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Telomere length is influenced by both genetic and environmental factors, including smoking behavior. 

While smoking is associated with shorter telomeres, this association may vary by genotype. In a subset of 

the UK Biobank cohort (N = 360,909) with genetically inferred European ancestry, we analyzed 581,069 

common single nucleotide polymorphisms (SNPs) and average relative telomere length estimates derived 

from quantitative PCR (qPCR) to test whether the association between ever/never smoking status and 

telomere length differs by genotype. One SNP, rs4418881, reached genome-wide significance (P = 4.49 

× 10-8) in the 2 degrees of freedom gene-environment interaction joint test but did not reach significance 

in the overall genome-wide association study (P = 4.19 × 10-7). Stratified analyses revealed that 

rs4418881 was genome-wide significant in ever smokers (P = 1.06 × 10-8) but not in never smokers (P = 

0.35), suggesting that this SNP may modify the effect of smoking on telomere length.   
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I. Introduction 

Background and Significance 

Telomeres are structures that protect the ends of chromosomes from enzymatic degradation and 

inappropriate activation of DNA damage response pathways.1,2 They are characterized by tandem 

repeats of 5’-(TTAGGG)n-3’ that end in a single-stranded 3’ overhang that loops back on itself to form the 

T-loop and which is stabilized with shelterin protein complexes.2 Telomerase is a reverse transcriptase 

primarily expressed in stem cells that maintains telomere length as cells divide.3 Because differentiated 

human cells express telomerase at low or negligible levels, somatic cell telomeres steadily decrease with 

each cell division because DNA polymerase cannot replace the final RNA primer on the lagging strand 

during DNA replication (the “end-replication problem”), and telomerase is not sufficiently present to aid in 

extending the telomeres.4,5  

Accordingly, older individuals, whose cells have undergone more mitotic divisions than those in 

younger people, have shorter telomeres on average than younger individuals.6–8 However, even among 

individuals of the same age, telomere length can vary substantially.9 For example, in newborns, average 

telomere length has been estimated to range from 7–14 kb in leukocytes.10,11  

Besides age, variability in telomere length has been found to be explained by genetic and non-genetic 

factors, such as parental smoking behavior, parental age at one’s birth, cell type, sex-related factors (e.g., 

estrogen concentrations12,13), and body mass index (BMI).6,14 Additionally, environmental factors, such as 

smoking behavior and exposure to polychlorinated biphenyls and cadmium, have been found to be 

associated with telomere length.6,15–17  

Heritability estimates for leukocyte telomere length vary depending on the study design and 

measurement method. In twin studies using Southern blots of terminal restriction fragments to measure 

average absolute telomere length, heritability estimates have ranged from 0.34 to 0.82.18–21 In contrast, a 

meta-analysis of six large family and twin cohort studies that used quantitative PCR (qPCR) to measure 

average relative telomere length reported a heritability estimate of 0.70 (0.64–0.76).16  

Estimates based on genome-wide genotype data are considerably lower. In a genome-wide 

association study (GWAS) of 19.4 million imputed genetic variants in the UK Biobank cohort, using qPCR-

derived average relative telomere length, all genetic variants with a minor allele frequency (MAF) of 0.1% 
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or greater combined explained 8.1% of telomere length variation.22 A more recent study in the same 

cohort used whole genome sequencing (WGS) and a combined average telomere length metric 

constructed using the first principal component from a principal component analysis of qPCR and TelSeq 

(an approach to estimating telomere length from whole genome sequencing data23).24 This study found 

that genetic variants with a MAF of 0.1% or greater explained 9.9% of the variability in average telomere 

length.24 Of these, 192 were found to have a genome-wide significant (P < 5 × 10-8) association with the 

first principal component telomere length metric.24  

The same study also conducted an exome-wide association study focused on rare genetic 

variants (MAF < 0.1%) and identified 62 rare exonic variants across 19 genes significantly associated with 

average telomere length (P ≤ 1 × 10-8).24 While most of these associations occurred at loci previously 

