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ABSTRACT

This dissertation is comprised of two peer-reviewed articles and one manuscript, aiming to
identify knowledge gaps in terms of the role of telomere length as a biomarker of cancer.

Individuals with relatively short telomeres in peripheral blood cells have been shown in
epidemiological studies to be at increased risk for mortality and cancer, leading investigators to
hypothesize that telomere length and attrition over the life-course is a critical mechanism
underlying cancer and many other age-related health conditions. However, such associations are
not consistent across all cancers or even within cancer types, with some studies showing null, or
even opposite associations. Furthermore, due to the cross-sectional nature of case-control studies,
from which most associations of telomere length and cancer risk are obtained, it is possible that
telomere shortening occurs after diagnosis (due to the cancer itself or treatment effects), or is
confounded by other common risk factors, and therefore may not be a true biomarker of
subsequent cancer risk.

| employed three strategies for addressing these potential issues: 1) use genetic
polymorphisms that influence telomere length as proxies for telomere length to estimate
associations between telomere length and cancer risk; 2) perform careful adjustment of potential
confounders of the telomere length-cancer association, including the assessment of time-varying
effects on smoking, a potential telomere length correlate; and 3) utilize a prospective study
design in which baseline telomere length is measured prior to the development of any adverse
health outcomes.

In the first study of this dissertation (Chapter 2), | used a Mendelian randomization
approach to estimate the associations between nine telomere length-associated SNPs and risk for
five common cancer types (breast, lung, colorectal, ovarian and prostate cancer, including

Xiv



subtypes) using data on 51,725 cases and 62,035 controls. The long TL genetic score was
significantly associated with increased risk of lung adenocarcinoma (P=6.3x10™), with an
estimated odds ratio of 2.78. Under Mendelian randomization assumptions, this estimate was
interpreted as the odds ratio for lung adenocarcinoma corresponding to a 1000 base pair increase
in telomere length. The SNP score was not associated with other cancer types or subtypes.

In the second study of this dissertation (Chapter 3), | estimated the associations between
telomere length (measured by quantitative PCR using saliva DNA) and concurrent and past
smoking status, reported biennially for up to 16 years prior to telomere length measurement,
using data from the Health and Retirement Study (n=5,624). Smoking was associated with
shorter telomere length when using prospective data on smoking status among men and women,
but the association was strongly attenuated in cross-sectional analyses among men. This
attenuation was largely due to a higher rate of smoking cessation during the study period among
males with shorter telomere length compared to males with longer telomere length. Short
telomere length was also associated with poorer overall health in men, suggesting that male
smokers with short telomere length were more likely to quit smoking due to poor health.
Analyses of years since cessation, smoking duration, and pack-years all support the hypothesis
that increased cigarette use shortens telomere length.

In the third study of this dissertation (Chapter 4), I investigated the association between
arsenic exposure and telomere length, and the association between telomere length and incident
arsenical skin lesion in the Health Effects of Arsenic Longitudinal Study (HEALS) in Araihazar,
Bangladesh. In this prospective study, baseline telomere length was assessed in skin lesion-free
subjects who were followed for up to 12 years. No association was observed between baseline

arsenic exposure and telomere length. However, we observed higher incident skin lesion risk

XV



with shorter telomere length (Pyenq=4.6x107), with odds ratios of 3.05, 1.30, and 1.21 for the
first (shortest), second, and third telomere length quartiles compared to the longest.

The role of telomere length as a biomarker of cancer appears to be striking yet nuanced.
Addressing the existing knowledge gaps is a critical step towards clarifying the causal
relationship between telomere length and cancer, and ultimately, improving cancer prediction

and prevention.

XVi



CHAPTER 1: BACKGROUND AND INTRODUCTION

TELOMERE STRUCTURE AND FUNCTION

Telomeres are DNA-protein complexes at chromosome ends that help maintain genome
stability by protecting DNA from damage and fusion. The DNA component is a 6-base repeat
sequence (TTAGGG) ranging from 2-15 kb that shortens with each cell division due to a
phenomenon known as the “end replication problem” (1). In differentiated cells, telomere
shortening eventually leads to loss of telomere protection and genome instability, typically
triggering cell senescence or programmed cell death (2). In stem and progenitor cells, the
telomerase enzyme elongates telomeres, enabling prolonged survival (3). Telomerase is also
activated in >90% of human tumors (4), which typically have short telomeres (a cause of genome
instability) that are stabilized by telomerase (promoting proliferation and survival) (5,6).

In yeast, telomerase deletion causes rapid telomere shortening that results in increased
mutation rates, chromosomal rearrangements, and deletions (7). In telomerase-deficient murine
models, short telomeres lead to genomic instability, deficient DNA repair, increased sensitivity
to ionizing radiation, and cancer (8-10). These models also suggest that the shortest telomere is
more important than the average telomere length (TL) with respect to cell viability and
chromosomal stability (8). In genomically unstable cells with short telomeres, activation of
telomerase can serve as a transforming event that allows continued survival and potential tumor
progression. Tumor cells have extremely short telomeres, yet they are stable, typically due to
activation of telomerase, which is expressed at higher levels in cancerous compared to non-

cancerous tissue (11-14).



Genome-wide association (GWA) studies of TL have identified several regions
containing variants associated with TL (15-17), including the TERT (telomerase reverse
transcriptase) region on 5p15.33. Furthermore, GWA studies of cancer risk have shown that
variants residing near TERT influence risk for multiple cancer types, including lung (18,19),
prostate (18,19), and colorectal (20) cancer. The critical role of telomeres and telomerase in
carcinogenesis has led many investigators to hypothesize that short TL in peripheral blood

(assumed to be a proxy for TL in cancer-prone tissue) is a risk factor for cancer (21).

DETERMINANTS OF TELOMERE LENGTH IN HUMANS

Average TL of peripheral blood cells differ between individuals due to inter-individual
variation of TL inherited at conception (22—24), and intra-individual variation of TL attrition
attributable to genetic and environmental factors (25-27). Previous studies have also described
variation in TL within somatic tissues between proliferative (e.g. blood and skin) and minimally
proliferative tissues (e.g. muscle and fat), presumably due to the greater TL attrition in more
rapidly dividing proliferative tissues during early life (28-30).

Previous findings show strong evidence that age, sex, and race are associated with TL
(31), and that paternal age and genetic variants are determinants of TL (15,16,32-34). Women
have longer TL than men, a phenomenon that has been hypothesized to be due to estrogen’s
reduction of oxidative stress (35) and stimulation of telomere lengthening enzyme telomerase
(36). African Americans have been observed to have longer TL in prior studies, speculated to be
in part due to fewer replications of hematopoietic stem cells and progenitor cells in subjects of

African ancestry (37,38), but also potentially due to polygenetic adaptation (39). Prior studies on



the association of older paternal age and longer TL have attributed the phenomenon to the
continuous increase of TL during the development of male germ cells throughout a man’s life
course (40).

Individuals of low socioeconomic (SES) status are at higher risk for mortality and
diseases of aging, including coronary heart disease and some cancers (41). Previous studies have
primarily observed that low SES is associated with shorter TL (38,42,43), hypothesized to be due
to factors such as chronic financial strain, hazardous work conditions or adverse home
environments. However, null associations (44,45) have also been observed, with one study
reporting an association between TL and education attainment, but not current income.

Measures of obesity (including body mass index (BMI), weight, weight change, waist
circumference, hip circumference, percent body fat, visceral fat, subcutaneous fat, adiponectin,
leptin, and genetic determinants of BMI) were either inversely associated (38,46-56) or not
associated (50,57,58) with TL in prior studies, although a positive association was also reported
in the Kaiser Permanente Genetic Epidemiology Research Study on Adult Health and Aging, a
multi-ethnic cohort of >100,000 participants (59).

Smoking is a strong risk factor for overall mortality and many adverse health outcomes
(60). Multiple prior studies have reported an association between smoking and short TL
(61,62,46,48,63-68), although numerous also report no association (69—-71,47,44,72). Heavy
alcohol use has been associated with higher mortality and adverse health outcomes (73), but the
opposite has been observed for moderate consumption, with an overall J-shaped relationship
attributed to a combination of adverse and beneficial effects (74,75). Previous studies have
reported either no association between alcohol consumption and TL (44,70), or a decrease in TL

with prospectively-measured alcohol consumption (76). However, a previous study of TL in



yeast found that ethanol exposure increased TL (77), supporting the hypothesis that the nature of
the effects of exposures on TL depends on the biological mechanisms of the stressor.

Many health benefits are attributed to physical exercise, even independent of its
correlation with lower BMI (78). Physical exercise has been shown to up-regulate anti-
inflammatory processes (79), decreasing the risk of some oxidative stress-related diseases, which

may explain its association with longer TL in prior studies (80,81).

TELOMERE LENGTH AS A BIOMARKER FOR CANCER: THE

KNOWLEDGE GAPS

Many epidemiological studies have reported associations between short relative TL
measured in peripheral blood cells, and increased risk for various cancer types, including lung
(82-85), ovarian (86,87), colorectal (88), and breast cancers (89-91), leading investigators to
hypothesize that TL and TL attrition over the life-course is a critical mechanism underlying
cancer and many other age-related health conditions. However, such associations are not
consistent across all cancers or even within cancer types, with some studies showing null, U-
shaped, or inverse associations (90,92-98). Furthermore, due to the retrospective nature of case-
control studies from which many of these association estimates are obtained, it is unclear
whether telomere shortening occurs after diagnosis, potentially due to cancer progression or
treatment (94,96,97). One striking example of the different conclusions drawn from retrospective
versus prospective studies of TL and cancer risk is a meta-analysis by Wentzensen et al. (99),
which noted the lack of association between TL and cancer risk in prospective studies compared

to an association between short TL and increased cancer risk in retrospective studies. Additional



studies addressing potential issues in reverse causality and residual confounding need to be
performed to further clarify the role of TL as a biomarker for cancer.

Another gap in the literature on the role of TL as a biomarker of cancer is the lack of
systematic evaluation of the correlates of TL, particularly among older individuals. Although
many studies of TL and disease risk adjust for age and sex, most do not comprehensively adjust
for other potential confounders such as sociodemographic or lifestyle covariates. While a recent
review paper summarizes TL-associated phenotypes from different studies (31), few have
comprehensively examined TL correlates in a single population as was done in the Copenhagen
General Population Study (100). Furthermore, some correlates of TL, such as socioeconomic
status or lifestyle factors may be time-varying in nature, resulting in potential confounding in
cross-sectional analyses of correlates with TL. Efforts to comprehensively characterize TL
correlates by simultaneous adjustment of covariates across multiple domains (including
demographic, socioeconomic and lifestyle) with attention to time-varying covariates are
necessary because inadequate adjustments for correlates of TL may confound associations
between TL and cancer risk, resulting in biased associations. Because studies of TL and age-
related diseases are typically conducted among older individuals, a more complete understanding
of TL correlates in an older population would allow for better confounder identification and
adjustment.

Also lacking from the literature on TL and cancer is data from non-Western populations.
Although there is a sizable body of epidemiologic literature investigating the association between
TL and cancer risk, these studies have primarily been conducted in populations of European

(17,84,86,87,94-97) and East Asian descent (82,83,90,92,98). Inclusion of more diverse



populations are necessary to more fully understand TL determinants and associations in context

of unique genetic, demographic, and lifestyle profiles.

STRATEGIES FOR ADDRESSING THE KNOWLEDGE GAPS

The primary gaps in knowledge were addressed in Chapters 2-4 of the dissertation.

In Chapter 2, a Mendelian randomization approach was used to estimate the associations
between nine TL-associated SNPs and risk for five common cancer types (breast, lung,
colorectal, ovarian and prostate cancer, including subtypes) using data from Genetic
Associations and Mechanisms in Oncology (GAME-ON), a large consortium of genome-wide
association studies on 51,725 cases and 62,035 controls. Genetic variants are randomly assigned
at conception, and therefore not susceptible to the effects of potentially confounding
environmental factors or issues of reverse causality. By using genetic variants as proxies of TL,
this method addresses issues that may bias retrospective studies specifically and observational
studies in general.

In Chapter 3, a comprehensive approach was taken to simultaneously adjust for multiple
demographic, socioeconomic, and lifestyle variables in association with TL in the Health and
Retirement Study (HRS), a nationally representative longitudinal study of the health and
economic well-being of aging individuals. Furthermore, the time-varying associations between
smoking and TL were analyzed using smoking statuses reported every two years for up to 16
years prior to DNA collection for TL measurement. This comprehensive characterization of

correlates of TL will allow for evidence-based confounder selection and adjustment for future



observational studies of TL and cancer risk, particularly in context of smoking, a major risk
factor for cancer.

In Chapter 4, a prospective study design was employed in which baseline TL was
assessed prior to any cancer development or other adverse health outcomes. Subjects in this
study belonged to the Health Effects of Arsenic Longitudinal Study (HEALS) in Araihazar,
Bangladesh, with individuals followed for up to 12 years for various outcomes, including skin
lesions, nonmelanoma skin cancer, and mortality. In this chapter, TL association with arsenic
exposure (as well as other demographic, socioeconomic, and lifestyle factors) were characterized
in a Bangladesh cohort study. In addition, association between prospectively measured TL and
subsequent skin lesion incidence was investigated in a nested case-control study. The prospective
design of this study reduces potential bias due to reverse causality, and analysis of the
Bangladeshi cohort provides a unique opportunity to investigate TL determinants and
associations in a population of South Asian descent with a unique dietary profile and genetic

background and a shorter life expectancy.

RATIONALE

Why examine non-genetic determinants of telomere length?

It is necessary to first establish that non-genetic determinants of telomere length observed in our
studies are consistent with previous findings. This can serve to confirm the validity of TL
measured in our laboratory and help to characterize sources of variation in our TL measure
attributable to study design, covariates, or study-specific factors. Additionally, while the primary

question is the effect of telomere length on cancer, it is also important to characterize the



possible determinants of TL as potential modifiable risk factors for cancer as a preliminary step

for exploring subsequent cancer prevention measures.

Why use both genetic variants and molecular biomarkers as measures of telomere length?
Measures of telomere length through Southern blot analysis of the terminal restriction fragment
length (101), and by RT-PCR (102) are well-validated methods. However, the analysis of
telomere length association in epidemiologic observational studies, no matter how accurately
measured, can be confounded by unmeasured covariates, and it is impossible to design a
randomized controlled trial to test the effect of telomere length on health outcomes. Instead,
genetic variants for telomere length can be compiled into a multi-SNP risk score (an
“instrumental variable”) used to indirectly to assess the causal relationship between TL and
cancer while sidestepping the issues of confounding associated with analysis of observational

data (103).

Why use multiple datasets?

The use of large case-control genome-wide association study data allows the analysis of large
sample sizes of cancer cases, resulting in a better powered study to examine the relationship
between TL-related SNPs and cancer risk. This is particularly beneficial in the instance of the
post-genome wide association consortium study, GAME-ON, which has compiled summary data
of multiple cancer sites from multiple groups, with up to tens of thousands of cases per analysis.
The use of HRS, a nationally-representative cohort of older subjects to characterize correlates of
TL is important for two reasons: 1) the need to characterize TL as a biomarker for cancer is

particularly relevant to older individuals, who are more likely to experience aging-related



adverse health outcomes such as cancer; 2) older individuals represent an important age group to
study given the longer period of time over which environmental effects on TL may accumulate.
The use of the Bangladeshi prospective nested case-control design avoids or minimizes several
potential biases of retrospective case-control studies (including survival bias and reverse
causation). Furthermore, the additional use of multiple ethnic groups is valuable for investigating
telomere length associations in groups of different genetic and lifestyle profiles, which may offer
unique insights in heterogeneous effects across groups, or further strengthen the evidence of

association for determinants that remain homogenous across groups.

