by some of the chemicals in tobacco smoke (e.g. 1,2,3,4-

diepoxybutane (DEB) - that are repaired by FA genes) are left untreated due to FA 

defects, this may lead to tumorigenesis. These results are consistent with a prior study 

that has shown that lung adenocarcinomas are associated with common variants in 18 

FA genes and their combined effects with smoking in a Taiwanese population (27). 

Pathogenic variants in many of the FA genes have also previously been implicated in 

risk for other cancers.  Variants in BRCA2 (FANCD1) are known to cause greatly 

increased risk of breast and ovarian cancer (28,29), as well as increased risk of prostate 

and pancreatic cancers (19,30). PALB2 (FANCN) variants have been associated with 

pancreatic and breast cancer risk (31–33). In fact, germline variants in several FA 

genes, including BRIP1 (FANCJ), BRCA1 (FANCS) and RAD51C (FANCO) increase 

risk for both breast and ovarian cancers (29,34–38) and FANCM and XRCC2 (FANCU) 

variants increase breast cancer risk (39–41). While some of these are commonly tested 

in clinical genetic settings to evaluate an individual’s risk of cancer, our data suggests 

the inclusion of all FA genes in studies that involve the development risk testing for lung 

SqCC.  Further investigation of the role of this full set of FA genes in cancer risk across 

the spectrum of cancers is also warranted. 

 

Conclusions 

Overall, the findings in this study increase our understanding of SqCC predisposition, 

and warrant the inclusion of all FA genes in current targeted gene sequencing studies 

offered in the clinic (e.g. MSK-IMPACT) which gather data on many patients that will 

support the development of a multi-gene genetic diagnostic test that identifies high-risk 
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individuals in the clinic (targeted sequencing can be performed in much larger patient 

cohorts due to their relatively lower price when compared to exome sequencing). 

Studies in other cancers have shown that high-risk individuals can benefit from 

personalized precision medicine based surveillance programs (frequent screening for 

BRCA risk mutation carriers in breast and ovarian cancers), as well as chemoprevention 

options (daily dose of aspirin for colorectal cancer) in both the affected individuals and 

their families. While current surveillance options for SqCC with low-dose CT scanning 

may be risky for individuals with FA variants, high-risk individuals will then greatly benefit 

from the development of intensive surveillance and early detection approaches. 

 

ACKNOWLEDGEMENTS 

This work was supported by a grant to Z.H.G from LUNGevity Foundation and in part 

through the computational resources and staff expertise provided by Scientific 

Computing at the Icahn School of Medicine at Mount Sinai. We would also like to thank 

Dr. Paolo Boffetta for comments on the manuscript. 

 

AUTHOR CONTRIBUTIONS 

M.E., R.J.K. and Z.H.G. wrote the manuscript. Z.H.G supervised the study. R.J.K. 

performed germline sequence analysis (joint calling). M.E. performed gene burden 

analysis and other data analyses. R.J.K and Z.H.G. conceived and designed the study. 

 
COMPETING FINANCIAL INTERESTS 

The authors declare no competing financial interests. 

 
 
  

.CC-BY-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 August 14, 2018. ; https://doi.org/10.1101/269837doi: bioRxiv preprint 

https://doi.org/10.1101/269837
http://creativecommons.org/licenses/by-nd/4.0/


	
	

17	

REFERENCES 

 

1.  Siegel RL, Miller KD, Jemal A. Cancer statistics, 2016. CA Cancer J Clin. 

2016;66:7–30.  

2.  Gao Y, Goldstein AM, Consonni D, Pesatori AC, Wacholder S, Tucker MA, et al. 

Family history of cancer and nonmalignant lung diseases as risk factors for lung 

cancer. Int J Cancer. 2009;125:146–52.  

3.  Gorlova OY, Weng S-F, Zhang Y, Amos CI, Spitz MR. Aggregation of cancer 

among relatives of never-smoking lung cancer patients. Int J Cancer. 

2007;121:111–8.  

4.  Mucci LA, Hjelmborg JB, Harris JR, Czene K, Havelick DJ, Scheike T, et al. 

Familial Risk and Heritability of Cancer Among Twins in Nordic Countries. JAMA. 

2016;315:68.  

5.  Timofeeva MN, Hung RJ, Rafnar T, Christiani DC, Field JK, Bickeböller H, et al. 

Influence of common genetic variation on lung cancer risk: meta-analysis of 14 

900 cases and 29 485 controls. Hum Mol Genet. 2012;21:4980–95.  