identified through GWAS of genetic variants with a MAF of 0.1% or greater, one occurred in a novel 

locus, suggesting that rare variant analysis may reveal associations missed by common variant 

approaches.24 

Shorter telomere length is associated with the development of a wide range of age-related 

diseases, such as cardiovascular disease, Alzheimer’s disease, and various cancers, and is considered 

to be a hallmark of cellular aging.25,26 However, long telomeres are also associated with an increased risk 

of several cancers.27,28 Therefore, there are health risks posed if telomere length is at either end of the 

spectrum. Because telomere length is influenced by both genetic and environmental factors, identifying 

modifiable exposures that affect telomere length may have important implications for disease prevention.  

One such modifiable exposure is smoking behavior. Multiple studies have found that telomere 

length is shorter in ever smokers compared to never smokers, and in current smokers compared to 

former smokers.29 However, not all individuals respond to environmental exposures in the same way.30 It 

is possible that this association differs depending on whether an individual has certain genetic variants. 

Whether there are gene-by-smoking interaction effects on telomere length has not been investigated to 

date. Due to the risks of disease at either extreme of telomere length, investigating potential gene-by-

smoking interactions may provide valuable insights about the association between smoking and telomere 

length and may contribute to explaining some of the telomere length missing heritability.  
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Smoking behavior is the top risk factor for lung cancer, the leading cause of cancer death in the 

United States, with almost 9 in 10 lung cancers caused, at least in part, by cigarette smoking.31–34 There 

is evidence that telomere length is shorter among ever smokers compared to never smokers in both 

whole blood cells and lung cells.29,35,36 While some studies have linked shorter leukocyte telomeres to 

lung cancer development,37–39 most recent studies have found that longer leukocyte telomeres are 

associated with the development of lung cancer.3,36,40–42 Mendelian randomization studies have provided 

further evidence that longer telomeres are associated with lung cancer.43,44 Furthermore, long-telomere 

associated single nucleotide polymorphisms (SNPs) have been found to also be associated with lung 

adenocarcinoma.27 Additionally, there is evidence that smoking interacts with some SNPs in lung 

cancer.45 This suggests a complex interplay between genetic variation, smoking behavior, and telomere 

biology in lung carcinogenesis. Investigating whether SNPs that modify the association between smoking 

and telomere length are also associated with lung cancer in previous lung cancer GWAS may help with 

the generation of hypotheses about the biological mechanisms connecting these factors. 

Specific Aims 

Aim 1. To investigate whether there are common genetic variants that modify the association between 

smoking behavior and telomere length in a large population-based study of middle-aged British 

individuals (N = 360,909). We will assess if the effect of any variants identified in the gene-

environment interaction (GxE) analysis differs according to smoking status (n = 219,570 for ever 

smokers and n = 141,339 for never smokers). 

Aim 2. To assess if any variants found in Aim 1 are associated with lung cancer.  

II. Methods/Approach 

Study Subjects 

The UK Biobank is a prospective cohort that recruited approximately 500,000 individuals across 

the United Kingdom primarily aged between 40 and 69 years from 2006 to 2010.46,47 This thesis analyzes 

a subset of UK Biobank participants with genetically inferred European ancestry (see Inferring Genetic 

Ancestry below). Additionally, UK Biobank cohort participants were excluded if their age at baseline 

assessment, reported sex, genotyping data, telomere length estimates, or smoking behavior history 

(ever/never smoked) were missing. 
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Furthermore, participants were excluded if genetic sex and reported sex did not match. This was 

done to mitigate any sample issues such as erroneously labeled or mishandled samples, rather than to 

intentionally exclude intersex or transgender individuals (additional information would be required to make 

this distinction).  

Because telomere length measurements were made from leukocytes,48 and because cancer cells 

engage in strategies to maintain telomere length to survive the cellular crisis induced by critically short 

telomeres (e.g., upregulating TERT, or alternative lengthening of telomeres (ALT)),49 participants were 

excluded if they had been diagnosed with a hematologic malignancy at any time before study enrollment 

and up to two years later. This two-year latency period is most directly informed by studies of radiation-

induced leukemia, in which a minimum two-year latency period is often used,50–52 even though radiation is 

not presumed to be causal in the leukemia cases among UK Biobank participants.  