SIGNIFICANCE

Should TL or its genetic proxies prove to be predictive of cancer risk, future cancer
prevention efforts could consider TL as a novel risk measure, or potentially a pharmacological
target for cancer prevention. Comparison of the genetic and environmental factors associated
with TL in the Bangladeshi study and the two primarily Caucasian studies will improve our
understanding of how TL determinants vary between ethnic populations, allowing the future
development of targeted interventions. Addressing these knowledge gaps is a critical step
towards clarifying the causal relationship between TL and cancer, with the long-term goal of

using this knowledge to improve cancer prediction and prevention.
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ABSTRACT

Epidemiological studies have reported inconsistent associations between telomere length
(TL) and risk for various cancers. These inconsistencies are likely attributable, in part, to biases
that arise due to post-diagnostic and post-treatment TL measurement. To avoid such biases, we
used a Mendelian randomization approach and estimated associations between nine TL-
associated SNPs and risk for five common cancer types (breast, lung, colorectal, ovarian and
prostate cancer, including subtypes) using data on 51,725 cases and 62,035 controls. We then
used an inverse-variance weighted average of the SNP-specific associations to estimate the
association between a genetic score representing long TL and cancer risk. The long TL genetic
score was significantly associated with increased risk of lung adenocarcinoma (P=6.3x10™"),
even after exclusion of a SNP residing in a known lung cancer susceptibility region (TERT-
CLPTM1L) P=6.6x10"®). Under Mendelian randomization assumptions, the association estimate
(odds ratio (OR)=2.78) is interpreted as the OR for lung adenocarcinoma corresponding to a
1000 base pair increase in TL. The weighted TL SNP score was not associated with other cancer
types or subtypes. Our finding that genetic determinants of long TL increase lung
adenocarcinoma risk avoids issues with reverse causality and residual confounding that arise in
observational studies of TL and disease risk. Under Mendelian randomization assumptions, our
finding suggests that longer TL increases lung adenocarcinoma risk. However, caution regarding
this causal interpretation is warranted in light of the potential issue of pleiotropy, and a more
general interpretation is that SNPs influencing telomere biology are also implicated in lung

adenocarcinoma risk.
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INTRODUCTION

Telomeres are DNA-protein complexes at chromosome ends that help maintain genome
stability by protecting DNA from damage and fusion. The DNA component is a 6-base
TTAGGG repeat sequence that shortens with each cell division. In differentiated cells, telomere
shortening eventually leads to loss of telomere protection and genome instability, typically
triggering cell senescence or programmed cell death (1). In stem and progenitor cells, the
telomerase enzyme elongates telomeres, enabling prolonged cell survival (2). Telomerase is also
reactivated in >90% of human tumors (3), which typically have short telomeres (a potential
cause of genome instability), thus promoting proliferation and survival (4).

The critical role of telomeres and telomerase in carcinogenesis has led to the hypothesis
that short telomere length (TL) is a risk factor for cancer (5). Indeed, short relative TL measured
in surrogate tissues, such as peripheral blood cells, has been associated with increased risk for
lung (6, 7), ovarian (8), colorectal (9), and breast cancers (10, 11) in epidemiological studies
(with the interpretation that blood TL predicts cancer risk because it is a proxy for TL in cancer-
prone tissues). However, such associations are not consistent across all cancers or even within
cancer types, with some studies reporting null, U-shaped, or positive associations (11-16).
Furthermore, due to the retrospective nature of case-control studies from which many of these
association estimates are obtained, telomere shortening that occurs after diagnosis, potentially
due to treatment (17, 18) or disease progression, can result in biased estimates of the association
between TL and cancer risk (6, 8, 14).

Genome-wide association (GWA) studies have identified several genomic regions
containing variants associated with TL (19-21), including the TERT (telomerase reverse

transcriptase) region on 5p15.33. Furthermore, GWA studies of cancer risk have observed that
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variants in the TERT region influence risk for multiple cancer types, including breast (22),
colorectal (23), lung (24), prostate (24), and ovarian (22) cancer, although these associations do
not appear to all be driven by the same causal variant. In light of this evidence indicating an
important role for telomeres in carcinogenesis, we undertook a comprehensive examination of
associations between genetic determinants of TL and cancer risk.

In this work, we describe the associations between nine TL-associated genetic variants
and risk for five cancer types (breast, lung, colorectal, ovarian and prostate), using data from the
Genetic Associations and Mechanisms in Oncology (GAME-ON) network of consortia for post-
GWA research. In addition, we estimate the association between a multi-variant TL score and
cancer risk, which corresponds to the effect of TL on cancer risk under Mendelian randomization
assumptions (25). However, this interpretation requires caution because the validity of the
Mendelian randomization assumptions (such as the absence of pleoitropy) cannot be proven.
Because genotype-phenotype associations are not vulnerable to biases caused by reverse
causation or confounding by environment, the Mendelian randomization approach used in this
study is an attractive approach for estimating relationships between TL and cancer risk that is not

prone to biases due to confounding by environment, lifestyle, or treatment-related factors.

RESULTS

The Genetic Associations and Mechanisms in Oncology (GAME-ON) Consortium is a
network of five consortia focused on cancers of the breast, colon, lung, ovary, and prostate. The
GAME-ON network represents 33 GWA studies and is comprised of >51,000 cancer cases and

>62,000 controls (26). Samples sizes for each cancer type and subtype are listed in Table 2.1.
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Table 2.1. Sample sizes for cancer types included in the Genetic Associations and Mechanisms in
Oncology (GAME-ON) consortium. Details on the GAME-ON Network and the contributing GWA
studies have been previously described (26): (http://epi.grants.cancer.gov/gameon/)

Cancer Type Cases Controls GWA studies®
Breast

All 15,748 18,084 11
ER-negative 4,939 13,128 8
Colorectal 5,100 4,831 6
Lung”

All 12,160 16,838 9
Adenocarcinoma 3,718 15,871 9
Sguamous 3,422 16,015 9
Ovarian®

All 4,369 9,123 3
Clear-cell 356 9,123 3
Endometrioid 715 9,123 3
Serous 2,556 9,123 3
Prostate

All 14,160 12,724 6
Aggressive 4,450 12,724 6

®Not including studies from the Genetics and Epidemiology of Colorectal Cancer Consortium (GECCO)
®Subtypes not representative of all existing subtypes within cancer type

Association estimates for individual SNPs

Based on the existing literature, we identified nine SNPs showing genome-wide
significant associations (P<5x107®) with TL in GWA studies (19-21). From these prior papers we
obtained the identifier for the lead SNP at each reported locus as well as the “long TL” allele,
association estimate for the “long” allele (in terms of kb of TL per allele), standard error, and P-
value for each SNP’s association with TL (Table 2.2). We estimated associations between each
of the nine TL-associated SNPs and risk for each of the five common cancer types and subtypes

in the GAME-ON study, shown as forest plots in Supplementary Figure 2.1. Of note, for all nine
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Table 2.2. Characteristics of genetic variants associated with relative telomere length as reported in
prior genome-wide association studies

SNP “Long” Beta

Identifier Chr. Locus  Allele estimate® P-value Source
rs10936599 3 TERC C 0.117 2.5x10°* Codd et al., 2013(19)
rs2736100 5 TERT C 0.094  4.4x10"™  Codd etal., 2013(19)
rs7726159" 5 TERT A 0.073 4.7x10"  Pooley et al., 2013(21)
rs7675998 4 NAF1 G 0.090 4.3x10™ Codd et al., 2013(19)
rs9420907 10 OBFC1 C 0.083 6.9x10™ Codd et al., 2013(19)
rs6772228 3 PXK T 0.120 3.9x10™  Pooley et al., 2013(21)
rs8105767 19 ZNF208 G 0.058 1.1x10°° Codd et al., 2013(19)

rs755017 20 RTEL1 G 0.074 6.7x10° Codd et al., 2013(19)
rs412658° 19 ZNF676 T 0.050 9.8x10°  Mangino et al., 2012(20)
rs3027234 17 CTC1 C 0.057 2.3x10®  Mangino et al., 2012(20)
rs11125529 2 ACYP2 A 0.067 4.5x10° Codd et al., 2013(19)

*Reported in kb telomere per “long” allele
®In linkage disequilibrium (r*=0.382) with rs2736100 of the TERT locus, excluded from all analyses
°In linkage disequilibrium(r’=0.704) with rs8105767 of the ZNF208 locus, excluded from all analyses

SNPs, the long TL allele had an OR >1 for lung adenocarcinoma, with four of the nine
associations being statistically significant (P<0.05) (Figure 2.1, top left). In contrast, no TL-
associated SNP was significantly associated with squamous cell carcinoma of the lung (Figure
2.1, bottom left). Prostate cancer risk also showed nominally significant positive associations

with the long TL alleles for three of the nine SNPs (P<0.05) (Supplementary Figure 2.1).

Mendelian randomization estimates based on multi-SNP scores

We estimated the associations between a “multi-SNP TL score” and risk for each cancer
(Table 2.3) using a previously-described Mendelian randomization approach that obtains an
estimate using an inverse-variance weighted average of SNP-specific associations (27, 28) (see
Methods). Of note, we identified a highly statistically significant association between long TL
and increased risk of lung adenocarcinoma with an odds ratio (OR) of 2.78 per 1 kb increase TL

(95% Confidence Interval (Cl) 2.16, 3.58; P = 6.3x10™). However, we observed no such
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association for squamous cell carcinoma of the lung. Associations for these two lung cancer
subtypes are displayed in Figure 2.1 (right) as solid red lines (slope=In(OR)) overlaid on the
association estimates for the nine SNPs that were used to generate the OR. A positive slope
indicates that longer TL is associated with increased cancer risk, while a negative slope indicates
that longer TL is associated with decreased risk. The correlation (r) between the magnitude of the
SNPs’ associations with TL and the magnitude of the SNPs’ associations with adenocarcinoma
risk was 0.17. Other than lung adenocarcinoma, no other cancer types showed a statistically
significant association with the multi-SNP score. However, prostate cancer risk showed
suggestive evidence of positive association with long TL with a Mendelian randomization OR of
1.21 per 1 kb increase in TL (95% CI 0.99, 1.46; P = 0.06). Scatter plots for all cancer types are
displayed in Supplementary Figure 2.2.

Additional age- and sex-stratified analyses were conducted for overall lung cancer, with
findings indicating similar estimates for younger subjects (<50 years old) (OR = 1.95; 95% CI
1.19, 3.21; P = 0.008) and older subjects (>50 years old) (OR =1.78; 95% CI 1.47, 2.15; P =
2.98x107) and similar estimates for men (OR = 1.72; 95% CI 1.38, 2.14; P = 1.06x10°®) and
women (OR = 1.99; 95% ClI 1.42, 2.77; P = 5.3x10™).

In addition to the inverse-variance weighted approach for obtaining Mendelian
randomization estimates, we also used a likelihood-based Mendelian randomization method (28).
Both methods produced very similar estimates for all cancer types, although the lung
adenocarcinoma estimates varied more between the two methods compared to the other cancer

types (Table 2.3).
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Table 2.3. Odds ratios (ORs) of cancer risk per 1000 base pair increase in telomere length
according to a multi-SNP telomere length score using the inverse-variance weighted method (left),
and the likelihood method (right)

Inverse-Variance

Weighted Method Likelihood Method
Cancer Type OR 95% ClI P-value OR 95% ClI P-value
Breast
All 1.02 0.86,1.21 0.82 1.02 0.86,1.21 0.81
ER-negative 1.05 0.81,1.38 0.70 1.05 0.80,1.38 0.70
Colorectal 1.25 0.92,1.69 0.15 1.26 0.92,1.71 0.15
Lung
All 165 1.39,1.96 1.3x10° 1.67 1.40,2.00 1.3x10®
Adenocarcinoma 2.87 2.20,3.74  6.3x10™ 3.03 2.29,4.01 8.2x107%
Squamous 1.04 0.79, 1.36 0.79 1.04 0.79,1.36 0.79
Ovarian
All 1.13 0.87,1.47 0.37 1.13 0.87,1.48 0.36
Clear-cell 1.65 0.78,3.51 0.19 1.68 0.78,3.61 0.19
Endometrioid 1.30 0.75,2.24 0.35 1.30 0.75,2.25 0.35
Serous 1.19 0.86, 1.65 0.30 1.19 0.86,1.66 0.29
Prostate
All 1.21 099, 1.46 0.06 1.22 1.00,1.48 0.06
Aggressive 1.10 0.83,1.45 0.52 1.10 0.83,1.46 0.51
Sensitivity Analyses

The estimates reported above can only be interpreted as the causal effect of average TL
on cancer risk when the Mendelian randomization assumptions are valid—namely, when 1) the
SNPs from the literature are truly predictive of TL in the cancer-prone tissue, 2) the SNPs are not
associated with other factors (confounders) that influence both TL and cancer risk, and 3), the
SNPs only affect cancer risk through their effects on TL, i.e. there are no alternative causal

pathways by which the SNPs influence cancer risk. Violation of any of the assumptions can
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Figure 2.1. Forest plots (left) and scatter plots (right) of associations between telomere length-
associated SNPs and risk for lung adenocarcinoma (top) and squamous cell carcinoma (bottom).
Forest plots show association estimates (with horizontal bars indicating 95% confidence interval)
for the “long telomere” allele of each SNP with cancer risk. SNPs are ordered by increasing
magnitude of association with telomere length. Scatter plots show the per-allele association with
cancer risk plotted against the per-allele association with kb of telomere length (with vertical and
horizontal black lines showing 95% confidence interval for each SNP). The scatter plot is overlaid
with the Mendelian randomization estimate (slope of red solid line with dotted lines showing 95%
confidence interval) of the effect of telomere length on cancer risk
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result in a biased causal estimate for the effect of TL on cancer risk. We performed sensitivity
analyses in which SNPs were excluded from the multi-SNP score based on potential violation of
these assumptions.

To assess a potential violation of the first assumption, an additional analysis was
performed after excluding the SNP near the PXK region (rs6772228), which may be a false
positive association evidenced by its lack of plausible biological explanation, and the lack of
consistency in its association with TL across several study sites (21). This “strict” analysis
resulted in a notable difference only for prostate cancer risk, which now showed a statistically
significant estimate (OR 1.27; 95% CI 1.03, 1.54; P = 0.02) (Supplementary Table 2.1).

To assess potential violation of the second and third assumptions, an additional analysis
was performed including only SNPs for which the magnitude of association with cancer risk
appeared to be proportional to the magnitude of association with TL. Under Mendelian
Randomization assumptions two and three, the ratio of the SNP-cancer association to the SNP-
TL association for each SNP should be similar for all SNPs used in the SNP score. An inflation
of the ratio for any single SNP may be an indication that the SNP exerts a pleiotropic effect on
cancer that is unrelated to its effect on TL. Deviation from this expectation is tested using a
goodness-of-fit test (29, 30), in which SNPs that exhibit evidence of pleiotropy due to an inflated
SNP-cancer to SNP-TL ratio can be detected and excluded from Mendelian randomization
analyses (see Materials and Methods).

The exclusion of SNPs that failed the goodness-of-fit test (Supplementary Table 2.2)
resulted in two notable findings (Supplementary Table 2.1). First, exclusion of the SNPs in the
TERT and CTC1 regions from the SNP set used for overall prostate cancer resulted in a stronger,

statistically significant association (OR = 1.45; 95% Cl 1.18, 1.82; P = 7.9x10™). Second, the
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exclusion of the SNP in the TERT region from the SNP set used for lung adenocarcinoma
resulted in a somewhat attenuated association, but the association remained statistically
significant: (OR = 2.00, 95% CI: 1.48, 2.70, P = 6.6x10°). Lung adenocarcinoma had a
significant heterogeneity test statistic (Supplementary Table 2.2), which likely explains why
there was a difference in the estimates obtained using the inverse-variance weighted method and
the likelihood method noted earlier; the optimization algorithm of the likelihood-based method
can have poor convergence when the heterogeneity statistic is strongly significant (28). This
difference in estimates between methods is eliminated after excluding the TERT SNP

(rs2736100) that drives the heterogeneity in association estimates for lung adenocarcinoma.

DISCUSSION

In this analysis of cancer risk across five cancer-prone organs, we observed that a multi-
SNP score for long telomeres is significantly associated with increased risk of lung
adenocarcinoma (but not squamous cell carcinoma) and suggestively associated with increased
risk of prostate cancer. We did not observe an association between the multi-SNP score and risk
of breast, colorectal, or ovarian cancer (including subtypes). Under Mendelian randomization
assumptions, the associations reported here can be interpreted as effects of TL on cancer risk,
although caution regarding such an interpretation is warranted because the validity of these
assumptions (such as the absence of pleiotropy) cannot be proven. Our results were consistent
using two different analytic approaches. After performing sensitivity analyses in which SNPs
were excluded from the multi-SNP score based on potential violation of Mendelian
randomization assumptions, the association with prostate cancer risk became statistically

significant. In addition, the exclusion of the SNP in the TERT region (a known susceptibility
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locus for lung cancer) from the lung adenocarcinoma analysis resulted in an attenuated but still
highly statistically significant association, indicating that the observed association is not solely
driven by the SNP in the TERT region. Even after dropping the three SNPs showing significant
association with lung adenocarcinoma (in TERT, OBFC1, and NAF1) the association is still
nominally significant (OR = 1.54, P = 0.018).