6.  Wang Y, McKay JD, Rafnar T, Wang Z, Timofeeva MN, Broderick P, et al. Rare 

variants of large effect in BRCA2 and CHEK2 affect risk of lung cancer. Nat 

Genet. 2014;46:736–41.  

7.  Cheng DT, Prasad M, Chekaluk Y, Benayed R, Sadowska J, Zehir A, et al. 

Comprehensive detection of germline variants by MSK-IMPACT, a clinical 

diagnostic platform for solid tumor molecular oncology and concurrent cancer 

predisposition testing. BMC Med Genomics. 2017;10:33.  

8.  Zhang J, Walsh MF, Wu G, Edmonson MN, Gruber TA, Easton J, et al. Germline 

Mutations in Predisposition Genes in Pediatric Cancer. N Engl J Med. 

2015;373:2336–46.  

.CC-BY-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 August 14, 2018. ; https://doi.org/10.1101/269837doi: bioRxiv preprint 

https://doi.org/10.1101/269837
http://creativecommons.org/licenses/by-nd/4.0/


	
	

18	

9.  Mathew CG. Fanconi anaemia genes and susceptibility to cancer. Oncogene. 

2006;25:5875–84.  

10.  Linderman MD, Brandt T, Edelmann L, Jabado O, Kasai Y, Kornreich R, et al. 

Analytical validation of whole exome and whole genome sequencing for clinical 

applications. BMC Med Genomics. 2014;7:20.  

11.  Manichaikul A, Mychaleckyj JC, Rich SS, Daly K, Sale M, Chen W-M. Robust 

relationship inference in genome-wide association studies. Bioinformatics. 

2010;26:2867–73.  

12.  Gibbs RA, Boerwinkle E, Doddapaneni H, Han Y, Korchina V, Kovar C, et al. A 

global reference for human genetic variation. Nature. 2015;526:68–74.  

13.  Landrum MJ, Lee JM, Riley GR, Jang W, Rubinstein WS, Church DM, et al. 

ClinVar: public archive of relationships among sequence variation and human 

phenotype. Nucleic Acids Res. 2014;42:D980–5.  

14.  Gonzalez-Perez A, Mustonen V, Reva B, Ritchie GRS, Creixell P, Karchin R, et 

al. Computational approaches to identify functional genetic variants in cancer 

genomes. Nat Methods. 2013;10:723–9.  

15.  Lu C, Xie M, Wendl MC, Wang J, McLellan MD, Leiserson MDM, et al. Patterns 

and functional implications of rare germline variants across 12 cancer types. Nat 

Commun. 2015;6:10086.  

16.  Huang K, Mashl RJ, Wu Y, Ritter DI, Wang J, Oh C, et al. Pathogenic Germline 

Variants in 10,389 Adult Cancers. Cell. 2018;173:355–370.e14.  

17.  Illumina. www.illumina.com/clinical/translational_ genomics/panels/kits.html.  

18.  Rahman N. Realizing the promise of cancer predisposition genes. Nature. 

2014;505:302–8.  

19.  Pritchard CC, Mateo J, Walsh MF, De Sarkar N, Abida W, Beltran H, et al. 

Inherited DNA-Repair Gene Mutations in Men with Metastatic Prostate Cancer. N 

.CC-BY-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 August 14, 2018. ; https://doi.org/10.1101/269837doi: bioRxiv preprint 

https://doi.org/10.1101/269837
http://creativecommons.org/licenses/by-nd/4.0/


	
	

19	

Engl J Med. 2016;375:443–53.  

20.  Knijnenburg TA, Wang L, Zimmermann MT, Chambwe N, Gao GF, Cherniack AD, 

et al. Genomic and Molecular Landscape of DNA Damage Repair Deficiency 

across The Cancer Genome Atlas. Cell Rep. 2018;23:239–254.e6.  

21.  Ceccaldi R, Sarangi P, D’Andrea AD. The Fanconi anaemia pathway: new players 

and new functions. Nat Rev Mol Cell Biol. 2016;17:337–49.  

22.  Knies K, Inano S, Ramírez MJ, Ishiai M, Surrallés J, Takata M, et al. Biallelic 

mutations in the ubiquitin ligase RFWD3 cause Fanconi anemia. J Clin Invest. 

2017;127:3013–27.  

23.  Stadler ZK, Thom P, Robson ME, Weitzel JN, Kauff ND, Hurley KE, et al. 

Genome-Wide Association Studies of Cancer. J Clin Oncol. 2010;28:4255–67.  

24.  Purcell SM, Moran JL, Fromer M, Ruderfer D, Solovieff N, Roussos P, et al. A 

polygenic burden of rare disruptive mutations in schizophrenia. Nature. 