Finally, to avoid test statistic inflation due to relatedness, for every third-degree or closer relative 

pair (kinship coefficient > 0.044),53 individuals were randomly removed until no pairs remained. 

Following application of these filters, our final dataset comprised 360,909 individuals whose 

associated data were analyzed in this thesis project (“thesis cohort”). 

Inferring Genetic Ancestry 

Inferred genetic ancestry assignments were provided by Austin Hammermeister Suger. To 

calculate ancestry assignments, UK Biobank samples were first projected onto a principal component 

(PC) space defined by 1000 Genomes Project (1000G) reference samples based on genotypes from a 

set of harmonized LD-pruned variants using FlashPCA2.54 Each UK Biobank participant was then 

assigned to the 1000G populations to which they had the minimum sum of Mahalanobis distances across 

the first 30 PCs. 

Telomere Length Estimates 

Leukocyte telomere length estimates assessed by quantitative PCR (qPCR) have been estimated 

for 474,074 UK Biobank participants from blood samples collected at baseline .55 Average relative 

telomere length estimates were assessed for variation due to factors such as qPCR run, primer batch, 

PCR machine, enzyme, pipetting robot, operator, temperature, humidity, extraction method, and time of 

day, in addition to the potential influence of two-way interactions between these factors.55 Estimates 
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adjusted for the influence of technical parameters were then loge-transformed and Z-standardized to 

reduce skewness in the telomere length estimate distribution, as recommended by UK Biobank.22,56 To 

further adjust for skewness, any observations not within 3 standard deviations of the mean were 

removed. 

Genotype Data 

Genotype data were captured for UK Biobank participants on two different genotyping arrays: the 

Applied Biosystems UK BiLEVE Axiom Array by Affymetrix and the Applied Biosystems UK Biobank 

Axiom Array.57–59 49,950 participants were genotyped using the Applied Biosystems UK BiLEVE Axiom 

Array, and 438,427 participants were genotyped using the Applied Biosystems UK Biobank Axiom 

Array.59 All samples were processed over 18 months, with DNA preparation performed at UK Biobank, 

genotyping conducted at Affymetrix, and quality control filters applied by the Wellcome Trust Centre for 

Human Genetics.58,60 After quality control filters were applied, genotype data for 805,426 markers 

(markers included on both arrays) for 488,377 UK Biobank participants were released.59  

GWAS and GxE Analyses 

GWAS and GxE analyses were performed in the DNAnexus cloud computing environment using 

Swiss Army Knife to execute PLINK 2.0 (v2.0.0-a.6.9) using the genotype data previously described.61–63 

Covariates included sex, age at enrollment, ever/never smoking status, array version, and the first 20 

genetically inferred principal components (PCs).  

For the GWAS, we tested the association between each SNP and telomere length using linear 

regression. The model fit for each SNP assessed was the following: 

𝑌 = 𝛽0 + 𝛽1G + 𝛽2X1 + 𝛽3X2 +… +𝛽26X24, 

where 𝑌 is telomere length, 𝛽0 is the model intercept, 𝛽1 is the genetic effect, G is genotype (additive 

model coded as effect allele dosages [0, 1, 2]), and X1 − X24 are additional covariates (ever smoked 

status, age at enrollment, sex, genotype array version, and the first 20 genetically inferred PCs).  

In the GWAS, the primary parameter of interest was 𝛽1, the genetic effect after adjusting for 

covariates. The null hypothesis tested was that 𝛽1 = 0. 
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For the GxE analysis, we tested whether the genetic association with telomere length differed by 

smoking status using linear regression with an interaction term. The model fit for each SNP assessed was 

the following: 

𝑌 = 𝛽0 + 𝛽1G+ 𝛽2E + 𝛽3GE + 𝛽4X1… +𝛽26X23, 

where 𝑌 is telomere length, 𝛽0 is the model intercept, G is genotype (additive model coded as effect allele 

dosages [0, 1, 2]), and E is ever smoked status (0 for nonsmokers and 1 for smokers). 𝛽1 represents the 

genetic effect among never smokers (E = 𝟎), 𝛽2 is the smoking effect among individuals with G = 𝟎 (an 

effect allele dosage of 0), and 𝛽3 is the gene-environment interaction effect. Covariates X1 − X23 include 

age at enrollment, sex, genotype array version, and the first 20 genetically inferred PCs.  

