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Abstract

A unique approach with rare resources was used to identify candidate variants predisposing to 

familial non-squamous non-small-cell lung cancers (NSNSCLC). We analyzed sequence data 

from NSNSCLC-affected cousin pairs belonging to high-risk lung cancer pedigrees identified 

in a genealogy of Utah linked to statewide cancer records to identify rare, shared candidate 

predisposition variants. Variants were tested for association with lung cancer risk in UKBiobank. 

Evidence for linkage with lung cancer was also reviewed in families from the Genetic 

Epidemiology of Lung Cancer Consortium. Protein prediction modeling compared the mutation 

with reference. We sequenced NSNSCLC-affected cousin pairs from 8 high-risk lung cancer 

pedigrees and identified 66 rare candidate variants shared in the cousin pairs. One variant in 

the FGF5 gene also showed significant association with lung cancer in UKBiobank. This variant 

was observed in 3/163 additional sampled Utah lung cancer cases, 2 of whom were related in 

another independent pedigree. Modeling of the predicted protein predicted a second binding site 

for SO4 that may indicate binding differences. This unique study identified multiple candidate 

predisposition variants for NSNSCLC, including a rare variant in FGF5 that was significantly 

associated with lung cancer risk and that segregated with lung cancer in the two pedigrees in 

which it was observed. FGF5 is an oncogenic factor in several human cancers, and the mutation 

found here (W81C) changes the binding ability of heparan sulfate to FGF5, which might lead to 

its deregulation. These results support FGF5 as a potential NSNSCLC predisposition gene and 

present additional candidate predisposition variants.
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INTRODUCTION

Lung cancer is the deadliest cancer in the United States. A variety of environmental risk 

factors for lung cancer have been identified; tobacco smoking is considered responsible for 

up to 90% of all lung cancers (1). Nevertheless, lung cancer does develop in non-smokers 

and is observed to cluster in relatives, suggesting the existence of inherited predispositions 

(2–5). Genome-wide association studies (GWAS) have identified common, low penetrance 

risk variants for lung cancer with moderate to small effect (e.g. 6) Studies of lung cancer 

families provide a powerful approach for identification of rare predisposition variants, and 

have been used to identify risk loci, including 6q23-25 and others (7–9) Whole exome 

sequencing of lung cancer cases in families has also revealed predisposition loci, including 

on chromosome arms 4q, 7p, and 12q (10).

Cannon-Albright et al. Page 2

Int J Cancer. Author manuscript; available in PMC 2024 July 15.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Germline causal variants explain some familial lung cancer pedigrees. TP53 is recognized 

to cause Li-Fraumeni syndrome, which causes an increased risk of lung and other cancers 

(11–12). Other causal germline variants have been reported in a small number of lung cancer 

families, including in DICER1 (13); SFTPA1 (14); the T790M mutation in EGFR (15–17); 

HER2 (18); BAP1 (19); PARK2 (20); and RGSI7 (21). Nevertheless, causal predisposition 

genes/variants have not been identified for the majority of lung cancer families studied.

Here we used a powerful predisposition gene identification approach currently possible in 

Utah due to unique resources. These resources include linked population genealogy and 

cancer data which allows identification of pedigrees with a statistical excess of lung cancer, 

combined with a decades-old biorepository of DNAs from high-risk cancer pedigrees. In a 

previous analysis of evidence for an inherited contribution to lung cancer by histologic type 

and tobacco use (4) we showed that non-squamous, non-small cell lung cancer (NSNSCLC) 

in non-smokers was the only lung cancer subtype with significant evidence for a heritable 

contribution in the Utah resource. Based on these findings we initiated a pilot search for 

the genes/variants that predispose to NSNSCLC in a small study that made use of currently 

available resources. We hypothesized that sequence analysis of affected cousin pairs in 

high-risk NSNSCLC pedigrees with a statistical excess of NSNSCLC would identify new 

lung cancer predisposition loci.

MATERIALS AND METHODS

Identification of high-risk NSNSCLC pedigrees

The Utah Population Data Base (UPDB) represents the genealogy of the majority of the 

Utah population, from its founders in the mid 1800s to modern day (22). The ~3 million 

individuals in UPDB who have at least 2, and up to 12, generations of ancestors including a 

Utah founder were analyzed. The Utah genealogy data is linked to various statewide health 

data, including the Utah Cancer Registry (UCR). The UCR has recorded and validated all 

independent, primary cancers diagnosed or treated in Utah from 1966, and has been an NCI 

Surveillance, Epidemiology, and End-Results (SEER) Registry from 1973. Approximately 

150,000 of the 3 million individuals with deep genealogy have linked SEER cancer data in 

UCR, including over 9,000 linked primary lung cancer cases.