Several epidemiologic studies have examined the association between leukocyte TL and
lung cancer risk. Three retrospective case-control studies reported an association between long
TL and decreased lung cancer risk in US and Korean subjects (7, 31, 32). However, a fourth
stratified retrospective case-control study showed a positive association between TL and
adenocarcinoma risk, but an inverse association for squamous cell carcinoma (33). In two studies
with prospective TL measurement, long TL was found to be associated with increased overall
lung cancer risk among Caucasian male smokers (34) and East Asian female never-smokers (13),
while a large Danish general population study found no association (12). In a pooled analysis of
three prospective cohort studies including the aforementioned two prospective studies and a third
study conducted in the United States, long telomeres were associated with increased lung cancer
risk, and the association was present in adenocarcinoma while absent in squamous cell
carcinoma (35). Consistent with findings from the prospective studies and the stratified case-
control study, we observed a positive association between the long TL SNP score and lung
cancer risk corresponding to an OR of 1.65 per 1000 base pairs (bp) TL for overall lung cancer
(P =1.3x 10®) and an OR of 2.87 per 1000 bp TL for lung adenocarcinoma (P = 6.3 x 10™°)
(assuming valid Mendelian randomization assumptions). Seow et al. reported the risk of overall
lung cancer between the lowest quartile and highest quartile as OR = 1.86 (95% CI 1.33-2.62),

and the risk of adenocarcinoma cancer as OR = 2.52 (95% CI 1.38-4.60) (35). While our
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estimates are not directly comparable to these prior estimates due to differences in the scale of
the TL variable (kb vs. quartiles), we used a simple simulation to show that our estimates are
similar to these prior estimates. We simulated normally distributed TL variables with a mean of
6000 bp and standard deviations ranging from 400 to 700 bp based on values observed from
prior literature (36-38). The difference between the mean values for quartiles one and four
ranged between 1018-1781 bp. We then rescaled our ORs to correspond to a difference in 1018-
1781 bp rather than 1000 bp. The resulting estimates are OR = 1.68-2.94 for overall lung cancer
risk between the lowest and highest quartiles, and OR = 2.92-5.11 for lung adenocarcinoma risk
between the lowest and highest quartiles. These are comparable with the estimates reported by
Seow et al. The observed heterogeneity in our association estimates is likely due to the two
subtypes being biologically distinct, having previously been characterized as having different
genetic susceptibilities (39), unique gene expression profiles (40), distinct molecular features
(41), and different patterns of chromosomal imbalance (42).

The Asian female non-smokers among whom a TL-lung cancer association was observed
(13) were also recently studied to evaluate seven TL-associated SNPs in relation to lung cancer
risk (43). Consistent with our findings, the risk score for long TL was associated with an increase
in lung cancer. Furthermore, their stratified analyses suggested a stronger association among
younger individuals (<60 years old) and significant associations for both adenocarcinoma and
squamous cell subtypes. In contrast, our stratified analyses produced similar estimates by age
and different estimates by subtype. Potential factors driving these differences in findings may be
differences in ancestry or differences in the etiology of subtypes between the two study

populations.
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A protective effect of short TL on lung cancer risk has a biologically plausible
explanation, as short telomeres could protect against cancer by triggering cell senescence or
programmed cell death in the presence of functional cell cycle checkpoints and intact apoptotic
pathways (44). Conversely, long telomeres may enable additional rounds of cell division,
allowing more opportunities for the accumulation of somatic mutations that promote
carcinogenesis, resulting in greater susceptibility to malignant transformation (45, 46). The
association between long TL SNPs and increased cancer risk has also been previously observed
in melanoma cancer (47), with a proposed mechanism being that long telomeres increase the
proliferative duration of cells, thus delaying senescence and allowing further mutations to occur
(48).

Cigarette smoking is a potential confounder in many epidemiologic studies of TL and
cancer due to its correlation with short TL (49). However, our study utilizes genetic variants
associated with TL as proxy for actual measured TL, and is therefore not subject to the potential
confounding effects of smoking and other exposures. TL-outcome confounders such as smoking
would only introduce bias if the genetic variants used in score are also associated with smoking
behavior, as it would be a violation of the second Mendelian randomization assumption.
Smoking-related violation of Mendelian randomization assumptions (e.g., SNPs that influence
TL through smoking behavior) is unlikely due to the lack of an association between the TL SNP
score and squamous cell carcinoma of the lung, which would be expected to have a stronger
association with smoking-related SNPs than adenocarcinoma (50), and due to the lack of
evidence that these SNPs influence smoking behavior based on prior GWA studies.

There are few published studies on TL and prostate cancer risk. In a small retrospective

case-control study (51) and two prospective studies (12, 52), no statistically significant
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association was observed. In contrast, we observe a suggestive association between long TL and
increased risk for prostate cancer, an association that increases in significance in the context of
the “goodness-of-fit”-based sensitivity analyses. This finding warrants further investigation.

Results from prior studies of TL and colorectal cancer risk are also inconsistent. An
inverse association between TL and colorectal cancer risk was described in two case control
studies (9, 14), while a U-shaped association (16) and three null-associations (12, 14, 15) were
observed in prospective studies. Consistent with the previous null-findings, our results show no
significant association between TL and colorectal cancer risk, despite the inclusion of the TERC
rs10936599 SNP, which was previously reported to be associated with both increased TL and
increased risk of colorectal cancer (53). The null findings were also consistent in an analysis of
data from the Genetics and Epidemiology of Colorectal Cancer Consortium (GECCO) (54)
(Supplementary Figure 2.3).

Although one prospective study showed evidence for association between long TL and
increased breast cancer risk (12), two different meta-analyses of TL and breast cancer risk based
on multiple retrospective and prospective studies concluded there was no overall evidence of
association (6, 8). Our findings for overall breast cancer are in agreement with these prior null
studies. In addition, we observe no association between the TL SNP score and ER-negative
breast cancer risk. For ovarian cancer, two prior case-control studies observed an association
between longer telomeres and decreased risk (55, 56), one case-control study reported no
association (57), while a prospective study also reported no association (12). Our results for
overall ovarian cancer, as well as three subtypes, provide no evidence of association with TL-
associated SNPs. This lack of association is observed despite the inclusion of SNP rs2736100

located in the TERT region, which showed a nominally-significant association with the serous
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subtype of ovarian cancer (P = 0.023) and is in high LD (r*= 0.8) with a SNP previously
observed to be associated with ovarian cancer (22). Estrogen has been demonstrated in
experimental studies to have positive effects on telomerase activity (58), and in epidemiologic
studies estrogen has been shown to have a positive association with TL (59). With estrogen as a
potential confounder of the association between TL and ER-positive breast and ovarian cancers,
it will likely be difficult to parse out the specific role of TL in estrogen-related cancer risk in
epidemiological studies. However, Mendelian randomization estimates such as those reported
here will not be biased due to confounding by estrogen level. These multi-SNP null findings are
similar to what Pooley et. al. also observed while investigating individual TL SNP associations
with breast, ovarian, and prostate cancer risks (21).

Although it is not possible to prove the validity of the Mendelian randomization
assumptions, it is possible to conduct sensitivity analyses to protect against some potential
violations of these assumptions. To address a potential violation of the first assumption—that the
SNPs are associated with TL in our study population —we conducted analyses excluding PXK
SNP rs6772228, whose association with TL has been questioned due to the lack of consistency in
its association across several study sites (21). After exclusion, the results were essentially
unchanged. For overall prostate cancer, however, the association became statistically significant,
lending support to the hypothesis that long TL is associated with an increased risk of prostate
cancer.

To address potential violations of the assumption that the SNPs do not have effects on
cancer risk independent of their effects on TL, we re-estimated the associations between the TL
SNP score and cancer after stepwise removal of potentially-problematic SNPs from the SNP set

using a goodness-of-fit test of the proportionality of the SNPs’ associations with TL and cancer
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risk. These exclusions resulted in some attenuation of the association with lung adenocarcinoma,
but did not substantially alter our conclusions. For prostate cancer, the association with the multi-
SNP score became statistically significant after excluding TERT SNP rs2736100 and CTC1 SNP
rs3027234. The heterogeneity in association of SNPs in TERT and CTC1 identified by the
goodness-of-fit test suggests potential pleiotropic effects of these genetic variants through
mechanisms other than TL. The association between TERT SNPs and breast and ovarian cancer
risks via pathways other than TL has been previously observed (22), and potential extra-
telomeric roles have previously been suggested for both telomerase (60) and CTC1 (61),
providing a plausible biological basis for excluding the TERT and CTC1 SNPs from our analysis.
It is important to note however, that these secondary sensitivity analyses are data-driven, and are
presented as a supplement to the primary analyses that include all nine SNPs.

There are several limitations of this work. The summary-level data did not allow for
analyses stratified by covariates of interest such as sex and age. Additionally, our analysis
assumed a log-linear association between TL and cancer risk, and the existence of a non-linear
(e.g. U-shaped) association may limit our ability to detect an association. Our estimates
generated using Mendelian randomization are unbiased only if the SNPs analyzed do not affect
cancer risk through causal pathways other than those involving TL. This assumption cannot be
proven; however, our confidence in the validity of this assumption is strengthened by the fact
that our primary finding is robust to the exclusion of SNPs with potential pleiotropic actions
based on prior evidence (TERT) and a goodness-of-fit test (Supplementary Tables 2.1, 2)
(although it is possible that the goodness-of-fit test is underpowered to identify pleiotropic
effects). Our power to detect associations is limited by the small variance in measured TL

explained by SNPs used in this analysis (1-2%) (62), although the GAME-ON Network provides
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very large sample sizes that enable the detection of strong to moderate associations
(Supplementary Table 2.3). Finally, we cannot confirm that genetic determinants of leukocyte
TL also predict tissue-specific TL due to the lack of tissue-based TL measures in genome-wide
association studies. A potential consequence of selecting SNPs lacking tissue-specific
association with TL would be a bias toward the null, reducing our power to detect associations
using TL SNP scores. However, correlations between TL measured in blood and TL measured in
lung (63, 64) and other tissues (65) have been reported (r=0.35-0.84), consistent with the
assumption that SNPs predict TL across multiple tissues. Systematic studies on other tissue types
are needed to further address this uncertainty.

In conclusion, in this comprehensive Mendelian randomization study of TL and risk for
common cancers, we observed a highly significant association between genetic determinants of
long TL and increased risk for lung adenocarcinoma. The estimates reported here are not
vulnerable to biases caused by reverse causation or confounding by unmeasured environmental
factors, strengthening the evidence for a causal role for telomere length in lung adenocarcinoma.
However, the validity of Mendelian randomization estimates is dependent upon several
assumptions, namely no pleiotropic effects (independent of TL) of SNPs on the cancer risk or
confounders of the TL-cancer relationship. The multi-SNP score for TL should be further
investigated as a predictor of adenocarcinoma of the lung, a common lung cancer subtype in both
smokers and non-smokers. Future research efforts need to be undertaken to determine the value
of telomeres as a novel risk measure or a modifiable pharmacological target, with the long term

goal of improving cancer prediction and prevention.
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MATERIALS AND METHODS

The GAME-ON network of consortia for post-GWA research

The goals for each individual center of the GAME-ON consortium were to pool data
from GWA studies to identify new loci, conduct functional studies in the laboratory to identify
causal SNPs and biological mechanisms, and to investigate gene-gene and gene-environment
interactions as a part of efforts to develop risk prediction models. A secondary goal was to test
hypotheses across the centers that might illuminate common mechanisms of susceptibility.
Details of GAME-ON and the participating studies are available at

http://epi.grants.cancer.gov/gameon/, and described previously (26).

Identification of SNPs associated with TL

We identified nine SNPs showing independent genome-wide significant associations
(P<5x10°®) with TL in previously published GWA studies among individuals of European
ancestry (19-21). Although there are specific cancer susceptibility regions of interest such as the
previously described TERT locus, our selection of SNPs is based entirely on the SNPs’ ability to
predict TL based on prior literature, because predictive accuracy is directly related to statistical
power for Mendelian randomization (62). The proportion of variance in measured average TL
that is explained by individual SNPs ranges from 0.06% to 0.2% (19), and is up to 1.6% for a
combined subset of 4 SNPs (20) (no estimate is currently available for all 9 SNPs). Based on the
existing literature, we obtained the identifier for the lead SNP at each reported locus as well as
the “long TL” allele, association estimate for the “long” allele (in terms of kb increase in TL per
allele), standard error, and P-value for each SNP’s association with TL (Table 2.2). Only the lead

SNP from each region was included in the analysis. Although the estimates for these 9 SNPs
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were obtained from three different studies using two different methods (quantitative PCR and
Southern blot of the terminal restriction fragment), we scaled the estimates to the same units (kb
of telomere length per risk allele). Comparability between studies is supported by previous
studies showing that T/S ratio from gPCR using the Cawthon method is strongly correlated with
mean terminal restriction fragment obtained from Southern blot for non-extreme TL values (66).
Data on these nine SNPs were available as summary statistics for all cancer types analyzed in the
GAME-ON consortium, with the exception of colorectal cancer, for which we obtained proxy
SNPs based on strong linkage disequilibrium using the Broad Institute’s SNP Annotation and

Proxy Search tool (67) (Supplementary Table 2.4).

Statistical analysis

For each cancer type, standard fixed-effects meta-analysis methods were used to combine
results from individual GWA studies. For each cancer type, genotyping was performed using
Illumina or Affymetrix arrays of varying densities described elsewhere (26). Quality control
steps taken include gender identity and chromosomal anomaly check, exclusion of related
individuals, principal component-based exclusion of individuals of non-European ancestry,
exclusion of SNPs and individuals with substantial missingness, exclusion of SNPs in Hardy-
Weinberg disequilibrium, and other sample and SNP quality measures. For each study,
imputation was performed using the 1000 Genomes Project Phase 1 version 3 reference
haplotypes, resulting in up to ~10 million SNPs being available for the analysis for each cancer
type.

Associations between SNPs and cancer risk were estimated using unconditional logistic

regression adjusted for age, sex (when applicable), and top principal components (ranging from 2
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to 6 across 48 contributing GWA studies). For the lung cancer study, the association was also
adjusted for smoking pack-years. We performed the analyses separately for cancer subtypes,
including breast (estrogen receptor negative), lung (adenocarcinoma and squamous cell), ovarian
(clear cell, endometrioid, and serous), and prostate (aggressive and non-aggressive as previously
defined (68)). We performed age- and sex-stratified analyses for overall lung cancer, for which
only SNPs imputed to the Illumina 500K array using the HapMap2 reference panel were
available across all sites. For the TL SNPs not available on the 500K array, we were able to
identify tag SNPs (r2>0.8) for all SNPs except PXK SNP rs6772228 (Supplementary Table 2.5).
We estimated the association between a “multi-SNP TL score” and risk for each cancer
using two different Mendelian randomization methods that require only summarized association
estimates for each SNP (hence, no actual score is created for each individual, but we estimated
the association that would be observed for such as score if individual-level data were used). This
approach is appropriate given that the consortium provides only summary estimates rather than
individual-level data for SNP associations. The first method is an inverse-variance weighted
average of SNP-specific associations that has been described previously (27, 28). The Mendelian
randomization estimate £y, and its standard error se(B,y,) Were calculated using the

following equations:
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where Xy is the per-allele estimate of the kth SNP on telomere length, Yy is the per-allelle
estimate of the SNP on the log-odds of cancer, and oy is the corresponding standard error. A
schematic summarizing the aforementioned steps is shown in Supplementary Figure 2.4.

The second method is a likelihood-based method that has been described previously
(28). In brief, TL and cancer risk were jointly modeled using a bivariate normal distribution for
each genetic variant. The model parameters, including a joint linear effect between TL and
cancer log-odds, were estimated using maximum likelihood on the observed data. The
likelihood-based analyses were performed using web-based software

(http://spark.rstudio.com/sb452/summarized/) (28).

The estimates obtained from the methods described above can be interpreted as the effect
of average TL on cancer risk under the following assumptions as previously described for causal
inference based on Mendelian randomization (25): 1) the SNPs from the literature are truly
predictive of TL in the cancer-prone tissue, 2) the SNPs are not associated with other factors
(confounders) that influence both TL and cancer risk, and 3), the SNPs only affect cancer risk
through their effects on TL, i.e. there are no alternative causal pathways by which the SNPs
influence cancer risk.