In the GxE analysis, the primary parameter of interest was 𝛽3, the gene-environment interaction 

effect. The null hypothesis was that 𝛽3 = 0, meaning there is no interaction between the effect allele and 

smoking status on telomere length (no gene-environment interaction). This is the 1 degree of freedom 

interaction test (“1 d.f. interaction test”). Additionally, a 2 degrees of freedom joint test (“2 d.f. joint test”) 

was performed to detect SNPs for which there was either a main genetic effect, a gene-environment 

interaction effect, or both. The 2 d.f. joint test simultaneously tests the null hypotheses that 𝛽1 = 0 and 

𝛽3 = 0.   

For the GWAS and GxE analyses conducted on the thesis cohort, of the 805,426 markers 

released by UK Biobank, data from 581,069 markers were included in the analyses after excluding 

markers with > 2% missing data across the thesis cohort and excluding markers with a minor allele 

frequency < 1% within the thesis cohort.64,65 

For the GWAS analysis conducted on the subset of the thesis cohort who had ever smoked, of 

the 805,426 markers released by UK Biobank, data from 581,076 markers were included in the analyses 

after excluding markers with > 2% missing data across the thesis cohort and excluding markers with a 

minor allele frequency < 1% within the thesis cohort.64,65 

For the GWAS analysis conducted on the subset of the thesis cohort who had never smoked, of 

the 805,426 markers released by UK Biobank, data from 581,533 markers were included in the analyses 

after excluding markers with > 2% missing data across the thesis cohort and excluding markers with a 

minor allele frequency < 1% within the thesis cohort.64,65 
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Identification of Lead Single Nucleotide Polymorphisms (SNPs) with FUMA 

Lead SNPs were identified using the FUMA SNP2GENE web application (v1.5.2; 

https://fuma.ctglab.nl/snp2gene) using default configurations as described in Watanabe et al., 2017.66 

Using the 1000 Genomes Phase 3 European (EUR) reference panel, variants were grouped into genomic 

risk loci by merging linkage disequilibrium (LD) blocks within 250 kb. Independent significant SNPs were 

defined as genome-wide significant variants (P < 5 × 10-8) not in high LD with each other (r2 < 0.6), and 

independent lead SNPs were identified as the SNPs with the smallest p-value within each locus and in 

low LD (r2 < 0.1) with other SNPs with a lower p-value. Independent lead SNPs were annotated and 

mapped to protein-coding genes defined by Ensembl v102 using a 10 kb window flanking gene 

boundaries. 

LDTrait: Identifying Variants in Linkage Disequilibrium with Lead SNPs 

The LDTrait tool (https://ldlink.nih.gov/?tab=ldtrait) in the LDlink suite of web-based applications 

was used to find variants in linkage disequilibrium with lead SNPs .67,68 Search parameters included an r2 

= 0.1 threshold, a ± 500 kb window, and the reference population selected was “(EUR) European.” 

III. Results 

The GxE 1 d.f. interaction analysis did not identify any loci reaching genome-wide significance (P 

< 5 × 10-8) (see Figures 7 and 8). However, the GxE 2 d.f. joint test identified one SNP, rs4418881 

(located on chromosome 12 at position 132,481,480 (GRCh38)69), that was genome-wide significant in 

the GxE 2 d.f. joint test (P < 4.49 × 10-8), but not genome-wide significant in the GWAS conducted on the 

overall thesis cohort (P < 4.19 × 10-7) (see Table 2 and Figures 9, 10, and 11). This SNP, rs4418881, was 

found to be genome-wide significant (P < 1.06 × 10-8) in the GWAS conducted solely on individuals who 

had ever smoked but was not significant (P = 0.35) in the GWAS conducted solely on individuals who had 

never smoked (see Table 2 and Figure 11).  