2014;506:185–90.  

25.  Artomov M, Joseph V, Tiao G, Thomas T, Schrader K, Klein R, et al. A Strategy 

for Large-Scale Systematic Pan-Cancer Germline Rare Variation Analysis. 

bioRxiv. 2017;162479.  

26.  Kurian AW, Ward KC, Hamilton AS, Deapen DM, Abrahamse P, Bondarenko I, et 

al. Uptake, Results, and Outcomes of Germline Multiple-Gene Sequencing After 

Diagnosis of Breast Cancer. JAMA Oncol. 2018;  

27.  Yang S-Y, Hsiung C-N, Li Y-J, Chang G-C, Tsai Y-H, Chen K-Y, et al. Fanconi 

anemia genes in lung adenocarcinoma- a pathway-wide study on cancer 

susceptibility. J Biomed Sci. 2016;23:23.  

28.  Wooster R, Bignell G, Lancaster J, Swift S, Seal S, Mangion J, et al. Identification 

of the breast cancer susceptibility gene BRCA2. Nature. 1995;378:789–92.  

29.  Walsh T, Casadei S, Lee MK, Pennil CC, Nord AS, Thornton AM, et al. Mutations 

.CC-BY-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 August 14, 2018. ; https://doi.org/10.1101/269837doi: bioRxiv preprint 

https://doi.org/10.1101/269837
http://creativecommons.org/licenses/by-nd/4.0/


	
	

20	

in 12 genes for inherited ovarian, fallopian tube, and peritoneal carcinoma 

identified by massively parallel sequencing. Proc Natl Acad Sci. 2011;108:18032–

7.  

30.  Jones S, Hruban RH, Kamiyama M, Borges M, Zhang X, Parsons DW, et al. 

Exomic sequencing identifies PALB2 as a pancreatic cancer susceptibility gene. 

Science. 2009;324:217.  

31.  Rahman N, Seal S, Thompson D, Kelly P, Renwick A, Elliott A, et al. PALB2, 

which encodes a BRCA2-interacting protein, is a breast cancer susceptibility 

gene. Nat Genet. 2007;39:165–7.  

32.  Reid S, Schindler D, Hanenberg H, Barker K, Hanks S, Kalb R, et al. Biallelic 

mutations in PALB2 cause Fanconi anemia subtype FA-N and predispose to 

childhood cancer. Nat Genet. 2007;39:162–4.  

33.  Antoniou AC, Casadei S, Heikkinen T, Barrowdale D, Pylkäs K, Roberts J, et al. 

Breast-Cancer Risk in Families with Mutations in PALB2. N Engl J Med. 

2014;371:497–506.  

34.  Rafnar T, Gudbjartsson DF, Sulem P, Jonasdottir A, Sigurdsson A, Jonasdottir A, 

et al. Mutations in BRIP1 confer high risk of ovarian cancer. Nat Genet. 

2011;43:1104–7.  

35.  Seal S, Thompson D, Renwick A, Elliott A, Kelly P, Barfoot R, et al. Truncating 

mutations in the Fanconi anemia J gene BRIP1 are low-penetrance breast cancer 

susceptibility alleles. Nat Genet. 2006;38:1239–41.  

36.  Miki Y, Swensen J, Shattuck-Eidens D, Futreal PA, Harshman K, Tavtigian S, et 

al. A strong candidate for the breast and ovarian cancer susceptibility gene 

BRCA1. Science. 1994;266:66–71.  

37.  Hall JM, Lee MK, Newman B, Morrow JE, Anderson LA, Huey B, et al. Linkage of 

early-onset familial breast cancer to chromosome 17q21. Science. 

.CC-BY-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 August 14, 2018. ; https://doi.org/10.1101/269837doi: bioRxiv preprint 

https://doi.org/10.1101/269837
http://creativecommons.org/licenses/by-nd/4.0/


	
	

21	

1990;250:1684–9.  

38.  Loveday C, Turnbull C, Ruark E, Xicola RMM, Ramsay E, Hughes D, et al. 

Germline RAD51C mutations confer susceptibility to ovarian cancer. Nat Genet. 

2012;44:475–6.  

39.  Kiiski JI, Pelttari LM, Khan S, Freysteinsdottir ES, Reynisdottir I, Hart SN, et al. 

Exome sequencing identifies FANCM as a susceptibility gene for triple-negative 

breast cancer. Proc Natl Acad Sci. 2014;111:15172–7.  