The Genetic Epidemiology group at University of Utah has been studying and sampling 

high-risk Utah cancer pedigrees since the 1970s. The Genetic Epidemiology biorepository 

includes stored germline DNA, primarily extracted from whole blood, for ~35,000 

individuals who have deep genealogy and are members of pedigrees studied for an excess of 

different cancers, including breast cancer, colorectal cancer, prostate cancer, and melanoma. 

As pedigrees were studied, relatives diagnosed with cancers of any site and recorded in 

the UCR, as well as some unaffected relatives, were screened and sampled; 163 germline 

DNAs were stored for individuals diagnosed with primary lung cancer, 101 of these sampled 

individuals were diagnosed with non-squamous non-small cell lung cancer (NSNSCLC).

Using the UPDB genealogy data, these 101 sampled NSNSCLC cases with deep genealogy 

were identified to be related in 50 independent clusters, or pedigrees, each pedigree 

including at least 2 of the sampled NSNSCLC cases. No pedigrees were completely 
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overlapping, but individuals could belong to more than 1 pedigree through different 

ancestors. Each of these “sampled” pedigrees was tested for a significant excess of lung 

cancer cases among the descendants as follows. All individuals in UPDB with deep 

genealogy were assigned to a cohort based on biological sex, 5-year birth year range, and 

birth state (Utah or not). Cohort-specific rates of lung cancer were estimated as the total 

number of lung cancer cases in each cohort divided by the total number of individuals with 

genealogy data in each cohort. For each pedigree the total number of lung cancer cases 

among the descendants was compared to the expected number of lung cancer cases based 

on the UPDB cohort-specific lung cancer rates. The expected number of lung cancer cases 

among the descendants was estimated as the sum of the cohort-specific rate of lung cancer 

for all descendants. An excess of observed to expected lung cancer cases (p<0.05) was used 

to identify those pedigrees classified as high-risk for lung cancer, only these pedigrees were 

included. Eight of the sampled high-risk pedigrees identified included a pair of sampled 

cousins who were each diagnosed with primary NSNSCLC; these 8 cousin pairs were 

selected for WES.

Whole Exome Sequence (WES) Data and Analysis/Identification of Candidate Variants

Whole exome sequencing was performed at the University of Colorado BioFrontiers 

Sequencing Facility on 8 pairs of affected cousins (n=14; some individuals were members 

of more than 1 high-risk pedigree through different ancestors). DNA libraries were prepared 

from 1.5 micrograms of DNA using the Agilent SureSelect Human All Exon (v7) capture 

kit. Samples were run on the Illumina NextSeq instrument at a depth of 50X. Reads 

were mapped to the human genome GRCh38 reference using BWA-mem for alignment 

and variants were called using Genome Analysis Toolkit version 4.1.3.0 (GATK) software 

following Broad Institute Best Practices Guidelines. Exome capture resulted in an average of 

97.5% of target bases being covered by greater than 10x coverage across the exome with an 

average depth of 50X. Variants were called and filtered using standard GATK VQSR filters 

(QD < 2.0, QUAL < 30 MQRankSum < −12.5, ReadPosRankSum < −8.0, FS > 60.0, SOR 

> 3.0, max-gaussians=2 and truth-sensitivity-filter-level 99.0). Variants occurring outside 

the exon capture kit intended area of coverage were removed. Variants were annotated 

with Annovar, which contains predicted pathogenicity scores from 12 in-silico functional 

prediction algorithms. Rare, shared variants were identified from the 8 NSNSCLC-affected 

cousin pairs. All rare, shared variants were analyzed with the Qiagen Ingenuity Pathway 

Analysis package using the Variant Effects option. The sequencing coverage and quality 

statistics for each sample are summarized in Supplemental Table 1.