Independent lead SNPs were annotated and mapped to protein-coding genes with FUMA (using 

the parameters described in Methods), and rs4418881 was mapped between MUC8 and FBRSL1, 

neither of which have been previously identified to be relevant to telomeres, based on PubMed searches 

for ‘("MUC8" or "mucin 8") AND "telo*"’ and ‘("FBRSL1" or "fibrosin like 1" or "fibrosin-like protein 1") AND 

"telo*"’ on June 2, 2025. 
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Using the LDTrait tool, rs4418881 was identified to be in modest linkage disequilibrium (r2 = 

0.214) with rs79228077, a variant identified in a recent WGS GWAS of telomere length in the UK Biobank 

cohort.24  This variant was significantly associated (P < 2 × 10-12) with the first principal component of 

telomere length, which was derived from a linear combination of qPCR and TelSeq estimates.24  

To investigate whether rs4418881 had been previously found to be associated with lung cancer, 

summary statistics from several lung cancer GWAS were evaluated. In a 2017  lung cancer GWAS based 

on 29,266 lung cancer cases and 56,450 controls of European ancestry, rs4418881 was not associated 

with lung cancer in the overall analysis of both ever and never smokers (P = 0.68), nor was it associated 

with lung cancer in their GWAS restricted to only ever smokers (P = 0.60).70 Additionally, rs4418881 was 

not among those reported with P < 5 × 10-5 in analyses limited to individuals with lung squamous cell 

carcinoma or lung adenocarcinoma.70 Similarly, in a 2020 pan-cancer GWAS meta-analysis of individuals 

with European ancestry from the UK Biobank and Kaiser Permanente Genetic Epidemiology Research on 

Adult Health and Aging cohorts, rs4418881 did not reach genome-wide significance for lung cancer (P = 

0.02).71 In a 2022 lung cancer GWAS across European, East Asian, and African populations, rs4418881 

again did not appear among SNPs with P < 5 × 10-5 for individuals diagnosed with lung adenocarcinoma, 

lung squamous cell carcinoma, or small cell lung carcinoma.72 Additionally, a 2023 lung adenocarcinoma 

GWAS conducted in an East Asian population did not report rs4418881 among its genome-wide 

significant findings.73 Finally, in a 2024 lung cancer GWAS based on 16,336 cases and 612,076 controls 

of Hispanic/Latino American, European American, and African American participants of the Million 

Veteran Program, rs4418881 was not significant in the overall meta-analysis across groups (P = 0.38), 

the Hispanic/Latino American group analysis (P = 0.48; 624 cases and 59,042 controls), the European 

American group analysis (P = 0.32; 13,065 cases and 434,597 controls), or the African American group 

analysis (P = 0.66; 2,647 cases and 118,437 controls).74     

IV. Discussion/Conclusions 

Summary of Findings 

The SNP rs4418881 reached genome-wide significance only in the GxE 2 d.f. joint test and the 

GWAS restricted to ever smokers, but not in the GWAS including both ever and never smokers, nor in the 

GWAS limited to never smokers. This pattern suggests a potential interaction between rs4418881 and 
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smoking in the association between smoking and average telomere length, with an association observed 

only among individuals who have ever smoked.  

Although no SNPs reached genome-wide significance in the 1 d.f. interaction test, it is worth 

noting that this test evaluates whether the difference in effect due to a SNP between strata (e.g., ever 

smokers versus never smokers) is statistically significant. In this study, rs4418881 had a strong 

association with telomere length among ever smokers and a non-significant association with telomere 

length among never smokers, but the difference between the two effects may not have been large 

enough relative to their standard errors to result in a genome-wide significant interaction in the 1 d.f. test. 

By contrast, the 2 d.f. test detects SNPs with either a strong main effect or interaction effect, which likely 

explains why rs4418881 was genome-wide significant in that test. 