To visualize the association results for the SNP score, we plotted the association between
each SNP and cancer risk against associations with TL (based on prior literature). Under the
assumption that a SNP’s association with TL is proportional to its association with cancer risk,
one would expect the plotted points to fall along a line that passes through the origin and has a
slope equal to the Mendelian randomization estimate. Thus, a steeper slope indicates a stronger
magnitude of association between TL and cancer risk. Conversely assuming no causal effect of

TL on cancer risk, the Mendelian randomization estimate would correspond to a slope of zero.
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To assess a potential violation of the first assumption (i.e., a true association between
each of the variant and TL), an additional analysis was performed after excluding the SNP near
the PXK region (rs6772228), which may be a false positive association evidenced by its lack of
plausible biological explanation, and the lack of consistency in its association with TL across
several study sites (21). This analysis is referred to as the “strict” analysis. To assess potential
violation of the second and third assumptions (i.e., no confounding or pleiotropy), a goodness-of-
fit test was performed for each SNP set under the null hypothesis that each SNP included in the
SNP score has an association with cancer risk that is proportional to its association with TL. The
rejection of the null hypothesis indicated heterogeneity of the associations between SNPs and
cancer risk relative to the associations between the SNPs and TL. In instances where the null
hypothesis was rejected, stepwise removal of SNPs from the SNP set was performed until there
was no significant heterogeneity, based on a method previously described (http://cran.r-

project.org/web/packages/gtx/) (29). Specifically, For K uncorrelated SNPs,

Xie = Zk¥oy; @)

= 2

2 Brvw
Ars = (Se(EIVW)) )

in which yZ and y2 are X(Zk) and )((21) distributed test statistics, respectively, for the association

between each cancer type and all K SNPs under an unconstrained K degree-of-freedom model,
and for the nested 1 degree-of-freedom risk score model, respectively. Then the goodness-of-fit

test statistic is:
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Qrs = XI% - XT%S (5)

in which Q, is )((Zk_l) distributed under the null hypothesis that all K SNPs are associated with

cancer risk with true association sizes proportional to the associations with telomere length. For
each analysis in which the goodness-of-fit test null hypothesis was rejected (P<0.05), we
removed the SNP that resulted in the greatest reduction of the Q,. test statistic, and repeated the
goodness-of-fit test. If still P<0.05, we repeated the exclusion procedure until P>0.05. The
association estimates obtained from the subsequent analysis using the remaining SNPs that pass
the goodness-of-fit test is referred to as the “goodness-0f-fit based” estimates and displayed in
Supplementary Table 2.1. P-values for the goodness-of-fit test before and after exclusion of
SNPs, and which SNPs were excluded for each cancer analysis for the “goodness-of-fit based”
analysis are shown in Supplementary Table 2.2. An example for this procedure is as follows: for
lung adenocarcinoma, the inclusion of all 9 SNPs results in an OR of 2.87 (P = 6.3x10™"), but
the goodness-of-fit test p-value of 9.0x10°® indicates the presence of heterogeneity with at least
one of the SNPs used in the SNP score. The TERT SNP was identified to be the SNP
contributing the most to this heterogeneity (by stepwise exclusion), and once removed, resulted
in a SNP score with a goodness-of-fit p-value of 0.09, indicating a lack of substantial
heterogeneity in ratio of SNP-cancer to SNP-telomere associations across SNPs. After exclusion
of the TERT SNP, we still observe a significant association in the same direction, albeit
attenuated (OR=2.00, P = 6.6x10°°).

We performed power analyses to estimate the minimum detectable magnitude of

association for each cancer type given the sample sizes available in the GAME-ON study, in
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terms of OR per 1 kb increase in TL. This was done using a web-based application

(http://glimmer.rstudio.com/kn3in/mRnd/) (69), specifying 80% power, 0.05 type-I error rate,

and assuming the variance in TL explained by the nine SNPs is R?=0.01 or R?=0.02,
respectively. Because the web application calculates the detectable OR of cancer risk per one
standard deviation of telomere length, which is roughly equivalent to 500 bp (36, 37), we
exponentiated this OR to the power of 0.5 in order to obtain the detectable OR per 1000 bp

increase TL. (Supplementary Table 2.3).
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SUPPLEMENTARY MATERIALS

Supplementary Figure 2.1. Forest plots of association estimates (with horizontal bars indicating

95% confidence interval) for the “long telomere” allele of each SNP with cancer risk. SNPs are

ordered by increasing magnitude of association with telomere length
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Supplementary Figure 2.1. Continued
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Supplementary Figure 2.2. Scatter plots showing the per-allele association with cancer risk plotted
against the per-allele association with kb of telomere length (with vertical and horizontal black lines
showing 95% confidence interval for each SNP). The scatter plot is overlaid with the Mendelian
randomization estimate (slope of red solid line with dotted lines showing 95% confidence interval) of
the effect of TL on cancer risk
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Supplementary Figure 2.2. Continued

ACTPZ

ACYF2

ZHFZ08

per-allele association with cancer risk {In{CR
4
per-allele association with cancer risk {IN(OR})

T T T T T T T T
0 05 1 15 0 05 1 15
per-allele association with telomere length (beta) per-allele association with telomere length (beta)

Ovarian cancer — all subtypes Ovarian cancer — clear cell

3
2
L

2

1

0
I

1

per-allele association with cancer risk (In{OR))

2

P

i
1

per-allele association with cancer risk {In{OR))

.05 1
per-allele association with telomere length (beta)

Ovarian cancer — endometrioid

cTE

per-allele association with cancer risk {(In{OR})

per-allele association with cancer risk {INn{OR})

.05 Al
per-allele association with telomere length (beta)

15

Ovarian cancer — serous

TERT

05 1
per-allele association with telomere length {beta)

Prostate cancer — all subtypes

55

05 1
per-allele association with telomers length (beta)

Prostate cancer - aggressive



Supplementary Figure 2.3. Forest plot (top) and scatter plot (bottom) of associations between
telomere length-associated SNPs and risk for colorectal cancer. Forest plots show association
estimates (with horizontal bars indicating 95% confidence interval) for the “long telomere” allele
of each SNP with cancer risk. SNPs are ordered by increasing magnitude of association with
telomere length. Scatter plots show the per-allele association with cancer risk plotted against the
per-allele association with kb of telomere length (with vertical and horizontal black lines showing
95% confidence interval for each SNP). The scatter plot is overlaid with the Mendelian
randomization estimate (slope of red solid line with dotted lines showing 95% confidence
interval) of the effect of TL on cancer risk Data is from 10,314 independent cases and 12,857
controls from the Genetics and Epidemiology of Colorectal Cancer Consortium (GECCO)
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Supplementary Figure 2.4. Schematic of the Mendelian randomization estimation method using
data from two different sources

From literature: From GAME-ON:
Telomere Cancer
SNP SNP =—p
X, Length Y, Risk
Obtain X , the per-allele association Obtain Y, the per-allele association for
for the k-th SNP the k-th SNP

Apply equations (1) and (2) (Methods)

Estimated:
Telomere Cancer
Length ﬁww Risk

Estimate Sy, . the multi-SNP risk score association,
corresponding to the effect of telomere length on cancer risk

under Mendelian randomization assumptions

57



89

Supplementary Table 2.1. Odds ratios of cancer risk per 1000 base pair increase in telomere length according to a multi-SNP telomere
length score analysis of strict?, goodness-of-fit (GoF) based®, and strict-goodness-of-fit based® list of SNPs.

Strict GoF-based Strict + GoF-based

Cancer Type Estimate 95% ClI Prit Estimate 95% ClI Psit Estimate 95% ClI Prit
Breast

All 1.07 0.90,1.28 0.43 1.07 0.90,1.28 0.43 1.07 0.90,1.28 0.43
ER-negative  1.04 0.79,1.36 0.79 1.18 0.89,1.55 0.24 1.16 0.88,1.54 0.29
Colorectal 1.21 0.89,1.66 0.23 1.25 0.92,1.69 0.15 1.21 0.89,1.66 0.23
Lung

All 1.68 1.41,2.01 1.0x10% 1.36 1.12,1.65 2.3x10° 1.37 1.12,1.68 2.5x10°
Adeno-

carcinoma 2.93 2.26,3.80 5.9x107 2.00 1.48,2.70 6.6x10° 2.06 1.53,2.78 1.9x10°
Squamous 0.98 0.74,1.29 0.87 1.04 0.79,1.36 0.79 0.98 0.74,1.29 0.87
Ovarian

All 1.13 0.86,1.48 0.39 1.13 0.87,1.47 0.37 1.13 0.86,1.48 0.39
Clear-cell 1.73 0.79,3.79 0.17 1.18 0.54,257 0.68 1.21 0.54,2.72 0.65
Endometrioid 1.28 0.73,2.25 0.40 1.30 0.75,2.24 0.35 1.28 0.73,2.25 0.40
Serous 1.19 0.85,1.67 0.32 1.19 0.86,1.65 0.30 1.19 0.85,1.67 0.32
Prostate

All 1.26 1.03,1.54 0.02 1.46 1.17,1.82 7.9x10* 1.47 1.17,1.83 7.5x10*
Aggressive 1.16 0.87,156 0.31 0.94 0.69,1.28 0.68 1.37 0.99,1.89 0.05

%Strict set includes only high-confidence SNPs.
"GoF-based set includes only non-pleiotropic SNPs based on goodness-of-fit test
‘Strict-GoF-based set includes only high-confidence, non-pleiotropic SNPs



Supplementary Table 2.2. P-values (Ps;) for the goodness-of-fit test before and after exclusion of
SNPs, and the SNPs excluded for each cancer analysis for the “goodness-of-fit based®” analysis.

Cancer Type P-value of SNPs excluded in P-value of the
goodness-of-fit stepwise procedure goodness-of-fit test
test statistic statistic after SNP
including all SNPs exclusion

Breast

All 0.03 rs3027234 (PXK) 0.12

ER-negative 6.5x107 rs8105767 (ZNF208)  0.09

Colorectal 0.22 - -

Lung

All 5.8x10° rs2736100 (TERT) 0.70

Adenocarcinoma 9.0x10° rs2736100 (TERT) 0.09

Sguamous 0.90 - -

Ovarian

All 0.29 - -

Clear-cell 0.01 rs11125529 (ACYP2) 0.34

Endometrioid 0.94 - -

Serous 0.40 - -

Prostate

All 2.0x107 rs2736100, rs3027234 0.08

(TERT, CTC1)
Aggressive 0.03 rs7675998 (NAF1) 0.13

*The goodness-of-fit test described by Johnson (http://cran.r-project.org/web/packages/gtx/index.html)
was applied to the nine SNPs used in the multi-SNP score for each cancer risk association analysis. A chi-
squared test statistic was calculated under the null hypothesis that all nine SNPs are associated with
cancer risk with true effect sizes proportional to the effects on telomere length. For each analysis in which
the goodness-of-fit test null hypothesis was rejected (p<0.05), we removed the SNP that resulted in the
greatest reduction of the test statistic. For all but one cancer subtype analysis, the exclusion of one SNP
removed evidence of heterogeneity (p>0.05). For the overall prostate cancer analysis, a second SNP was
excluded based on the above described method, resulting in no remaining evidence of heterogeneity. All
remaining SNPs that passed the “goodness-0f-fit” test was evaluated as multi-SNP scores in association
with cancer risk.
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Supplementary Table 2.3. Approximate odds ratio (OR) detectable per 2 standard deviations of
telomere length (1000 bp) given sample size, case proportion, and 80% power with 0.05 type-I
error rate assuming the variance in TL explained by the nine SNPs is R?=0.01 or R?=0.02,
respectively.

Cancer Type Sample size  Proportion OR (R°=0.01)  OR (R°=0.02)
cases

Breast

All 33,832 0.47 0.86/1.16 0.90/1.11

ER-negative 18,067 0.27 0.81/1.24 0.85/1.17

Colorectal 9,931 0.51 0.76/1.32 0.82/1.22

Colorectal (GECCO) 21,528 0.44 0.83/1.20 0.88/1.14

Lung®

All 28,998 0.42 0.85/1.17 0.89/1.12

Adenocarcinoma 19,589 0.19 0.80/1.24 0.85/1.17

Squamous 19,437 0.18 0.80/1.25 0.85/1.18

Ovarian®

All 13,492 0.55 0.79/1.4 0.84/1.17

Clear-cell 9,479 0.10 0.63/1.62 0.70/1.44

Endometrioid 9,836 0.18 0.68/1.52 0.74/1.35
Serous 11,696 0.44 0.77/1.41 0.82/1.22

Prostate

All 26,884 0.53 0.84/1.19 0.88/1.13

Aggressive 17,174 0.26 0.80/1.24 0.85/1.17

60



Supplementary Table 2.4. Proxy SNPs of genetic variants associated with long relative telomere
length from literature used for colorectal cancer association analyses

2

Chromosome  Locus Original SNP  Proxy SNP  Distance r Proxy Long
Allele

2 ACYP2 rs11125529  rs62139200 359 1.000 T

4 NAF1 rs7675998 rs4443236 3316 0953 T

5 TERT rs7726159 rs4975538 1489 0930 C

20 RTEL1 rs755017 rs2281929 458 1.000 C

61



Supplementary Table 2.5. Proxy SNPs of genetic variants associated with long relative telomere
length from literature used for age and sex stratified overall lung cancer association analyses

2

Chromosome  Locus Original SNP  Proxy SNP  Distance r Proxy Long
Allele

4 NAF1 rs7675998 rs11100479 5081 0953 T

19 ZNF208 rs8105767 rs7257051 103851 0853 G

20 RTEL1 rs755017 rs2281929 458 1.000 C

2 ACYP2 rs11125529  rs11890390 9816 0932 T

17 CTC1 rs3027234 rs8075078 50004 0862 G
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ABSTRACT

Inconsistent associations between smoking and telomere length (TL) have been reported
in epidemiologic studies, perhaps due to the time-varying nature of smoking behavior. We
estimated the associations between TL (n=5,624, measured by quantitative polymerase chain
reaction using saliva DNA) and concurrent and past smoking status, reported biennially for up to
16 years prior to TL measurement, using the Health and Retirement Study (1992-2008).
Smoking was associated with reduced TL when using prospective data on smoking status among
men and women, but the association was strongly attenuated in cross-sectional analyses among
men. This attenuation was largely due to a higher rate of smoking cessation during the study
period among males with shorter TL compared to males with longer TL. Short TL was also
associated with poorer overall health in men, suggesting that male smokers with short TL were
more likely to quit smoking due to poor health. Analyses of years since cessation, smoking
duration, and pack-years all support the hypothesis that increased cigarette use shortens TL. Our
results provide a potential explanation for inconsistent associations between smoking and TL
reported in previous cross-sectional studies. Time-varying associations should be considered in

future studies of smoking behavior, TL, aging, and disease risk.
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INTRODUCTION

Telomeres are DNA-protein complexes at chromosome ends that protect DNA from
damage. Shortening of the DNA component of telomeres occurs with cell division, with average
leukocyte telomere length (TL) decreasing approximately 25 to 50 base pairs per year in adults
(1). TL has been studied extensively as a biomarker of aging and susceptibility to age-related
diseases, including cardiovascular diseases, cancers, and neurocognitive diseases (2-5).

Cigarette smoking results in exposure to free radicals and reactive oxygen species leading
to increased oxidative stress and inflammation (6). Both processes have also been linked to TL
shortening (7-9), leading to the hypothesis that smoking promotes TL shortening (10). However,
epidemiologic reports of smoking and TL have been inconsistent, with some studies finding
short TL associated with smoking (11-20), while others find no association (21-26). This
inconsistency is also seen in studies of smoking and longitudinal measures of TL attrition, with
some studies finding associations between smoking and TL shortening (17,18), while others find
no association (19,20). Furthermore, a study of older men in the Helsinki Businessmen Study
found that smoking during midlife was associated with short TL measured later in life, but
smoking was not associated with TL in cross-sectional analyses conducted in later life (27),
suggesting that the timing of smoking behavior assessment may be important.

In this study, we examined the association of TL measured in 2008 with both concurrent
smoking and prior smoking reported every two years for up to 16 years prior to TL measurement,
among 5,624 participants in the Health and Retirement Study, a population-based study of
subjects 50 years and older in the U.S. Since both TL (28-30)) and smoking behavior (31,32)

differ by gender, we further examined whether the smoking and TL association varies by sex.
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METHODS

Study participants

The Health and Retirement Study (HRS) is a nationally representative longitudinal study
of >26,000 subjects aged 50 years and older (33). Sponsored by the National Institute on Aging
(U0O1AG009740) and conducted by the University of Michigan (34), the study collects
individual-level information on social, economic and physical health characteristics every two
years, beginning in 1992. At Wave 9 (2008), saliva was collected from a subset of individuals to

obtain DNA using an Oragene self-collection kit (DNA Genotek, Kanata, Ontario, Canada).

TL measurement

TL was measured using quantitative polymerase chain reaction for subjects who provided
a saliva sample (n=5,808) from which DNA was extracted. In brief, TL was measured by
comparing telomere sequence copy number (T) to a single-copy gene copy number (S), with the
resulting “T/S ratio” proportional to the mean TL of a sample. Assays were run in either
duplicate or triplicate, with coefficient of variation of 2.1% between the two procedures. Sample
replicates with coefficient of variation greater than 12.5% were reassayed. Control DNA from
three cancer cell lines were included on each plate, showing inter-plate assay coefficient of
variations 3.5-6.3%. Additional details are available in the 2008 Telomere Length Data
Documentation (34).

To reduce skewness, TL was (natural) log transformed. Subjects with log-transformed TL
exceeding three standard deviations from the mean (n=66) and subjects younger than age 50 at
the time of enrolment (partners of original subjects; n=118) were excluded prior to analyses,

resulting in 5,624 remaining subjects. Because the log-transformed TL distribution was still not
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normally distributed (skewness=-0.50, kurtosis=6.69), we repeated analyses using a normal-

quantile transformation of TL.

Smoking status and covariates

At each wave, data was collected on smoking status (never, former, current) and
cigarettes smoked per day for current smokers (<10, 10-<20, >20). Also collected at least once
during the study for each participant were years of smoking initiation and smoking cessation (if
applicable). From the available data we constructed four variables: 1) For subjects who were
smokers in their first wave, we created a binary variable for quitting during the observation
period, which we refer to as “recent smoking cessation”; 2) For all individuals who were former
smokers at Wave 9, we created a “years since smoking cessation” variable representing years
since quitting relative to Wave 9 (<20, 20-<30, >30), capturing historical smoking cessation
across the lifetime; 3) For ever-smokers, we created a “smoking duration” variable in years (<20,
20-<40, >40) using the reported year of smoking initiation and year of smoking cessation (or
2008 for those who still smoked in Wave 9); 4) Data on smoking intensity prior to the study was
not collected, but for individuals who smoked during the study, we calculated “on-study” pack-
years (<5, 5<10, >10). We imputed missing cigarettes smoked per day for each wave by last
observation carried forward. Estimated lifetime pack-years, which was constructed assuming the
smoking intensity prior to enrollment was the same as lifetime maximum smoking intensity, was
also investigated.