Risk association in UKBiobank

To further validate the rare, shared candidate variants identified in high-risk pedigrees, those 

variants with available data were analyzed for association with lung cancer (specified as 

ICD10 code C34) in a set of 2,123 Caucasian cases and 10,615 ancestrally matched controls 

from the UKBiobank’s 488,377 total subjects genotyped on the Illumina OmniExpress 

SNP array (23). UKBiobank case and control subjects were matched via principal 

components (PCs) using ~27K independent markers that excluded several genomic regions 

known to adversely affect PC analysis (24). FLASHPCA2 software was used to generate 

eigenvectors for control selection (24). Controls were selected from among 191,466 
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Caucasian UKBiobank subjects who were over age 70 years of age and had no cancer 

diagnosis. Five controls, representing the nearest neighbors based on Euclidean distance 

of the first two PCs, were selected for each case. The selected UKBiobank case and 

control subjects were imputed to ~40M SNP markers using the Haplotype Reference 

Consortium’s (HRC) 67K background genomes (25). For the imputation, we started with 

784,256 observed SNP genotypes, and required sample genotyping >98% pre-imputation 

quality control using PLINK software (37) (no subjects removed). We further required a 

genotyping call rate <98%, HWE p<1E−5, MAF<0.005, duplicated position in the HRC’s 

reference genome, or site not included in the HRC’s reference genome (353,578 markers 

were removed). The remaining 430,678 SNPs were converted to human genome Build 37 

(hg19) forward strand orientation using Genotype Harmonizer software (38) and served as 

the basis for imputation. Imputation was performed with EAGLE v2.3 software for phasing 

(39) and MINIMAC3 software for imputation (40).

Selected candidate variants assayed in Utah lung cancer germline DNAs

As further validation of candidate variants and to identify additional Utah lung cancer case 

variant carriers, a subset of the candidate variants were selected for assay in the germline 

DNA for the set of 163 additional sampled Utah lung cancer cases available; 101 (62%) 

were diagnosed with NSNSCLC. Only a subset of variants was assayed due to the limited 

funding for the study.

Linkage Analysis of candidate variants in the Genetic Epidemiology of Lung Cancer 
Consortium (GELCC) Families

The GELCC is a consortium of investigators at multiple institutions who have been enrolling 

lung cancer patients with a family history of lung cancer and their informative family 

members into linkage and association studies for over 20 years (7–10, 30–31). Recently, 
the GELCC performed whole exome sequencing on 262 individuals from 28 European-

American extended families with a strong family history of lung cancer, defined as four 

or more related persons with lung cancer (10); 60 of the individuals were diagnosed with 

lung cancer and an additional 81 unsequenced lung cancer cases were members of the final 

pedigree constructions. WES data was realigned and recalled using GATK, following their 

best practices including removing variants with depth (DP) <10, genotype quality (GQ) 

> 10, and GQ/DP > 0.5. Variants with less than 80% genotyping rates were removed, 

as were Mendelian inconsistencies using PLINK. Family relationships were confirmed 

using identity-by-descent calculations. Parametric linkage analysis was performed using 

TwoPointLods under an autosomal dominant model with a disease allele frequency of 1% 

and a penetrance of 80% for carriers and 1% for noncarriers. All individuals were classified 

as either affected or unknown for lung cancer status. LOD scores were calculated for each 

family and were then added across families for a cumulative LOD score at each variant; 

heterogeneity LOD (HLOD) scores were calculated at each variant (10). For the current 

study, LOD and HLOD scores from the candidate variants were obtained from the GELCC 

studies when available.
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Protein prediction methods

The long isoform WT sequence of FGF5 was obtained from UniProt (P12034) and the 

mutant sequence was manually obtained by changing residue # 81 from Tryptophan to 

Cysteine (32). Calculation of the protein structures and binding sites was performed using 

the RaptorX server with standard parameters (33). The variant pathogenicity characterization 

was obtained from the PolyPhen-2 predictor (34).

RESULTS

Sequence analysis/Identification of candidate variants.

Exome sequencing of the 14 NSNSCLC-affected cousins in the 8 high-risk pedigrees 

identified a total of ~13,400 rare variants (MAF<0.005) in gnomAD 3.0. Of these, ~7,000 

variants were exon-specific (synonymous, non-synonymous, frameshift, splicing) coding 

variants. Removal of synonymous variants and poor-quality variants that failed variant 

quality score recalibration (VQSR) tranche filters resulted in ~3,800 candidate variants 

remaining. Removal of singleton variants (AC=1) resulted in 451 variants. Of these, 66 

rare variants were identified as shared in at least one NSNSCLC-affected cousin pair 

from a high-risk lung cancer pedigree. Supplemental Table 2 details each of the 66 rare, 

shared candidate NSNSCLC predisposition variants identified. Five of the candidate genes 

identified had more than 1 different rare, shared variant observed (CRIPAK, HRNR, MUC2, 
OR6K2, and VPS13A). Five of the candidate variants were observed in more than 1 affected 

cousin pair (in genes AQP10, GOLGA6L2, HS6ST1, NBPF1, and RPS15)