The relationship between smoking, telomere length, and lung cancer is not straightforward. While 

smoking is known to be causal for lung cancer, having ever smoked is associated with shorter telomeres 

than those of never smokers, yet lung cancer is associated with longer telomeres.3,29,33,36 Therefore, it is 

possible that the potential telomere length shortening effect of smoking does not play a primary role in the 

mechanisms by which smoking increases risk of lung cancer. Furthermore, while rs4418881 is associated 

with a difference in telomere length between smokers with and without an effect allele, rs4418881 was 

not found in any of the previous lung cancer GWAS surveyed to be associated with lung cancer. This 

suggests that while it is possible that rs4418881 may play a role in smokers having longer telomeres, the 

magnitude of this increase is possibly insufficient to influence lung cancer risk. In other words, rs4418881 

may lead to a measurable difference in telomere length among smokers without producing a biologically 

meaningful variation in cancer susceptibility, especially if the potential telomere length-modulating effects 

of smoking play a minor role in the causal role of smoking on lung cancer. Additionally, although 

leukocyte average relative telomere length has been found to be positively correlated with lung average 

relative telomere length (r = 0.127), this correlation is modest.35 As such, variants that modify the 

association between smoking and telomere length in leukocytes may not also modify this association in 

lung cells. 
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Limitations 

The UK Biobank cohort has limitations due to selection bias. Of individuals invited to participate 

across the United Kingdom, 5.5% joined the cohort.75 Additionally, there is evidence of a healthy 

volunteer selection bias.75 Compared to the general population in the United Kingdom, participants have 

fewer self-reported health problems and are less likely to drink alcohol, to smoke, or to be obese.75 For 

individuals aged 70-74, all-cause mortality rates and total cancer incidence were found to be lower in the 

cohort than in the general population (46.2% and 11.8% lower, respectively, in men, and 55.5% and 

18.1% lower, respectively, in women).75 Additionally, participants are more likely to be older, female, and 

to live in less socioeconomically deprived areas.75 Because participants were recruited from the ages of 

40 and 69 from 2006 to 2010, and most participants are white and British, the results of studies using 

data from this cohort may not be fully representative of the general population.75 Because every 

participant included in the subset of the overall UK Biobank cohort used in this analysis has primarily 

European genetically inferred ancestry, the results of this analysis may not be applicable to individuals 

who do not have primarily European ancestry.   

Quantitative PCR can be used to estimate mean relative telomere length by comparing the 

amplification of telomeric TTAGGG repeats to that of a single reference gene.76 This ratio is proportional 

to total telomere length.76 There is evidence that it is the shortest telomere rather than average telomere 

length in a cell that triggers cellular senescence, so potentially useful information may be lost when using 

average telomere lengths.77,78 qPCR has been found to be a sensitive and valid tool to estimate mean 

telomere length79, but qPCR telomere length estimates are very sensitive to variation in DNA isolation 

method and PCR conditions, which can lead to inconsistent results even within the same laboratory.80 

However, UK Biobank samples were processed in the same laboratory at the University of Leicester, and 

telomere length estimates have been adjusted for technical variation and have been found to have good 

reproducibility.81 Additionally, qPCR estimates of telomere length have not been found to be consistently 

sensitive enough to identify patients with dyskeratosis congenita when their telomeres are in the first 

percentile for their age.82 

Analyses were limited to less than 600,000 SNPs (MAF > 1%) present on the Applied Biosystems 

UK BiLEVE Axiom Array and the Applied Biosystems UK Biobank Axiom Array. As such, this analysis of 
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common variants is not a comprehensive assessment of all possible variants that may play a role in the 

determination of telomere length. 

Finally, a two-year latency period was selected because it is frequently used for radiation-related 

hematologic malignancies.50–52 While some reported hematologic malignancies within the UK Biobank 

cohort may be partially attributable to radiation exposure, there is no reason to assume that all cases are 

radiation-related. Therefore, this latency threshold may represent an overly conservative approach to 

reducing the risk of reverse causation.  