Other covariates were age, sex, race, education, income-to-poverty ratio (i.e., ratio of

household income to the poverty threshold for household size), body mass index, alcohol
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consumption (0, 1-6, or 7+ drinks per week), and daily physical activity (none, light, medium,
vigorous). Covariates were either provided by or derived from RAND HRS Version M (35).
Health conditions related to smoking may also be predictors of TL or consequences of
variation in TL. We used two variables as indicators of individuals’ overall health status: a co-
morbidity index that sums indicators for whether respondents reported a doctor had ever told
them they had any of eight conditions: high blood pressure, diabetes, cancer, lung disease, heart
disease, stroke, psychiatric problems, and arthritis; and self-reported general health status, with 1

being excellent to 5 being poor.

Statistical analysis

To assess the cross-sectional association between current smoking status and TL in Wave
9, we used a linear regression model with TL as the outcome. Additive interactions between
smoking and age/sex were tested. Sex- and age-stratified analyses (<65, 65+) were also
performed to assess potential differences in associations by sex and age. Analyses were repeated
using prospective measures of smoking status reported at Waves 1-8 rather than smoking status
at Wave 9. This analysis was restricted to subjects with TL data who entered in Wave 1
(n=2,369).

Additional smoking characteristics (Wave 9 cigarettes/day, recent smoking cessation,
years since cessation, smoking duration, and “on-study” pack-years) were also tested in
covariate-adjusted models. To assess the association between TL and overall health, models were
fit containing each of the health measures as additional covariates. We also assessed potential
residual confounding due to experimental/batch variation in TL measurement by further

adjusting the statistical model for DNA sample batch (HRS-provided plate numbers). In
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sensitivity analyses we used the post-hoc sampling weights provided by HRS (for each wave
based on post-stratification of the sample to the Current Population Survey or American
Community Survey for the survey year).

Additional stratification by age, adjustment for survey weights, modeling using normal-
quantile transformed TL as the outcome, and adjustment for sample batch were also performed.

All analyses were conducted using Stata 14.0 (StataCorp, College Station, TX).

Simulations to assess bias due to loss to follow-up
To assess potential bias arising from differential loss to follow-up with respect to

smoking and short TL, we conducted analyses of simulated datasets (Web Appendix 1).

RESULTS

Cross-sectional analysis

The characteristics of the 5,624 HRS subjects at the time of TL measurement (Wave 9),
as well as TL means and standard deviations within strata of participant characteristics are shown
in Table 3.1.

5,517 subjects had non-missing data for all demographic and lifestyle covariates included
in the cross-sectional regression analysis. Table 3.2 displays the regression coefficients and
confidence intervals for all variables included in the multivariate model. Beta coefficients are
interpreted as the per unit difference in In(T/S) for continuous variables or the difference in
In(T/S) compared to reference category for categorical variables, adjusting for all other
covariates. TL was shorter with increasing age (P=4.0x10""), longer among women (P=5.8x107%),

and longer among African Americans and Hispanics compared to white subjects (P=1.7x10™"
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Table 3.1. Mean Telomere Length Within Strata of Subject Characteristics, Health and Retirement

Study, 2008
o Male Female All
Characteristics Mean(SD) n Mean(SD) N Mean(SD) n
Age, years
50-54 1.46(0.35) 66 1.42(0.30) 209 1.43(0.31) 275
55-59 1.38(0.36) 355 1.41(0.33) 483 1.39(0.34) 838
60-64 1.34(0.35) 270 1.38(0.33) 462 1.37(0.33) 732
65-69 1.29(0.34) 447 1.34(0.33) 613 1.32(0.34) 1,060
70-74 1.30(0.32) 435 1.30(0.35) 601 1.30(0.34) 1,036
75-79 1.28(0.35) 361 1.29(0.35) 401 1.28(0.35) 762
80-84 1.25(0.33) 223 1.28(0.31) 278 1.27(0.31) 501
85+ 1.23(0.39) 153 1.28(0.34) 267 1.26(0.36) 420
Race
White 1.29(0.34) 1,781 1.32(0.33) 2,430 1.30(0.33) 4,211
African American  1.40(0.41) 266 1.42(0.37) 466 1.42(0.38) 732
Hispanic 1.33(0.34) 213 1.38(0.33) 344 1.36(0.33) 557
Other 1.35(0.38) 50 1.33(0.36) 74 1.34(0.37) 124
Education
<High School 1.31(0.34) 464 1.31(0.34) 700 1.31(0.34) 1,164
GED 1.23(0.30) 103 1.36(0.36) 142 1.31(0.34) 245
High school 1.28(0.37) 616 1.32(0.33) 1,134 1.31(0.34) 1,750
graduate
Some college 1.34(0.37) 501 1.37(0.35) 769 1.36(0.36) 1,270
College+ 1.31(0.32) 624 1.36(0.32) 566 1.33(0.32) 1,190

Income-poverty ratio
<1

1.32(0.32) 129

1.35(0.38) 370

1.34(0.37) 499

1-1.9 1.30(0.36) 359 1.29(0.34) 629 1.29(0.35) 988
2-3.9 1.28(0.34) 735 1.34(0.33) 1,066 1.32(0.34) 1,801
4+ 1.32(0.35) 1,087 1.36(0.32) 1,249 1.34(0.34) 2,336
Body mass index
(kg/m?)
<25 1.26(0.33) 595 1.31(0.33) 1,083 1.29(0.33) 1,678
25-29.9 1.31(0.36) 1,015 1.34(0.34) 1,087 1.33(0.35) 2,102
30-34.9 1.33(0.33) 489 1.35(0.33) 636 1.34(0.33) 1,125
35-39.9 1.35(0.39) 151 1.35(0.32) 292 1.35(0.35) 443
40+ 1.36(0.29) 60 1.40(0.38) 216 1.39(0.36) 276
Smoking

Never smoker
Former smoker
Current smoker

1.33(0.34) 727
1.30(0.36) 1,248
1.31(0.33) 320

1.37(0.33) 1,687
1.31(0.35) 1,194
1.29(0.33) 417

1.36(0.33) 2,414
1.30(0.35) 2,442
1.30(0.33) 737

Alcohol
0 drinks per week

1.29(0.34) 1,307

1.33(0.34) 2,422
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Table 3.1. Continued

1-7 weeks per week  1.34(0.36) 550 1.35(0.34) 622 1.35(0.35) 1,172

7+ drinks per week 1.32(0.35) 448 1.35(0.33) 266 1.33(0.34) 714
Daily activity

None 1.30(0.35) 1,913 1.34(0.34) 2,618 1.32(0.34) 4,531

Light 1.37(0.32) 100 1.30(0.34) 306 1.31(0.34) 406

Medium 1.32(0.33) 213 1.32(0.32) 304 1.32(0.33) 517

Vigorous 1.36(0.34) 82 1.41(0.33) 80 1.38(0.34) 162
Total 1.31(0.35) 2,310 1.34(0.34) 3,314 1.32(0.34) 5,624

Abbreviations: GED, General Education Diploma; SD, standard deviation.
Note that some variables have missing values, with a maximum of 31 subjects missing any one variable.

and P=3.5x10"3, respectively). TL was also positively associated with increasing education,
income, body mass index, alcohol consumption, and physical activity. Estimates were similar
when stratified by age (<65, 65+) (Supplementary Table 3.1), adjusted for survey weights
(Supplementary Table 3.2), modeled using normal-quantile transformed TL as the outcome
(Supplementary Table 3.3), and adjusted for sample batch (Supplementary Table 3.4).

Among women, we observed shorter TL for both former smokers (P=2.6x10") and
current smokers (P=6.3x10®) compared to never smokers (Table 3.2); however, these
associations were not observed among men, and a test for interaction indicated that these cross-
sectional associations differed by sex (Pinteraction=0.05 and Pinteraction=0.03 for former and current
smoking, respectively). Similarly, smoking more cigarettes per day was associated with shorter

TL during Wave 9 in women, but not men (Table 3.3).

Analysis of prospective measures of smoking

We examined the associations between Wave 9 TL and smoking status in earlier waves

(Figure 3.1 and Supplementary Table 3.5). Associations between smoking measured in early
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Table 3.2. Sex-stratified and Overall Associations between Telomere Length and Demographic and
Lifestyle Variables, Adjusting for All Variables as Covariates, the Health and Retirement Study,
2008

Male (n = 2,286) Female (n =3,231)  All (n =5,517)

Characteristics

B P p P p° P
Age -0.003 5.0x10° -0.003 3.0x10™  -0.003 4.0x10™"'
Female 0.020 5.8x10°
Race
White Ref. Ref. Ref.
African American 0.074 3.3x10° 0.072 8.3x10° 0.072 1.7x10™
Hispanic 0.018 0.37 0.048 2.6x107 0.037 3.5x10°
Other 0.018 0.63 -0.023 0.44 -0.003 0.91
Education
<High School 0.005 0.80 -0.025 0.12 -0.011 0.37
GED -0.060 0.04 0.015 0.55 -0.018 0.33
High-school graduate  -0.030  0.05 -0.009 0.52 -0.016 0.10
Some college 0.005 0.74 0.014 0.31 0.012 0.26
College and above Ref. Ref. Ref.
Income-poverty ratio
<1 -0.015 0.56 -0.012 0.46 -0.016 0.27
1-1.9 -0.009 0.63 -0.033 0.01 -0.024 0.02
2-3.9 -0.017 0.21 -0.003 0.76 -0.008 0.34
4+ Ref. Ref. Ref.
Body mass index 0.004 1.5x10™ 0.001 0.53 0.002 6.6x107
(kg/m?)
Smoking
Never smoker Ref. Ref. Ref.
Former smoker -0.023 0.07 -0.049 2.6x107 -0.039 2.1x107
Current smoker -0.019 0.30 -0.078 6.3x10® -0.056 7.0x10”
Alcohol
0 drinks per week Ref. Ref. Ref.
1-7 drinks per week 0.029 0.03 0.012 0.33 0.020 0.02
7+ drinks per week 0.027 0.06 0.029 0.08 0.026 0.02
Daily Activity
None Ref. Ref. Ref.
Light 0.052 0.05 -0.046 2.5x10° -0.018 0.17
Medium 0.024 0.20 -0.008 0.59 0.007 0.58
Vigorous 0.050 0.10 0.033 0.24 0.039 0.05

Abbreviations: GED, General Education Diploma; SD, standard deviation.
Beta coefficients represent the natural log T/S ratio per unit difference for continuous variables, or
difference in natural log T/S ratio compared to reference category for categorical variables.
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8.

Table 3.3. Sex-stratified and Overall Associations between Telomere Length Measured at Wave 9 and Smoking-Related Characteristics,
the Health and Retirement Study, 2008

Characteristics Male Female Al
n Bb P I:)trend n Bb P Ptrend n Bb P Ptrend

Wave 9 Smoking quantity
(cigarettes/day)

Never 724  Ref. 1,661 Ref. 2,385  Ref.

<10 80 -0.057 0.07 127 -0.040 0.08 207 -0.049  6.4x10°

10-<20 85 0.006 0.84 140 -0.095 1.2x10° 225 -0.056 1.3x10°

220 148 -0.014 0.58 0.64 136 -0.092 2.9x10% 1.9x10°® 284 -0.058 2.9x10" 4.8x10°
Recent smoking cessation
(after entering study as a
smoker)

Continuing Smoker 320 Ref. 404 Ref. 724 Ref.

Quitter® 152 -0.087 4.1x10° 169 -0.031 0.27 321 -0.048 0.02
Years since smoking
cessation (among former
smokers at Wave 9)

Never 724  Ref. 1,661 Ref. 2,385 Ref.

230 519 0.007 0.64 394 -0.020 0.15 913 -0.007 0.48

20-<30 284 -0.032 0.08 251 -0.037 0.03 535 -0.037 2.2x10°

<20 284 -0.055 29x10° 1.3x10° 319  -0.076 4.8x10° 2.0x107 603  -0.067 8.0x10° 2.5x10°
Duration of smoking
(years)

Never 724  Ref. 1,661 Ref. 2,385 Ref.

<20 413  0.003 0.87 386 -0.010 0.46 799 -0.007 0.53

20-<40 541 -0.029 0.05 492 -0.060 2.7x10° 1033 -0.049  3.8x10”

240 344 -0.033 0.06 0.018 364 -0.088 1.8x10°  6.2x10"* 708 -0.064 1.1x10%® 1.9x10™"
Pack-years during the study
(sum of packs/day*years
smoked per wave)d

Never 724  Ref. 1,661 Ref. 2,385 Ref.

<5 233 -0.039 0.06 323 -0.081 1.6x10” 556 -0.064 1.9x10”



6.

Table 3.3. Continued

5-<10 124 -0.058 0.02 168 -0.080 1.1x10™ 292 -0.070  1.2x10°
>10 182 -0.060 8.6x10° 2.8x10° 166 -0.080 1.1x10"* 7.5x10™ 348 -0.074 1.2x10° 3.4x10™

#Missing data among subjects with telomere length measurement was <1% (31/5,554) for Wave 9 smoking status, 1% (8/724) for Wave 9 smoking
rate, 15% (366/2,414) for years since smoking cessation, 18% (565/3138) for smoking duration, and 2% (28/1243) for “on-study” pack-years.
Telomere length did not differ by missing status of years since smoking cessation (P=0.41), or smoking duration (P=0.69).

PEstimates are from a linear regression of natural log of T/S ratio on smoking characteristics adjusted for sex (when appropriate), age, race,
education, income, body mass index, alcohol consumption, and daily physical activity.

‘Subjects who quit smoking between wave of entry and Wave 9.

dEstimates are further adjusted for wave of entry into study.



Figure 3.1. Beta coefficients and 95% confidence intervals for the associations between telomere
length measured at Wave 9 in the Health and Retirement Study (2008) and smoking status
measured across multiple waves among men (A) and women (B), adjusting for age, race, education,
income, body mass index, alcohol consumption, and daily physical activity. Samples were restricted
to subjects who entered the study in Wave 1 and were measured for telomere length at Wave 9
(male n =1,092, female n = 1,277). Beta coefficients represent the difference in natural log T/S ratio
compared to never smokers.

A) B)
Wave and Smoking Status B (95% CI) Wave and Smoking Status B (95% CIl)
1 1
Former — 0.00 (-0.04, 0.04) Former — -0.04 (-0.07, 0.00)
Current —— -0.07 (-0.11, -0.02) Current —_—— -0.07 (-0.11, -0.04)
2 2
Former —_ 0.00 (-0.03, 0.04) Former —_— -0.04 (-0.07, 0.00)
Current =———a—— -0.09 (-0.13, -0.04) Current —— -0.07 (-0.11, -0.03)
3 3
Former —_— 0.00 (-0.04, 0.04) Former —_— -0.04 (-0.07, 0.00)
Current —_— -0.08 (-0.12, -0.03) Current — -0.06 (-0.11, -0.02)
4 4
Former 0.00 (-0.04, 0.04) Former —_— -0.04 (-0.07, -0.01)
Current —_—— -0.07 (-0.12, -0.02) Current —_—— -0.08 (-0.12, -0.03)
5
Former —_— 0.00 (-0.04, 0.03) Former —_—— -0.04 (-0.07, -0.01)
Current —_—— -0.07 (-0.12, -0.02) Current =—=et— -0.09 (-0.13, -0.05)
6 6
Former ——— -0.01 (-0.05, 0.02) Former —_—— -0.05 (-0.09, -0.02)
Current —_—— -0.06 (-0.11, -0.01) Current —_—— -0.06 (-0.11, -0.01)
7 7
Former ——— -0.01 (-0.05, 0.02) Former —_— -0.05 (-0.08, -0.01)
Current —_— -0.05 (-0.10, 0.00) Current —_—— -0.08 (-0.12, -0.03)
8 8
Former —_— -0.02 (-0.05, 0.02) Former —_— -0.05 (-0.08, -0.01)
Current —_— -0.04 (-0.09, 0.02) Current —_—— -0.08 (-0.13, -0.03)
9 9
Former — -0.02 (-0.05, 0.02) Former — -0.05 (-0.08, -0.02)
Current ————t— -0.04 (-0.09, 0.02) Current —_—— -0.08 (-0.13, -0.03)
T T T T T T T T
-15 -10 -05 0 .05 -15 -10 -05 0 .05
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waves and subsequent TL were similar for men (Figure 3.1A) and women (Figure 3.1B). Among
men, we observed a gradual attenuation of the association in later waves. The point estimate
decreased in magnitude by more than 50%, with P-values ranging from P=2x10" to P=0.17,
consistent with a weaker association for smoking reported in more recent waves. For women, the
association between shorter TL and both current and former smoking status was consistent

across all waves.