Risk association in UKBiobank

Not all the candidate variants were present in UKBiobank data, due to the low frequency 

threshold. A total of 24 of the 66 rare, shared candidate predisposition variants identified had 

available genetic data present in UKBiobank. Only 1 of these 24 candidate predisposition 

variants showed significant association with lung cancer risk in the UKBiobank data; the 

variant in FGF5 (rs112475347) was observed in 6/4246 case chromosomes and 7/21230 

control chromosomes (p=0.013; OR = 4.29).

Candidate Variants in Additional Utah Lung Cancer Cases

We assayed a subset of the candidate variants in the 163 additional available germline 

DNA samples from Utah primary lung cancer cases of any histologic type. Variants assayed 

were in genes including BLK, FGF5, FOXD4L3, ITGB5, MUC12, PI16, PIK3R3, PIK3R4, 
RBFOX1, SFTA3, and TRAF3IP3. Two of these candidate genes were selected because 

they were noted to be significant in previous familial lung cancer studies (MUC12 and 

FOXD4L3) (35), and one (PI16), although not significantly associated with lung cancer, was 

second only to FGF5 in OR magnitude in the UKBiobank analysis (p=0.14, OR=1.82). The 

other variants were selected for assay due to their previously reported association with lung 

cancer risk, or identification with lung cancer pathways in Ingenuity. Three of the variants 

failed assay design at the manufacturer (in genes ITGB5, FOXD4L3, and BLK) and one 

failed to perform (in gene MUC12). For most variants assayed no variant carriers were 

identified among the 163 additional Utah lung cancer cases assayed (as expected for these 
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very rare candidate variants). Three additional lung cancer case carriers of the FGF5 variant 

were the only carriers identified for any variant assayed.

Figure 1 shows the sequenced high-risk lung cancer pedigree which includes the first-cousin 

NSNSCLC-affected pair carrying the rare FGF5 variant. The founders of the pedigree were 

born in the early 1800s in Scotland and had almost 3,000 descendants recorded in the 

UPDB. Among the descendants there were 6 NSNSCLC cases with only 1.9 cases expected 

(p=0.013); the two NSNSCLC affected cousin cases are shown with an arrow and with a “+” 

for variant carrier status. Of possible interest, this pedigree also had a significant excess of 

prostate cancers among all descendants of the founders shown (26 observed, 10.4 expected, 

p=3.4e-5; prostate case data not shown). Two of the other lung cancer cases in this pedigree 

were also diagnosed with prostate cancer (not shown), and the father of the female variant 

carrier shown in Figure 1 was diagnosed with prostate cancer. Decade of diagnosis for lung 

cancer is shown below each case.

In addition to the original sequenced pair of FGF5 case-cousin-carriers, the FGF5 assay 

of 163 additional sampled Utah lung cancer cases identified 3 additional lung cancer case 

carriers of the FGF5 variant, 2 of whom were second cousins in an independent pedigree. 

Figure 2 shows these 2 related additional FGF5 lung cancer case variant-carriers identified. 

The 2 lung cancer cases are fully shaded; the lung cancer case diagnosed in their 90s was 

diagnosed with a squamous histology, the other individual was diagnosed with a NSNSCLC. 

Of possible interest, inferred carriers among the individuals shown in Figure 2 (different 

ancestors of carriers, cancer status not shown) were diagnosed with colon cancer, stomach 

cancer, and melanoma.

Linkage Analysis in GELCC Families

As expected due to the low frequencies, most of the 66 rare candidate variants were 

not observed in any members of the GELCC lung cancer families. Those variants which 

were observed included 1 unaffected EXTL1 variant heterozygous (het) carrier, 2 affected 

TRABD2B het carriers, 1 unaffected OR6K2 het carrier, 1 unaffected SYNE1 het carrier, 

6 unaffected and 1 affected ALDH1B1 het carrier, 1 unaffected OR56A4 het carrier, 1 

unaffected PIWIL4 het carrier, 3 unaffected NRIP2 het carriers, 1 unaffected OR4F6 het 

carrier, and 1 unaffected and 1 affected PKD1L2 het carrier. The rare FGF5 variant observed 

in two Utah pedigrees was not observed in the GELCC lung cancer families. Twenty-one 

other FGF5 variants were observed in the 28 GELCC lung cancer families and LOD and 

HLOD scores were calculated. No HLODs> 0.30 were observed for any of these FGF5 
variants.