Conclusions 

This study identified a potential gene-by-smoking interaction on telomere length in an analysis of 

a limited set of 581,069 common SNPs among a cohort of individuals with primarily genetically inferred 

European ancestry. It is possible that additional or stronger interaction signals could be uncovered by 

expanding the analysis to include a broader range of variants, including common SNPs not included on 

the genotyping arrays and rare variants. Additionally, the results of this thesis may only be applicable to 

individuals with primarily European genetic ancestry, so it would be ideal to expand this investigation such 

that results are applicable to individuals with diverse genetic ancestries. Several planned analyses remain 

for future research including the full spectrum of genetic ancestries included in the overall UK Biobank 

cohort. 

First, this project focused only on common SNPs (MAF ≥ 1%) measured on genotyping arrays. 

Future analyses should incorporate both common SNPs not included on the arrays and rare variants in 

analyses of whole genome sequencing. Such variants may interact with smoking and account for 

additional unexplained variability in telomere length. 

Second, any variants identified as smoking-interaction candidates for telomere length should be 

evaluated for whether they also interact with smoking in the development of lung cancer. While 

rs4418881 was not found to be directly associated with lung cancer in any prior lung cancer GWAS 

reviewed, including in GWAS conducted for ever smokers alone, it is possible that other variants 

identified may play a role in the smoking-lung cancer relationship. Because smoking is causal for lung 

cancer and associated with telomere length, and telomere length itself has a complex relationship with 

cancer (increased risk of cancer at both very short and very long telomeres), exploring whether the same 
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variants modify both outcomes could clarify underlying biological relationships and potentially contribute 

to a better understanding of how smoking causes lung cancer. 

Finally, future work should include the creation and evaluation of polygenic scores for telomere 

length. This approach could complement single-variant analyses by capturing the cumulative effects of 

many variants in the investigation of potential gene-environment interactions. By stratifying individuals by 

their genetically predicted telomere length, we could test whether the association between smoking and 

observed telomere length differs. It is possible that the magnitude of interaction, if present at all, may 

differ between single variants and aggregations of variants. 

Together, these analyses may shed light on the interplay between genetics, smoking, telomere 

length, and telomere-related disease risk.  
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VI. Tables  
 
Table 1. Thesis cohort characteristics. 
 

Characteristic Total 
N = 360,909 

Sex  

Female, n(%) 194,950 (54.0%) 

Male, n(%) 165,959 (46.0%) 

Age  

Median 58   

Mean (SD) 57.7 (8.0) 

Range 39 – 73 

Ever Smoked  

Yes, n(%) 219,570 (61%) 

No, n(%) 141,339 (39%)  

Technically adjusted, loge-transformed, Z-standardized telomere length, with values <-3 and >3 
standard deviations from the mean removed 

Mean (SD) -0.01 (0.96) 

Range -3 – 3 

Genotyping Array 

UK BiLEVE Axiom, n(%) 38,842 (10.8%)  

UK Biobank Axiom, n(%) 322,067 (89.2%)  
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Table 2. Beta value estimates with 95% confidence intervals (calculated using non-robust standard 
errors) and associated p-values for rs4418881 across the different models/tests evaluating its association 
with telomere length. The 2 degrees of freedom joint test does not result in a beta estimate. 
 

Model / Test N Beta (95% CI) P-value 

GWAS – Overall 360,909 0.0118 (0.0072, 0.0163) 4.19 × 10-7 

GWAS – Only Smokers 219,570 0.0171 (0.0112, 0.0230) 1.06 × 10-8 

GWAS – Only Nonsmokers 141,339 0.0035 (-0.0038, 0.0102) 0.352 

GxE – 1 d.f. Interaction 360,909 0.0137 (0.0043, 0.0230) 0.004 

GxE – 2 d.f. Joint Test 360,909 — 4.49 × 10-8 
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VII. Figures 
 
GWAS – Entire Thesis Cohort 
 

 
 