Additional characteristics of smoking

In order to determine why the association between smoking and TL among men was
weaker for more recent measures of smoking, we first examined the change in distribution of
smoking status over time. We observed that almost half of those in the current smoker category
in Wave 1 moved to the former smoking category by Wave 9 among both men (Figure 3.2A) and
women (Figure 3.2B). However, despite the similar rates of quitting, we observed a key
difference between men and women who quit: Male smokers who quit during the study had
shorter TL compared to those who continued to smoke (P=4.1x10"%) (Table 3.3); this differential
quitting by TL was not observed among female smokers (P=0.27). Conversely, when assessing
other characteristics of smoking behavior such as years since cessation (among former smokers),
duration, and “on-study” pack-years, we observed consistent evidence that greater smoking
exposure was associated with shorter TL in both men and women (Table 3.3). Analyses of

estimates of life-time pack-years showed similar results (Supplementary Table 3.6).
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Figure 3.2. Distribution of smoking statuses among men (A) and women (B) across Waves 1-9, from
the Health and Retirement Study (1992-2008). Samples were restricted to subjects who entered the
study in Wave 1 and were measured for telomere length at Wave 9 (men n = 1,095, women n =
1,301).
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Analysis of TL and overall health status

In order to further understand the link between smoking cessation and short TL in men,
we examined the association between TL and health status. In the analyses of TL and measures
of health status, we observed shorter TL among men who reported poorer health based on self-
reported general health status (P=0.02) and the co-morbidity index (P=0.05), but these

associations were not observed among women (Table 3.4).

Simulations to assess bias due to loss to follow-up

Simulations demonstrated that when there was an increased risk of loss to follow-up both
for smokers and individuals with shorter TL, the association between smoking and TL was
biased in a positive direction (Supplementary Table 3.7). Therefore, under the assumption that
both smoking and short TL increase the probability of being lost to follow-up prior to Wave 9
(presumably through increased morbidity and mortality), the associations between smoking and

short TL observed in this study would be biased towards the null.

DISCUSSION

In this study of older men and women in the U.S., we observed that smoking was
associated with TL when using prospective measures of smoking status taken up to 16 years
prior to TL measurement, supporting the hypothesis that smoking reduces TL. However, this
association was strongly attenuated in cross-sectional analyses among men but not women. Our
analyses indicated that the attenuation was driven by higher rates of male smokers with shorter
TL quitting smoking during the course of the study compared to male smokers with longer TL.

The movement of men with shorter TL out of “current smoking” and into “former smoking” led
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Table 3.4. Associations between Telomere Length and Health Conditions, Stratified by Sex, From
the Health and Retirement Study, 2008

Male Female All
Health Status Measure _(n=2,284) (n=3,232) (n=5,516)

B P p° P p° P
Self-reported health® -0.009 0.02 0.002 0.53 -0.003 0.28
Sum of conditions® -0.011  0.05 0.003 0.50 -0.002 0.48

®Estimates are from a linear regression adjusted for sex (when appropriate), age, race, education, income,
body mass index, smoking status, alcohol consumption, and daily physical activity.

*Self-reported general health status, with 1 being excellent and 5 being poor

°Sum of indicators for whether respondent reported a doctor had ever told them they had any of eight
conditions: high blood pressure, diabetes, cancer, lung disease, heart disease, stroke, psychiatric
problems, and arthritis.

to an overrepresentation of men with longer TL in the “current smoking” category. This
phenomenon resulted in very weak associations between TL and smoking status in later waves,
with those associations likely biased estimates of the true effect of smoking on TL.

Male smokers with shorter TL may be more likely to quit because short TL was
correlated with poorer health for men in HRS; furthermore, previous studies from HRS show that
smokers who experience acute and chronic health events are more likely to quit smoking than
individuals who do not (36,37). This may be an example of the “healthy smoker” phenomenon in
which individuals who are more resistant to the adverse effects of smoking continue to smoke
while those who are more susceptible quit, resulting in underestimation of the effect of smoking
(38). This adverse health-driven smoking cessation may be particularly relevant to men in HRS
because they are more likely to experience major and chronic health events (36), and to older
individuals, who are more likely than younger individuals to experience adverse health events
and to quit smoking in response (39).

Our hypothesized relationships among smoking, TL, and health for men are shown in
Figure 3.3. The bias towards the null observed in cross-sectional analyses of men can be

conceptualized in several ways. First, assuming TL affects health, this bias could be attributed to
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Figure 3.3. Causal model showing the hypothesized relationships among smoking, telomere
length, health outcomes, and unmeasured determinants of telomere length in male HRS
participants. Solid lines depict associations that are likely to represent causal relationships.
The dashed line depicts a potential effect.

Smoking Cigarette Telomere Other telomere
behavior smoking length length determinants

v

Health
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reverse causation, whereby TL influences smoking behavior through its effects on health (Figure
3.3). Second, we could view this bias as confounding of the smoking-TL association by factors
that influence both TL and health (and health-related smoking behaviors) in later life (Figure 3.3).
Third, the bias could be considered self-selection bias, in which individuals select themselves

into a group (i.e., former smokers) in a non-random way (i.e., based on TL and health). Fourth,
we could consider current smoking to be an error-prone measure of the true exposure of interest
(e.g., lifetime exposure or exposure in early- to mid-life), thus producing bias due to differential
measurement error (differential with respect to TL).

In contrast to men, the association between smoking status and TL did not vary across
waves among women, and female smokers who quit during the study did not exhibit shorter TL
than smokers who did not quit. This could be due to different motivations between men and
women for quitting smoking (40), i.e. women are less likely to quit in response to an adverse
health event than men (41). Also, women tend to be less successful than men with regard to
smoking cessation (42,43), and therefore may be less able to maintain cessation in response to an
adverse health event. Finally, sex differences in the accuracy of self-reported smoking behavior,
exposure to second-hand smoking, duration and intensity of smoking, and biological effects of
smoking on TL could all contribute to the differences we observed.

We utilized two different sources of data to study smoking cessation in our analysis — the
act of quitting during the study period and the reported time since quitting during the individual’s
lifetime. The former represents recent quitting among individuals smoking in later life (which
may correlate with concurrent disease status and health-seeking behavior) while the latter
captures smoking cessation events relevant to cumulative lifetime exposure. The association

observed between greater time since smoking cessation and longer TL was consistent with the
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results from the prospective analysis, as well as analyses of two other characteristics of smoking
exposure, i.e., duration and pack-years, supporting the hypothesis that smoking shortens
telomeres.

This is the first study to characterize the association between smoking and subsequent TL
while treating smoking as a time-varying exposure. The differences in this association that we
observed across time and between sexes potentially explain conflicting findings in prior cross-
sectional, longitudinal, and prospective studies of smoking and TL. Previous cross-sectional
studies reporting an association between smoking and short TL tend to be studies of female
subjects only (11-14,16), while those reporting no association tend to be studies of men or of
older subjects (21,23-26), where estimates may be more likely to be biased due to smoking
cessation among older men with short TL. Previous longitudinal studies reporting associations
between smoking and TL attrition involved younger subjects compared to those not reporting
such an association (17-20), further suggesting that estimates obtained from studies of older
individuals could be biased due to adverse health-driven smoking cessation. The analysis of the
Helsinki Businessmen Study compared prospective and cross-sectional measures of smoking
status and TL among men and reported findings consistent with our study (27). However, that
study assessed smoking at only two time points, and did not consider smoking cessation as an
explanation for the phenomenon, instead positing that unmeasured factors contributing to TL
attrition in old age such as frailty, telomerase insufficiency, and oxidative stress were possible
explanations.

Our study has a number of strengths. A large sample size and rich covariate data allowed
for comprehensive adjustments for demographic and lifestyle variables. The study was

conducted within a nationally representative cohort of older subjects—an important age group to
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study given the tremendous interest in TL as a biomarker of aging-related diseases and mortality.
The use of repeated measures of smoking over 16 years shed light on the dynamics of the
association between smoking and TL over time, and demonstrated the importance of evaluating
both recent and historical exposure to smoking in order to understand its association with TL
over the life course.

Our study is limited by the possible issue of bias due to loss to follow-up. In other words,
subjects who were not lost to follow-up (including death) prior to Wave 9 (allowing for TL
measurement) may be systematically different from those who were lost to follow-up by Wave 9
with respect to the variables analyzed, and this selection could bias the association between
smoking and TL. This phenomenon has been previously described as a type of collider bias
resulting from selection into a study conditional on a variable (e.g. survival, health) that is
influenced by other variables under analysis (e.g. smoking and TL) (44). We conducted
simulation analyses demonstrating that greater loss to follow-up among male smokers and
among men with short TL would create a positive bias that would increase the beta coefficient
for the association between smoking and TL. Such a bias would therefore attenuate the
association between smoking and short TL. Such a bias could contribute, in part, to the lack of
association between smoking and TL observed in cross-sectional analyses among men. However,
our analyses of individuals present in both Wave 1 and Wave 9 (1,095 men not lost to follow-up)
showed significant associations between prior smoking (at Wave 1) and short TL (at Wave 9)
despite the presence of any such attenuating bias. Cross-sectional analyses of these same 1,095
male participants showed no smoking-TL association, but that attenuation was apparently due to
a higher rate of quitting among individuals with short TL. Taken together, these findings

indicated that 1) the association between prospectively-measured smoking and subsequent short

88



TL was observed despite potential bias due to loss to follow-up and 2) the cross-sectional null
association was not primarily driven by bias due to loss to follow-up.

Another limitation is that it was necessary to assume that the available TL measure at
Wave 9 was relatively constant within the time scale of this study and therefore an appropriate
proxy for TL across earlier waves when quitting behavior occurred. This assumption is likely
valid as prior findings indicate that there is a weak association between recent (~12 years)
changes in smoking behavior and TL attrition (45). Finally, we note that the source of DNA in
this study, saliva, is different from most previous studies of TL which use leukocyte DNA.
Although up to 74% of saliva DNA originates from white blood cells, the composition of
leukocytes in normal saliva samples will differ from the composition of blood samples (46).
However, previous studies have shown that the quality of saliva genomic DNA are comparable
with blood samples based on DNA purity, genotyping, and polymerase chain reaction
amplification analyses (47,48), and TL measured from saliva DNA has been found to be highly
correlated with TL measured from blood leukocyte DNA (r=0.72) (49). Additionally, there is no
a priori reason to favor leukocyte over saliva DNA source to assess the association between
smoking and TL in human cells in the absence of a specific target tissue of interest for health
outcome assessment.

In summary, we used longitudinal data on a representative sample of older adults in the
U.S. to demonstrate that smoking is associated with reduced TL among both men and women
when using repeated measures of smoking status over time. However, in cross-sectional analyses,
smoking status was not associated with TL among men, and this apparent discrepancy was likely
driven by a higher propensity for smoking cessation among men with short TL, a condition

which appears to be accompanied by poorer overall health. These findings provide a framework
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for understanding conflicting reports of smoking and TL in previous studies and highlight the
need to further investigate the time-varying and sex-specific associations among smoking

behavior, TL and health.
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SUPPLEMENTARY MATERIALS

Simulations to assess bias due to loss to follow-up
To assess the impact of potential bias arising from differential loss to follow-up with

respect to smoking and short TL, we conducted analyses of simulated datasets. For each
simulated scenario, we generated 1,000 datasets consisting of 5,000 observations and three
variables: current smoking status (X), TL (), and a binary variable representing loss to follow-
up (Z) whose value was influenced by both X and Y. X was randomly generated as a binary
variable with a 0.25 probability of being a smoker (x=1) and 0.75 probability of being a non-
smoker (x=0) using a Bernoulli distribution. Y was modeled as a random number from a
standard normal distribution plus a linear effect of X:

Vi = Byxxi + p; with p; ~N(0,1). (1)
Byx Was set to either O (no effect of smoking on TL) or -0.2 (smoking reduces TL). The binary
variable representing loss to follow-up (Z) was generated as a binary variable using a logistic
model:

P(Z = 11X, Y) = 1/(1 + e~ Fotbaritbnyyiy - (2)
We simulated B to produce an average population risk of loss to follow-up among non-smokers
to be 35% (Bo = -In((1-0.35)/0.35)), similar to what is observed in HRS. The effect of smoking
on loss to follow up (B,x) was set to 1, 1.5, and 2, and the effect of TL on loss to follow-up (B,y)
was set to 1, 0.75, and 0.5, representing an increasing risk of loss to follow-up for smokers and
individuals with shorter TL. In each simulated dataset, the association between X and Y was
estimated using linear regression for 1) the entire simulated sample and 2) restricting to the

individuals who were not lost to follow-up.
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Supplementary Table 3.1. Associations Between Telomere Length and Demographic and Lifestyle
Variables, Stratified by Age (<65, 65+), Health and Retirement Study, 2008

<65 (n =1,807) 65+ (n =3,711)
p P p P
Age (by decade) -0.037 0.020 -0.02 0.003
Female 0.025 0.036 0.018 0.050
Race White Ref. Ref.
African 0.074 7.0x10° 0.073  1.2x107
American
Hispanic 0.059 0.002 0.017 0.307
Other 0.061 0.053 -0.064  0.056
Education  <High 0.007 0.754 -0.014  0.359
School
GED -0.016 0.58 -0.011  0.63
High-school  -0.026 0.109 -0.01 0.418
graduate
Some college 0.004 0.809 0.017 0.224
College and  Ref. Ref.
above
Income- <1 -0.004 0.841 -0.023  0.201
poyerty 1-1.9 -0.016 0.396 -0.027  0.032
ratio 2-3.9 -0.021 0.128 -0.004  0.727
4+ Ref. Ref.
BMI (per BMI 0.011 0.236 0.023 0.005
10 units)
Never Ref. Ref.
Smoking smoker
Former -0.039 0.002 -0.039  3.7x10°
smoker
Current -0.071 1.1x10° -0.045 0.004
smoker
Alcohol 0 drinks per  Ref. Ref.
week
1-7 drinks 0.010 0.441 0.023 0.047
per week
7+ drinks per  0.019 0.26 0.029 0.034
week
Daily None Ref. Ref.
activity Light 0.002 0.935 -0.031  0.070
Medium 0.034 0.096 -0.005 0.728
Vigorous 0.036 0.225 0.040 0.139

Abbreviations: BMI, body mass index.
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Supplementary Table 3.2. Survey-Weight Adjusted® Associations Between Telomere Length and
Demographic and Lifestyle Variables, Stratified by Sex and Pooled, Health and Retirement Study,
2008

Male (n = 2,286) Female (n = 3,231) All (n =5,517)
B P B P p P
Age (by decade) -0.121 7.5x10°7 -0.145  1.4x10™ -0.137 3.7x10%°
Female 0.084 0.003
Race White Ref. Ref. Ref.
African 0.308 7.6x10°® 0.315  1.3x10° 0.31 7.6x10™%
American
Hispanic 0.106 0.176 0.201 0.001 0.166 0.001
Other 0.108 0.451 -0.054 0.644 0.027 0.765
Education  <High 0.006 0.930 -0.079  0.208 -0.035 0.453
School
GED 0.2 0.069 0.06 0.520 -0.053 0.452
High-school ~ -0.098 0.102 -0.032  0.543 -0.054 0.163
graduate
Some college  0.033 0.585 0.071 0.195 0.061 0.133
College and  Ref. Ref. Ref.
above
Income- <1 -0.046 0.643 -0.046  0.477 -0.054 0.319
poverty 1-1.9 -0.013 0.848 -0.13 0.012 -0.086 0.034
ratio 2-3.9 -0.056 0.275 -0.012  0.775 -0.027 0.401
4+ Ref. Ref. Ref.
BMI (per | BMI 0.162 1.8x10™ 0.013  0.635 0.061 0.010
10 units)
Never Ref. Ref. Ref.
Smoking smoker
Former -0.085 0.076 -0.202  6.1x10°® -0.156 9.3x10°
smoker
Current -0.069 0.327 -0.315  1.4x10® -0.224 2.7x10”
smoker
Alcohol O drinks per  Ref. Ref. Ref.
week
1-7 drinks 0.117 0.024 0.032 0.480 0.073 0.033
per week
7+ drinks per  0.091 0.105 0.123  0.059 0.096 0.022
week
Daily None Ref. Ref. Ref.
activity Light 0.201 0.051 -0.142  0.015 -0.046  0.371
Medium 0.085 0.239 -0.029 0.621 0.024 0.604
Vigorous 0.173 0.125 0.124  0.259 0.142 0.071

Abbreviations: BMI, body mass index.