Protein Prediction

PolyPhen-2 predicts the rare FGF5 candidate variant observed here as a pathogenic variant, 

scoring it at 0.993 (sensitivity 0.70, specificity 0.97). The RaptorX WT and MUT structures 

show a great deal of similarity; for instance, comparison of RaptorX top models for the 

WT and MUT proteins (See Figure 3) show an RMS of 27.06 Å across 268 pairs, which 

is reduced to 0.48 Å when the comparison is pruned to the most important 131 pairs. It is 

also observed that the structure in the vicinity of the mutation does not show any significant 

Cannon-Albright et al. Page 7

Int J Cancer. Author manuscript; available in PMC 2024 July 15.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



changes. Note also that the apparent change of the orientation of the signal peptide (residues 

1-20) is not significant, as in both cases the signal peptide is exposed to the solvent. RaptorX 

predicts only one binding site for the WT of FGF5 with SO4, this site involves residues 

V95, N193, K194, K199, H210, I211 and S212 with multiplicity 124. The same binding site 

is predicted for the mutant but with multiplicity 123, and a second binding site for SO4 is 

predicted for the mutant with multiplicity 27, which may indicate a less reliable prediction 

(33), and involving residues N193, K199 and R205.

DISCUSSION

This unique, and small, but powerful, sequencing study for NSNSCLC was designed as 

a feasibility study to show the power of the high-risk pedigree approach for lung cancer 

predisposition gene identification. Using conveniently available stored germline DNAs 

from NSNSCLC cases and a population-based genealogy for Utah, NSNSCLC-affected 

cousin pairs who belonged to pedigrees exhibiting a significant excess of lung cancer 

cases were identified and sequenced. Since cousins are only expected to share 1/8 of their 

genetic material, and these cousins belong to validated high-risk lung cancer pedigrees, 

any rare variants shared in these affected cousin pairs likely represent strong candidate 

predisposition variants. Association with lung cancer risk in a large case/control data set 

from the independent UKBiobank population validated one of these candidate variants, 

in FGF5. In addition to the original variant-sharing cousin pair sequenced, an additional 

pair of related FGF5-variant-carrying Utah lung cancer cases was identified. Since many 

specific-site cancer predisposition genes (e.g. BRCA1, CDKN2A) have later been described 

to have a role in predisposition to cancers of other sites, and since FGF5 is an oncogenic 

factor in several other human cancers, we note that it may be of interest that while only 

2 lung cancer case carriers were identified in each of the 2 small pedigrees presented, 

additional inferred variant carriers (ancestors of the variant carriers shown) in each pedigree 

were identified to have been diagnosed with cancers of other sites.

The set of 66 candidate variants presented in Supplemental Table 2 represents a strong set 

of candidate predisposition variants for NSNSCLC as all are rare variants found to be shared 

in affected cousins belonging to high-risk lung cancer pedigrees. The specific results for the 

FGF5 variant suggest it may predispose to lung cancer in the two Utah pedigrees identified. 

Further validation from extensions of these pedigrees, as well as in independent populations 

is required, but this study shows the power of this approach, even with a small number of 

high-risk pedigrees, and should motivate larger sequencing studies of high-risk pedigrees, 

many more of which are accessible using the Utah resources described.

FGF5, fibroblast growth regulator-5 is a regulator of human hair length that has 

been associated with cancer risk, and specifically lung cancer risk, in many studies. 

Overexpression of FGF5 has been observed in multiple malignancies, including 

hepatocellular carcinoma (36), colorectal cancer (37), breast carcinoma (38), melanoma 

(39) and astrocytic brain tumors (40). Zhou (41) reported that downregulation of FGF5 
inhibits cell growth and invasion of human non-small cell lung cancer cells, and Zhao (42) 

has documented that increase of FGF5 expression correlates with poor survival in lung 

adenocarcinoma. Finally, recognizing the importance of FGF5 overexpression in oncogenic 
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processing, RNA aptamers that inhibit FGF5 expression have been proposed as a potential 

therapy for cancers dependent on FGF5 cell proliferation (43).