Figure 1. Quantile-quantile (Q-Q) plot for the GWAS conducted on the entire thesis cohort. The red line 
represents the expected distribution of test statistics under the null hypothesis. The genomic inflation 
factor (l) was 1.155. 
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GWAS – Entire Thesis Cohort 
 
 

 
 
 
Figure 2. Manhattan plot for the GWAS conducted on the entire thesis cohort. The red dotted line 
represents the genome-wide significance threshold (P < 5 × 10-8). Independent lead SNPs were 
annotated and mapped to protein-coding genes with FUMA, and several are labeled. The peaks 
represent SNP associations with known telomere-related loci. TERC is the gene that encodes the RNA 
component of telomerase.83 TERT is the gene that encodes the catalytic component of telomerase.83 
OBFC1 is a gene that encodes a protein that is involved in binding to single-stranded telomeric DNA.83–85 
RTEL1 encodes a DNA helicase known to play a role in elongating and stabilizing telomeres.83,86  
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GWAS – Subset of Thesis Cohort Who Have Ever Smoked 
 

 
 
Figure 3. Quantile-quantile (Q–Q) plot for the GWAS conducted on the subset of the thesis cohort who 
have ever smoked. The red line represents the expected distribution of test statistics under the null 
hypothesis. The genomic inflation factor (l) was 1.113. 
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GWAS – Subset of Thesis Cohort Who Have Ever Smoked 
 

 
 
Figure 4. Manhattan plot for the GWAS conducted on the subset of the thesis cohort who have ever 
smoked. The red dotted line represents the genome-wide significance threshold (P < 5 × 10-8). 
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GWAS – Subset of Thesis Cohort Who Have Never Smoked 
 

 
 
Figure 5. Quantile-quantile (Q–Q) plot for the GWAS conducted on the subset of the thesis cohort who 
have never smoked. The red line represents the expected distribution of test statistics under the null 
hypothesis. The genomic inflation factor (l) was 1.08. 
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GWAS – Subset of Thesis Cohort Who Have Never Smoked 
 

 
 
Figure 6. Manhattan plot for the GWAS conducted on the subset of the thesis cohort who have never 
smoked. The red dotted line represents the genome-wide significance threshold (P < 5 × 10-8). 
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GxE – Entire Thesis Cohort – 1 Degree of Freedom Interaction Term 
 

 
 
Figure 7. Quantile-quantile (Q-Q) plot for the GxE 1 degree of freedom interaction term. The red line 
represents the expected distribution of test statistics under the null hypothesis. The genomic inflation 
factor (l) was 0.999. 
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GxE – Entire Thesis Cohort – 1 Degree of Freedom Interaction Term 
 

 
 
Figure 8. Manhattan plot for the GxE 1 degree of freedom interaction term. The red text indicates that the 
genome-wide significance threshold (P < 5 × 10-8) is higher on the y-axis than is shown in this plot 
because no variants have a p-value below that threshold. 
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GxE – Entire Thesis Cohort – 2 Degrees of Freedom Joint Test 
 

 
 
Figure 9. Quantile-quantile (Q–Q) plot for the GxE 2 degrees of freedom joint test. The red line represents 
the expected distribution of test statistics under the null hypothesis. The genomic inflation factor (l) was 
1.082. 
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GxE – Entire Thesis Cohort – 2 Degrees of Freedom Joint Test 
 
 

 
 
Figure 10. Manhattan plot for the GxE 2 degrees of freedom (d.f.) joint test. The red dotted line represents 
the genome-wide significance threshold (P < 5 × 10-8). Independent lead SNPs were annotated and 
mapped to protein-coding genes with FUMA, and several are labeled as described in Figure 2. All 
independent lead SNPs identified in the 2 d.f. joint test were identified in the GWAS conducted on the 
entire thesis cohort besides one: rs4418881. This SNP was mapped with FUMA between MUC8 and 
FBRSL1.  
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Figure 11. Forest plot of beta value estimates with 95% confidence intervals (calculated using non-robust 
standard errors) and associated p-values for rs4418881 across different models evaluating its association 
with telomere length. 
 
 
 