40.  Park DJ, Lesueur F, Nguyen-Dumont T, Pertesi M, Odefrey F, Hammet F, et al. 

Rare Mutations in XRCC2 Increase the Risk of Breast Cancer. Am J Hum Genet. 

2012;90:734–9.  

41.  Shamseldin HE, Elfaki M, Alkuraya FS. Exome sequencing reveals a novel 

Fanconi group defined by XRCC2 mutation. J Med Genet. 2012;49:184–6.  

 

  

.CC-BY-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 August 14, 2018. ; https://doi.org/10.1101/269837doi: bioRxiv preprint 

https://doi.org/10.1101/269837
http://creativecommons.org/licenses/by-nd/4.0/


	
	

22	

Table 1: Rare, pathogenic variants in all study cohorts identified with ClinVar 
analysis.  
 

 TRICL dataset TCGA-dbGaP 
dataset 

TRICL+TCGA-
dbGaP dataset 

 Case 
(318) 

Control 
(814) 

Case 
(444) 

Control 
(3479) 

Case 
(765) 

Control 
(4344) 

 94 Cancer Predisposition Genes  (CPDs) 
# Variants 18 42 18 84 30 106 

# Genes 12 19 13 32 19 35 
# Individuals 33 67 43 184 72 222 

# Unique 
individuals 

31  
(9.75%) 

63 
(7.74%) 

42  
(9.46%) 

181 
(5.20%) 

70 
(9.15%) 

215 
(4.95%) 

 114 Cancer Predisposition Genes (CPDs) 
# Variants 28 56 22 111 39 135 

# Genes 17 26 16 41 23 43 
# Individuals 46 97 52 238 92 309 

# Unique 
individuals 

42 
(13.21%) 

91 
(11.18%) 

50 
(11.26%) 

231 
(6.64%) 

88 
(11.50%) 

298 
(6.86%) 

 20 DNA Repair Genes (DRGs) 
# Variants 8 16 6 35 12 48 

# Genes 5 8 5 11 7 13 
# Individuals 22 31 25 88 46 120 

# Unique 
individuals 

22  
(6.92%) 

31 
(3.81%) 

25  
(5.63%) 

86 
(2.47%) 

46 
(6.01%) 

118 
(2.72%) 

 22 Fanconi Anemia (FA) Genes 
# Variants 10 10 9 27 18 35 

# Genes 7 5 6 11 10 11 
# Individuals 24 23 30 97 53 107 

# Unique 
individuals 

24 
(7.55%) 

22 
(2.70%) 

30 
(6.76%) 

96 
(2.76%) 

53 
(6.93%) 

105 
(2.42%) 

 9 Fanconi Anemia Core Complex Genes 
# Variants 3 3 6 7 8 8 

# Genes 3 2 4 4 5 4 
# Individuals 3 3 8 27 9 13 

# Unique 
individuals 

3 
(0.94%) 

3 
(0.37%) 

8 
(1.80%) 

27 
(0.78%) 

9 
(1.18%) 

13 
(0.30%) 

 11 Fanconi Anemia Genes involved in DNA repair 
# Variants 7 7 3 17 10 24 

# Genes 4 3 2 6 5 6 
# Individuals 21 20 22 67 44 91 

# Unique 
individuals 

21 
(6.6%) 

20 
(2.46%) 

22 
(4.95%) 

67 
(1.93%) 

44 
(5.75%) 

91 
(2.09%) 
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Figure 1: Principal Component Analyses (PCA) of all study cohorts and all 
gated study cohorts. PCA based on common SNPs (MAF > 0.05) showing the top two 
principal components of (i) the study cohorts together with 1000 Genomes and TAGC samples 
(a-c) and of (ii) the gated samples from the study cohorts with European ancestry (d-f). a) 
Discovery cohort (TRICL); b) Validation cohort (TCGA-dbGaP); c) Combined cohort (TRICL-
TCGA-dbGaP); d) Gated samples of discovery cohort (318 cases and 814 controls); e) Gated 
samples of validation cohort (444 cases and 3479 controls); f) Gated samples of combined cohort 
(765 cases and 4344 controls). 
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Figure 2: Gene-set level burden of rare, pathogenic variant p-values and Odds 
Ratios (ORs). For each gene-set, burden of rare, pathogenic variants for the three 
cohorts i) Discovery cohort (TRICL) – blue ii) Validation cohort (TCGA-dbGaP) – green 
iii) Combined cohort (TRICL-TCGA-dbGaP) – red a) including all variants; b) without 
BRCA2 rs11571833 stopgain variant. The whiskers span the 95% confidence interval for 
OR values. 
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