#Since telomere length was only measured in a subset of the HRS participants, it is unclear how
appropriate the HRS post-hoc sampling weights are for this analysis. However, subjects with telomere
length appear to be representative of the larger cohort with respect to age and race, suggesting that the
provided weights may be appropriate for the analysis.
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Supplementary Table 3.3. Associations Between Normal-Quantile Transformed Telomere Length
and Demographic and Lifestyle Variables, Stratified by Sex and Pooled, Health and Retirement
Study, 2008

Male (n = 2,286) Female (n = 3,231) All (n =5,517)
p P p P p P
Age (by decade) -0.025 0.001 -0.035  4.2x10° -0.031 1.4x10°®
Female 0.028 0.002
Race White Ref. Ref. Ref.
African 0.055 0.035 0.078  2.9x10° 0.068 9.2x10°
American
Hispanic 0.041 0.076 0.029 0.263 0.033 0.096
Other 0.068 0.176 -0.027  0.491 0.031 0.264
Education  <High 0.013 0.609 -0.01 0.582 0.003 0.845
School
GED -0.099 0.036 0.039 0.142 -0.026 0.408
High-school ~ -0.043 0.063 -0.019  0.269 -0.029 0.031
graduate
Some college -0.003 0.887 0.018 0.251 0.01 0.402
College and  Ref. Ref. Ref.
above
Income- <1 -0.052 0.161 -0.015  0.493 -0.028 0.208
pO\{erty 1-1.9 0.010 0.636 -0.028 0.073 -0.013 0.256
ratio 2-3.9 -0.021 0.257 -0.012  0.416 -0.013  0.229
4+ Ref. Ref. Ref.
BMI (per BMI 0.046 1.6x10° 3.0x10* 0.973 0.018 0.006
10 units)
Never Ref. Ref. Ref.
Smoking smoker
Former -0.020 0.187 -0.05 5.9x10° -0.037 8.9x10°®
smoker
Current -0.006 0.839 -0.082 1.2x10™ -0.05 0.004
smoker
Alcohol O drinks per  Ref. Ref. Ref.
week
1-7 drinks 0.036 0.032 0.009 0.554 0.024 0.027
per week
7+ drinks per  0.031 0.020 0.011 0.590 0.019 0.128
week
Daily None Ref. Ref. Ref.
activity Light 0.041 0.070 -0.036  0.030 -0.01 0.482
Medium 0.057 0.003 -0.002  0.887 0.026 0.036
Vigorous 0.045 0.053 0.027 0.266 0.034 0.033

Abbreviations: BMI, body mass index.
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Supplementary Table 3.4. DNA Sample Batch®-Adjusted Associations Between Telomere Length
and Demographic and Lifestyle Variables, Stratified by Sex and Pooled, Health and Retirement

Study, 2008
Male (n = 2,286) Female (n = 3,231) All (n =5,517)
p P p P p P
Age (by decade) -0.025 0.001 -0.035  4.2x10° -0.031 1.4x10°®
Female 0.028 0.002
Race White Ref. Ref. Ref.
African 0.055 0.035 0.078  2.9x10° 0.068 9.2x10°
American
Hispanic 0.041 0.076 0.029 0.263 0.033 0.096
Other 0.068 0.176 -0.027  0.491 0.031 0.264
Education  <High 0.013 0.609 -0.01 0.582 0.003 0.845
School
GED -0.099 0.036 0.039 0.142 -0.026 0.408
High-school ~ -0.043 0.063 -0.019  0.269 -0.029 0.031
graduate
Some college -0.003 0.887 0.018 0.251 0.01 0.402
College and  Ref. Ref. Ref.
above
Income- <1 -0.052 0.161 -0.015  0.493 -0.028 0.208
pO\{erty 1-1.9 0.010 0.636 -0.028 0.073 -0.013 0.256
ratio 2-3.9 -0.021 0.257 -0.012  0.416 -0.013  0.229
4+ Ref. Ref. Ref.
BMI (per BMI 0.046 1.6x10° 3.0x10* 0.973 0.018 0.006
10 units)
Never Ref. Ref. Ref.
Smoking smoker
Former -0.020 0.187 -0.05 5.9x10° -0.037 8.9x10°®
smoker
Current -0.006 0.839 -0.082 1.2x10™ -0.05 0.004
smoker
Alcohol O drinks per  Ref. Ref. Ref.
week
1-7 drinks 0.036 0.032 0.009 0.554 0.024 0.027
per week
7+ drinks per  0.031 0.020 0.011 0.590 0.019 0.128
week
Daily None Ref. Ref. Ref.
activity Light 0.041 0.070 -0.036  0.030 -0.01 0.482
Medium 0.057 0.003 -0.002  0.887 0.026 0.036
Vigorous 0.045 0.053 0.027 0.266 0.034 0.033

Abbreviations: BMI, body mass index.

*HRS-provided plate numbers



Supplementary Table 3.5. Associations Between Telomere Length and Smoking Status, Stratified
by Sex, Health and Retirement Study, 2008

Male (n = 2,286) Female (n = 3,231) All (n =5,517)
p P p P p P
Age (by decade) -0.025 0.001 -0.035  4.2x10° -0.031 1.4x10®
Female 0.028 0.002
Race White Ref. Ref. Ref.
African 0.055 0.035 0.078  2.9x10° 0.068 9.2x10°
American
Hispanic 0.041 0.076 0.029 0.263 0.033 0.096
Other 0.068 0.176 -0.027  0.491 0.031 0.264
Education  <High 0.013 0.609 -0.01 0.582 0.003 0.845
School
GED -0.099 0.036 0.039 0.142 -0.026 0.408
High-school ~ -0.043 0.063 -0.019  0.269 -0.029 0.031
graduate
Some college -0.003 0.887 0.018 0.251 0.01 0.402
College and  Ref. Ref. Ref.
above
Income- <1 -0.052 0.161 -0.015  0.493 -0.028 0.208
IOO\{erty 1-1.9 0.010 0.636 -0.028  0.073 -0.013 0.256
ratio 2-3.9 -0.021 0.257 -0.012  0.416 -0.013  0.229
4+ Ref. Ref. Ref.
BMI (per | BMI 0.046 1.6x107 3.0x10* 0.973 0.018 0.006
10 units)
Never Ref. Ref. Ref.
Smoking smoker
Former -0.020 0.187 -0.05 5.9x10° -0.037 8.9x10°®
smoker
Current -0.006 0.839 -0.082 1.2x10™ -0.05 0.004
smoker
Alcohol 0 drinks per  Ref. Ref. Ref.
week
1-7 drinks 0.036 0.032 0.009 0.554 0.024 0.027
per week
7+ drinks per  0.031 0.020 0.011 0.590 0.019 0.128
week
Daily None Ref. Ref. Ref.
activity Light 0.041 0.070 -0.036  0.030 -0.01 0.482
Medium 0.057 0.003 -0.002  0.887 0.026 0.036
Vigorous 0.045 0.053 0.027 0.266 0.034 0.033

#Sample sizes for male subjects Waves 1-9: n=1086, 1042, 993, 1030, 1035, 1042, 1053, 1059, 1086.
Sample sizes for female subjects Waves 1-9: n=1270, 1229, 1190, 1235, 1226, 1216, 1228, 1241, 1270
PEstimates are from a linear regression of natural log of T/S ratio on smoking characteristics adjusted for
age, race, education, income, body mass index, alcohol consumption, and daily physical activity.
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Supplementary Table 3.6. Associations Between Telomere Length Measured at Wave 9 and Smoking-Related Parameters, Stratified by
Sex, From the Health and Retirement Study, 2008

Male Female All?
n p° P Prend N p° P Pyrend N p° P Pyrend
Pack-years (max Never 724  Ref. 0.253 1,661 Ref. 5.7x10” 2,385 Ref. 1.4x107
packs/day*years <5 207 -0.007 0.735 270  -0.020 0.218 477  -0.015 0.225
smoked)’ 5-<15 169 0035 0.114 214 -0.023 199 383 -0.029 0.034
>15 643  -0.014 0.336 417  -0.070 2.8x107 1060 -0.041 2.9x10°
Pack-years Never 724  Ref. 0.001 1,661 Ref.  1.7x107 2,385 Ref.  2.9x10™
(packs/day*years <5 174  -0.039 0.087 244  -0.072 4.4x10° 418  -0.060 1.8x10°
smoked)” 5-<15 141  -0.051 0.039 170 -0.086 2.1x10° 311 -0.070 6.4x10°
>15 224  -0.062 0.002 243  -0.088 3.5x10” 467  -0.078 2.8x10°

T0T

®Missing data among subjects with telomere length measurement was 61% (1925/3138) for pack-years smoked, and 62% (1941/3138) for max
pack-years smoked. Telomere length was longer for those missing pack-years (logT/S ratio=0.24 vs 0.21, P=0.002), and not different by missing
max pack-years (P=0.586)

PEstimates are from a linear regression of natural log of T/S ratio on smoking parameters adjusted for sex (when appropriate), age, race, education,
income, body mass index, alcohol consumption, and daily physical activity

“Maximum estimate of pack-years from smoking duration in years multiplied by “cigarettes smoked per day when subject was smoking the most
in their life”, as answered by subjects on the questionnaire

ILifetime pack-years based on “on-study” pack-year as described in main text, and “off-study” pack-year based on the “cigarettes smoked per day”
upon study entry as an estimate for “off-study” smoking rate for smokers, and based on the “cigarettes smoked per day when subject was smoking
the most in their life” for former smokers entering the study without any reported “on-study” smoking rate.



Supplementary Table 3.7. Associations between Telomere Length and Smoking in Simulated Datasets where Loss to Follow-up is
Influenced by Smoking Status and Telomere Length

Effect on No effect (f = 0) Negative effect (f = -0.200)

probability of loss Al Participants Participants not lost All Participants Participants not lost
to follow-up to follow-up to follow-up
ORsmoke ORtL median 3 mean [ median f  mean median 3 mean 3 median B mean [
1 1 0.001 0.000 0.001 0.001 -0.200 -0.200 -0.200 -0.199
1 0.75 0.001 0.001 0.001 0.001 -0.200 -0.200 -0.195 -0.195
1 0.5 0.001 0.000 -0.001 -0.002 -0.199 -0.200 -0.182 -0.181
15 1 -0.001 -0.001 -0.001 -0.002 -0.200 -0.200 -0.200 -0.200
15 0.75 -0.001 -0.001 0.027 0.027 -0.200 -0.200 -0.171 -0.172
15 0.5 0.003 0.002 0.056 0.058 -0.200 -0.200 -0.129 -0.130
2 1 -0.002 -0.002 -0.002 -0.002 -0.200 -0.199 -0.198 -0.198
2 0.75 0.000 -0.001 0.046 0.047 -0.199 -0.200 -0.150 -0.151
2 0.5 0.001 0.000 0.094 0.093 -0.202 -0.202 -0.089 -0.087

¢0T

Each median/mean beta estimate is obtained from 1,000 simulated datasets, each consisting of 5,000 individuals (prior to excluding individuals
lost to follow-up)
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ABSTRACT

Chronic arsenic exposure has been shown in epidemiologic studies to increase risk for
arsenical skin lesions and cancer. Recent studies suggest that the mechanism of arsenic’s toxicity
may be related to telomere dysfunction. However, prior studies of arsenic exposure, telomere
length (TL), and skin lesion tend to be small and cross-sectional. We investigated the
associations between arsenic exposure and TL, and between prospective TL and incident skin
lesions among individuals participating in the Health Effects of Arsenic Longitudinal Study in
Araihazar, Bangladesh. Quantitative PCR was used to measure the average TL of peripheral
blood DNA samples collected at baseline. Multi-variable linear regression was used to estimate
the association between baseline arsenic exposure (well water and urine) and TL in a random
subcohort, and a nested case-control study was used to estimate the association between TL and
incident skin lesion risk (diagnosed <8 years after baseline). We observed no association
between baseline arsenic exposure and TL, and this was true for both water- and urine-based
exposure measures (n=1,170). Comparing incident skin lesion cases with sex- and age-matched
controls (448 cases, 462 controls), we observed higher skin lesion risk among individuals with
shorter TL (Pyeng=4.6x10"), with odds ratios of 3.05, 1.30, and 1.21 for the first (shortest),
second, and third TL quartiles compared to the longest. In conclusion, arsenic exposure was not
found to be associated with TL in this Bangladesh population, suggesting that leukocyte TL does
not reflect a primary mode of action for arsenic’s toxicity. However, short TL may be a

biomarker of susceptibility for arsenical skin lesions independent of arsenic exposure.
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INTRODUCTION

More than 100 million people worldwide experience chronic arsenic exposure through
naturally contaminated drinking water (1), including approximately 20-45 million in Bangladesh
(2). Arsenic exposure through drinking water has been reported to increase the risk of various
adverse health outcomes including mortality (3), neurological conditions (4), cardiovascular
diseases (5), as well as malignancies such as cancers of the skin, bladder, kidney, liver, and lung
(6-10). An early characteristic sign of arsenic toxicity is the appearance of skin lesions, which
can reflect susceptibility to arsenic-related disease and arsenic-related cancers (10-14). Arsenic-
induced skin lesions can also be a source of social stigmatization and discrimination resulting in
adverse social and mental health issues (15).

The mechanism of arsenic’s toxicity and carcinogenicity may be related to telomere
length and dysfunction. Telomeres are the repeating six nucleotide sequence binding protein
complexes at the end of human chromosomes that protect DNA ends from damage. Telomere
length (TL) shortening occurs with cell division, and has been investigated as a biomarker of
aging and susceptibility to age-related health conditions, including cardiovascular diseases,
neurocognitive diseases, cancers, and overall mortality (16-20), many of which have also been
linked with chronic arsenic exposure. Experimental studies have shown that arsenic exposure can
both increase and decrease TL and telomerase activity depending on dose (21,22). TL shortening
has been attributed to oxidative stress and inflammation (23-25), two processes also identified as
potential modes of chronic arsenic toxicity (26-28). Recent epidemiologic studies suggest that
arsenic exposure increases TL in peripheral blood cells (29-31) and alters expression of genes
involved in telomere maintenance (30-32). However, the few existing studies of the association

between arsenic exposure and TL tend to be small, and only one study to date investigates the
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association between TL and arsenical skin lesions—a cross-sectional study that found longer TL
in skin lesion subjects compared to those without skin lesions (29). A prospective study
assessing the association between baseline TL and risk of subsequent arsenic-related skin lesions
is needed to establish the temporal relationship between TL and skin lesions, and allow for the
evaluation of TL as a biomarker for predicting arsenic-related skin lesions in exposed
populations.

In this study, we investigated the association between arsenic exposure and TL, and
between prospectively measured TL and subsequent skin lesion among individuals with a wide
range of arsenic exposure through drinking water in the Health Effects of Arsenic Longitudinal

Study (HEALS) in Araihazar, Bangladesh.

METHODS

Study participants

HEALS is a prospective cohort study designed to assess the effects of exposure to arsenic
through drinking water on health. Details of the participant selection, study design, and study
methods have been described elsewhere (33). Briefly, 11,746 male and female participants were
recruited between October 2000 and May 2002 in Araihazar, Bangladesh. Demographic and
lifestyle data, as well as blood and urine samples were collected at baseline. In-person visits were
conducted every two years following the baseline visit, and all visits included a physical
examination and collection of urine. Informed consent was obtained from all study participants,
and the study protocol was approved by the Institutional Review Boards of the University of
Chicago, Columbia University, and the ethical committee of the Bangladesh Medical Research

Council.

106



Skin lesion status

During the baseline interview, participants were examined by trained physicians for the
presence of arsenical skin lesions according to a structured protocol. The physicians, who were
blinded to the participants’ well water arsenic exposure, recorded the presence or absence of
melanosis (hyperpigmentation), leucomelanosis (hypopigmentation), or keratosis (thickening of
the skin on palms and soles). For this study, skin lesion status was defined as the presence or
absence of any type of the aforementioned skin lesions. Over the course of the study period of
three biennial follow-ups after baseline, 866 individuals developed incident skin lesions out of

the 10,182 individuals included at baseline (34).

Random subcohort selection:

A random subset of the baseline HEALS cohort was selected, including sampling of
participants with prevalent skin lesions at baseline, subjects with incident skin lesions, and skin
lesion controls (34,35). We chose to conduct the analysis of the association between arsenic and
TL in a population-based subcohort rather than in a selected group of skin-lesion controls or
skin-lesion cases in order to avoid potential bias arising from conditioning on a collider (36), i.e.
biased estimates between arsenic and TL due to conditioning on skin lesion status, a potential

common effect of both arsenic exposure and TL.
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Nested case-control study control selection:

To assess associations between TL and skin lesion status, we conducted a nested case-
control study consisting of 506 individuals with incident skin lesions who were frequency
matched by sex and 5-year age intervals with 506 subjects who remained skin lesion-free during
the study. Sampling was done with preference for subjects with DNA already extracted. We
chose to perform age- and sex- matching for this analysis because age and sex are well-described

correlates of TL (18), which may confound the association between arsenic and TL.