The protein structure modeling results do not provide an indisputable mechanism for 

pathogenicity of the W81C mutation reported here; the overall and local structural changes 

observed are modest at best. Nonetheless, the prediction of a second binding site for SO4 

in the mutant, albeit with a smaller multiplicity, may be an indication that the mutant’s 

ability to bind to SO4-containing compounds, like heparan sulfate, may be different. A large 

body of biochemical and cellular evidence points to a direct role for heparin/heparan sulfate 

in the formation of an active FGF/FGF receptor signaling complex (45–47). Specifically, 

Rapraeger et al. (44), shows that heparan sulfate binding to FGF5 is central to its regulation, 

hereby we suggest that the mutation found here (W81C), may change the binding ability 

of heparan sulfate to FGF5, leading to its deregulation, which is already associated 

with oncogenesis (48). Further docking studies of the differential binding affinity of the 

mutant, when compared with the WT, will be necessary to further explore this preliminary 

hypothesis (49).

This study has multiple strengths, including the high-quality SEER cancer diagnosis data 

for all cancers, the linked genealogy data allowing identification of each individual pedigree 

as “high-risk” for lung cancer, and the extended relationships represented in the UPDB. 

The Genetic Epidemiology biorepository at University of Utah has been the source of many 

high-risk cancer pedigree studies and these studies have been critical to the identification 

of multiple cancer predisposition genes, including BRCA1, BRCA2, and CDKN2A (50–

52). More recently, similar studies of small sets of high-risk pedigrees have presented 

multiple new cancer predisposition variants, including GOLM1-melanoma (53) and ERF 
–prostate/bladder cancer (54), among others. While many lung cancers are associated with 

tobacco use, Utah is recognized to have the lowest rates of tobacco use in the nation, which 

potentially served to reduce noise from this recognized lung cancer risk factor which can 

also cluster in relatives. Limitations of this study include the small sample size of only 

8 high-risk pedigrees and the limited number of candidate variants with case/control data 

available in UKBiobank for validation. While the cases sequenced were NSNSCLC cases, 

the pedigrees were identified as high-risk for lung cancer generally, and the UKBiobank 

identification was of lung cancer cases only; therefore, it is possible that these findings 

are not specific to NSNSCLC. Finally, the population represented by the UPDB genealogy 

data for founders and their descendants is largely Northern European (22), and therefore 

the conclusions presented cannot be extrapolated beyond this population without additional 

studies.

This small study suggests the utility of a Utah population-wide study of all available 

high-risk NSNSCLC pedigrees. The two primary cancer care providers in the state have 

biorepositories dating back decades. Although germline DNA from blood has typically not 

always been stored, germline DNA potentially could be obtained from uninvolved tissues 

from the margins of stored formalin fixed, paraffin embedded (FFPE) tumor samples. Such 

a study would be powerful not only for the extended pedigrees/relationships that could 

be studied, but for the ability to obtain samples across several generations for individuals 

who have already succumbed to this deadly cancer. The identification of even a rare cancer 
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predisposition variant, such as reported here, if validated for pathogenicity, is valuable 

not only for the relatives of any carriers identified, but for the information it can provide 

generally on cancer predisposition gene function.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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NOVELTY AND IMPACT

This manuscript reports a powerful and uncommon approach analyzing validated high 

risk lung cancer pedigrees to identify rare candidate predisposition variants shared in 

affected relative pairs. This unique study identified multiple candidate predisposition 

variants for NSNSCLC, including a rare variant in FGF5 that was significantly associated 

with lung cancer risk in an independent population, and that segregated with lung cancer 

in the two pedigrees in which it was observed.
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Figure 1. 
The sequenced high risk NSNSCLC pedigree including a lung-cancer-affected cousin pair 

sharing the rare FGF5 variant.
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Figure 2. 
Two related FGF5 variant-carrying lung cancer cases identified by assay. The founding male 

had 2 marriages, shown with an arrow on the top marriage line.
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Figure 3. 
Superposition of the top models predicted by RaptorX for the WT (in gold) and MUT (in 

light blue) structures of FGF5. The mutation site W81C is marked in dark blue for both 

structures, showing very little structural change. The binding sites with SO4 predicted by 

RaptorX are depicted in green (V95, N193, K194, K199, H210, I211, S212) for both the 

WT and MUT structure; the new binding site found for the MUT structure (N193, K199 and 

R205) is shown in RED. The structure in the vicinity of the binding sites is not substantially 

changed by the mutation.
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