Exposure assessment

Baseline exposure to arsenic was determined by asking participants to identify the
primary well used as their main source of drinking water. Water from 5,966 wells in the study
area was analyzed for arsenic concentration by graphite furnace atomic absorption spectrometry
with a detection limit of 5.0 pg/L. Samples below the limit of detection were reanalyzed by
inductively coupled plasma-mass spectrometry with a detection limit of 0.1 pg/L (37). Spot urine
samples were obtained at baseline in order to measure urinary total arsenic concentration by
graphite furnace atomic absorption spectrometry with a detection limit of 2 pg/L (38), and
urinary creatinine by a colorimetric Sigma Diagnostics Kit (Sigma, St. Louis, MO). Urinary
arsenic was divided by creatinine concentration to generate a creatinine-adjusted urinary arsenic
concentration (pg/g) (39). Daily arsenic intake (ug/day) was calculated by multiplying the
primary well water arsenic concentration (ug/L) by the self-reported daily water volume
consumed from that well (L/day), with secondary well information also incorporated in the
calculation. Water arsenic exposure was modeled as quartiles with cut points for the first and

second quartiles adjusted to correspond to WHO’s guideline for arsenic in drinking water (<10
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ug/L), and Bangladesh’s national standard for arsenic in drinking water (<50 ug/L). Creatinine-
adjusted urinary arsenic concentration and daily arsenic intake were categorized by quartiles

based on the distribution of each measure in the random subcohort.

TL measurement

Genomic DNA was extracted from whole blood extracted from clot blood using
Flexigene DNA kit (Cat # 51204) from Qiagen. Two quantitative PCR (qPCR) protocols with
different plate designs were used in the measurement of TL (Plate Design 1 and 2), with
telomere and 36B4 target sequence primers for reference and subject samples loaded onto a 96-
well plate for each plate design as detailed in the Supplementary Materials and Supplementary
Figures 4.1 and 4.2. Skin lesion cases and controls were randomized across plates, and lab
technicians were blinded to the status. TL of the samples in the nested case-control study
(n=920) and a subset of the samples in the subcohort study (n=460) were measured using Plate
Design 1 and a protocol previously modified and validated by Ehrlenbach (40). In brief, g°PCR
was used to compare the abundance of the telomere repeat sequence to that of a single-copy gene
(36B4) in a given sample, with both telomere and single-copy gene amplification of each DNA
sample performed on the same plate. Reference samples were included on each plate to allow
standardization of each reaction run with respect to inter-plate variations. The TL of the
remaining samples in the subcohort study (n=1009) were measured using Plate Design 2 and a
protocol previously described by Cawthon (41). In brief, telomere and single-copy gene
amplification of each DNA sample were performed on paired plates, with the sample placed at

the same position on each of the two plates.
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Both plate designs were run with samples containing 30 uL amplification reaction
volume of 1x Qiagen Quantitect Sybr Green Master Mix (Qiagen) and 25 ng of template DNA.
The primer sequences for both plate designs were as follows:
S'GGTTTTTGAGGGTGAGGGTGAGGGTGAGGGTGAGGGTS3' (forward),
S'TCCCGACTATCCCTATCCCTATCCCTATCCCTATCCCTAZ' (reverse) for telomere
sequence amplification and 5’>CAGCAAGTGGGAAGGTGTAATCC3’ (forward),
5’CCCATTCTATCATCAACGGGTACAAS3’ (reverse) for 36B4 sequence amplification.
QPCRs for Plate Design 1 were performed on 96-well plates containing both primer sets with the
following protocol: 95 °C for 15 min to activate Tag polymerase; 30 cycles at 95 °C for 15 s,
54°C for 2 min, and 72°C for 1 min; followed by 72°C for 4 min. QPCRs for Plate Design 2
involved two sets of PCR conditions. The telomere reaction was run with the following protocol:
95 °C for 15 min to activate Taq polymerase; 25 cycles at 95 °C for 15 s and 54°C for 2 min. The
36B4 reaction was run with the following protocol: 95 °C for 15 min to activate Taq polymerase;
30 cycles at 95 °C for 15 s and 58°C for 1 min.

C; values (the number of PCR cycles needed for amplicons to cross a threshold of
background fluorescence) were averaged across replicates for each sample, and T/S ratio was
calculated using the following equation:

2 Cttelomere (Reference) /2 Cttelomere(Sample)

T/S =

2Ctscpa(Reference) /7 Ctrprop(Sample)

TL quartiles were created based on the distribution of TL in the random subcohort. We
calculated the coefficients of variation (CV) for each set of replicates of a sample target within a
plate using the C;. CV was calculated as the standard deviation of the sample replicates divided

by the mean of the replicates:
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CV = 100 x /Z(xT_x_)z— X

As a quality control step, we excluded up to one replicate within each triplicate measure
of the sample (and up to two replicates within each 6 replicate measures of the reference sample)
with outlying values that would cause the CV to exceed 1% for samples measuring 36B4, and
3% for samples measuring telomere sequence. If the CV still exceeded the set thresholds after
exclusion of outlying value(s), all measurements for the participant were excluded. As a second
quality control step, we pooled C; values across all telomere sequence measurements and all
36B4 gene measurements, respectively, and excluded outlying C; values from each if they
exceeded three standard deviations from the mean. As a third quality control step, we calculated
the T/S ratio for all remaining samples, and excluded a sample if it exceeded three standard
deviations from the mean. Samples for 91 subjects were excluded from the matched case-control
samples, with samples from 921 subjects (456 cases and 465 controls) used for subsequent
analyses in the nested case-control study. Samples for 49 subjects were excluded, with samples
from 1,469 subjects used for subsequent analyses in the subcohort study.

To assess the reproducibility of the assay for the first protocol, measurements of 37
randomly selected samples were repeated on different days, and a CV was calculated for the
paired samples as the pooled standard deviation of the duplicate measures (x; and x,) divided by

the overall mean of all the measurements.

CV =100x Z(Xi_xz)z /Z(X1+X2)
\} 2n 2n

The TL and single-copy gene assay CVs for triplicates, i.e. intra-plate CVs, were less than 3%.

The paired CV for the 37 duplicate samples, i.e. inter-plate CV, was 11.7%. To assess the
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reproducibility of the assay for the second protocol, an additional reference sample was

measured across 31 plates, from which the calculated inter-plate CV was 9.8%.

Covariates

The following covariates, measured at baseline, were included as covariates in all
analyses: age, sex, education (0, 1-5, 6-16 years), body mass index (BMI) (<18.5, 18.5-24.9,
>25), smoking (never, former, current), TV and land ownership (measures of socioeconomic
status), and high blood pressure (systolic blood pressure > 140 mm Hg and/or diastolic blood
pressure > 90 mm Hg). Sun exposure was not assessed as a covariate in this study because it is
uncommon among women in this study population to be exposed to the sun, and prior literature

does not indicate an association between sun exposure and TL (42).

Statistical analyses

We assessed the association between arsenic exposure and TL in subjects from the
random subcohort using linear regression (n = 1,469). To remove the variation in TL due to
PCR plate position (intra-plate differences account for 5-9% of the variation in TL measure) or
plate number (inter-plate differences account for 13-25% of the variation in TL measure), we
first obtained the position- and plate-adjusted residual TL measure for each plate design using a
mixed-effects model with continuous TL as the outcome, position as a fixed effect, and plate as a
random effect. The position- and plate-adjusted residual TL was then used as the outcome in
minimally-adjusted linear regression models with TL as the outcome and arsenic exposure as the
predictor, accounting for continuous age, sex, plate design type, and DNA extraction batch (a

study design variable), while fully-adjusted models additionally included socioeconomic factors,
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BMI, and high blood pressure as covariates. Analyses were repeated using water arsenic, urinary
arsenic, and daily arsenic dose (modeled as quartiles) as the arsenic exposure of interest.

Next, we calculated the odds ratios (ORs) for the risk of skin lesions by quartile TL using
conditional logistic regression accounting for matched sets based on sex and age. We again
adjusted for plate position and plate number, along with age, sex, and DNA extraction batch in
minimally-adjusted conditional logistic regression models, and included socioeconomic factors,
BMI, high blood pressure, and arsenic exposure as covariates in fully-adjusted models. The
analyses of arsenic association with TL, and TL association with skin lesion were repeated after
stratifying by sex and median age (<=45, >45), and tests of multiplicative interaction were
performed by evaluating the Wald statistic for the cross-product interaction term from the
regression model. We also investigated whether arsenic was an effect modifier of the association
between TL and skin lesion with tests of multiplicative interaction assessing the P value of the
cross-product term of the ordinal exposure variable (TL) and the binary effect modifier (high/low
arsenic exposure) in the conditional logistic regression.

All analyses were done with Stata (version 14, StataCorp, College Station, TX).

RESULTS

Subject characteristics

Figure 1 shows a flowchart of the selection of participants for the nested case-control
study. After TL measurement quality control measures were implemented, TL measures for 921
subjects for the nested case control study remained for subsequent analyses. The baseline
characteristics, arsenic exposure, and TL measures of the age- and sex- matched skin lesion cases

(n=456) and controls (n=464) used for the nested case-control study are shown in Table 4.1,
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Figure 4.1. Selection of Samples for Nested Case-Control, Health Effects of Arsenic
Longitudinal Study, Bangladesh, 2000-2009.

11,746 baseline cohort
members

Exclusion of prevalent skin lesions at baseline (n = 714), no baseline
skin examination (n = 306), no follow-up 1 skin examination (n=544)

10,182 skin lesion free at
beginning of follow-up period

Censored during follow-up because of no skin examination (n = 924)

896 skin lesion cases and 8362
skin lesion free at end of follow-
up period

Exclusion of skin lesion cases with insufficient DNA guantity (n =
390) to perform telomere length measurement. Controls selected by
frequency-matching by sex and 5-year age intervals

506 skin lesion cases and 506 skin
lesion controls with telomere
length measured

Exclusion of samples with poor quality (n = 92)

456 skin lesion cases and 465 skin
lesion controls successfully
measured for telomere length
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Table 4.1. Baseline Characteristics of incident skin lesions cases, matched controls, and a random
sample of the HEALS cohort, Health Effects of Arsenic Longitudinal Study, Bangladesh, 2000-

2009%
Skin lesion Matched skin Random
cases lesion controls subcohort
n 456 464 1469
Sex Male 316 (69.3%) 314 (67.7%) 541 (36.8%)
Female 140 (30.7%) 150 (32.3%) 928 (63.2%)
Age years 44.6 (9.2) 44.8 (9.1) 35.1(9.1)
Education 0 223 (49.0%) 191 (41.2%) 603 (41.0%)
1-5 124 (27.3%) 138 (29.7%) 465 (31.7%)
6-16 108 (23.7%) 135 (29.1%) 401 (27.3%)
BMI <185 190 (42.1%) 191 (41.2%) 525 (35.9%)
18.5-24.9 241 (53.4%) 239 (51.5%) 822 (56.2%)
>25 20 (4.4%) 34 (7.3%) 116 (7.9%)
Smoking Never 184 (40.4%) 198 (42.6%) 1014 (69.0%)
Former 68 (14.9%) 57 (12.3%) 67 (4.6%)
Current 204 (44.7%) 209 (45.0%) 388 (26.4%)
Own TV Yes 144 (31.6%) 183 (39.4%) 505 (34.4%)
Own land Yes 261 (57.2%) 277 (59.7%) 758 (51.6%)
Hypertension Yes 76 (16.7%) 79 (17.1%) 201 (13.8%)
Water Arsenic (ug/L) 0.1-10 70 (15.4%) 148 (31.9%) 362 (24.6%)
10.1-50 58 (12.7%) 111 (23.9%) 342 (23.3%)
50.1-150 131 (28.7%) 132 (28.4%) 449 (30.6%)
150.1+ 197 (43.2%) 73 (15.7%) 316 (21.5%)
Creatinine-adjusted <105 81 (18.4%) 143 (31.0%) 366 (24.9%)
Urinary Arsenic (ug/g) = 105-<194 81 (18.4%) 138 (29.9%) 358 (24.4%)
194-<329 112 (25.4%) 96 (20.8%) 363 (24.7%)
329+ 167 (37.9%) 85 (18.4%) 382 (26.0%)
Daily Arsenic dose <30.4 69 (15.2%) 147 (31.7%) 366 (24.9%)
(ug /day) 30.4-<147 73 (16.1%) 125 (26.9%) 363 (24.7%)
147-<376 123 (27.1%) 92 (19.8%) 368 (25.1%)
376+ 189 (41.6%) 100 (21.6%) 372 (25.3%)
T/S quartiles <0.6897 160 (35.1%) 111 (23.9%) 368 (25.1%)

0.6897-<0.7835
0.7835-0.9015
0.9015+

106 (23.2%)
109 (23.9%)
81 (17.8%)

110 (23.7%)
127 (27.4%)
116 (25.0%)

367 (25.0%)
367 (25.0%)
367 (25.0%)

#Categorical variables are shown in counts and percentages; continuous variables in meanz standard deviations

(SD).
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along with characteristics of the random subcohort (n=1,469) used for the arsenic-TL association
analysis. TL was significantly inversely associated with age within the random subcohort

(P=1.1x10""*) (Supplementary Figure 4.3).

Association between arsenic and TL

Arsenic exposure was not associated with TL in the random subcohortfor any of the three
exposure measures, with null estimates for both minimally-adjusted models accounting for only
age, sex, and design variables, and when additionally adjusting for sociodemographic and
lifestyle characteristics (Table 4.2). We observed no modification of the association between

arsenic exposure and TL by sex or age (not shown).

Association between TL and skin lesion

Short TL was associated with increased skin lesion incidence in a dose-dependent
manner, with similar estimates for both minimally-adjusted models accounting for only age, sex,
and design variables (Pyeng=2.3x10"), and when additionally adjusting for sociodemographic and
lifestyle characteristics (Pyeng=1.4x10") (Table 4.3). Adjustment for arsenic exposure type did
not appreciably change the estimates across the three measures of exposure (results not shown).
Stratified analyses by skin lesion subtype (melanosis, leucomelanosis, or keratosis) resulted in

similar estimates (results not shown).
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Table 4.2. Association between Baseline Arsenic Exposure and Telomere Length, Health Effects of
Arsenic Longitudinal Study, Bangladesh, 2000-2009 (n=1469)

Minimally-adjusted
model®

Covariate-adjusted model”

Water Arsenic B Cl P B Cl P

(ug/L)

1-10 Ref. Ref. Ref. Ref. Ref. Ref.

10.1-50 -0.017  -0.037,0.003  0.098 -0.018  -0.038,0.002 0.079

50.1-150 0.006 -0.012,0.025 0.508 0.004  -0.015,0.023 0.686

150.1+ -0.001  -0.021,0.020  0.958 -0.002  -0.023,0.018 0.844
F)trend =0.473 Ptrend =0.597

Urinary Arsenic

(ug/g)

<105 Ref. Ref. Ref. Ref. Ref. Ref.

105-<194 0.000  -0.020,0.019 0.979 -0.001 -0.021,0.019 0.937

194-<329 -0.004  -0.024,0.015 0.681 -0.006  -0.025,0.014 0.568

329+ 0.008 -0.011,0.028 0.393 0.005 -0.014,0.025 0.585
Ptreng = 0.481 Pirena = 0.707

Daily arsenic dose

(ug/day)

<30.4 Ref. Ref. Ref. Ref. Ref. Ref.

30.4-<147 -0.008 -0.027,0.012 0.441 -0.009 -0.029,0.011 0.372

147-<376 0.006 -0.014,0.025 0.572 0.003 -0.017,0.022  0.793

376+ 0.011 -0.009,0.030 0.279 0.009 -0.010,0.029 0.351

Pirens=0.146

Pirens=0.209

Adjusting for age, sex, and laboratory batch variables
®Additionally adjusting for BMI, education, smoking status, TV ownership, land ownership, and high

blood pressure
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Table 4.3. Odds Ratios for Incident Skin Lesions According to Quartiles of Baseline Telomere
Length, Health Effects of Arsenic Longitudinal Study, Bangladesh, 2000-2009

Model Telomere Case/ OR 95%CIl P
length Control
Minimally- 4 (longest) 78/116 1.00 Ref. Ref.
adjusted®
3 98/116 1.12 0.68,1.83 0.66
2 120/116 1.63 1.00,2.66 0.05
1 160/116 2.61 1.59,4.26 1.4x10™
Total 456/464 Pyend =2.3x10°
Fully-adjusted® 4 (longest) 76/115 1.00 Ref. Ref.
3 94/116 1.30 0.78,2.19 0.31
2 116/115 1.72 1.03,2.87 0.04
1 160/116 296 1.76,4.97 4.1x10°
Total 446/462 Pyend =1.4x10°

Adjusting for age, sex, and laboratory batch variables
®Additionally adjusting for BMI, education, smoking status, TV ownership, land ownership, high blood
pressure, and daily arsenic dose

Interaction analyses

We observed no modification of the association between TL and skin lesion by age. In
the stratified analysis of the association between TL and skin lesion by sex, estimates were larger
for women than men, i.e. short TL was associated with larger increased risk in skin lesions
among female subjects. However, the P value of the cross-product term of TL and being female
not significant, potentially due to the smaller sample size of women in the study (Supplementary
Table 4.1). We also observed significant interactions with arsenic exposure for the association
between TL and skin lesion risk for all three measures of arsenic exposure (Pinteractions=0.01-

0.05), with higher risk among subjects exposed to lower arsenic levels (Table 4.4).
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Table 4.4. Arsenic-Stratified Odds Ratios for Incident Skin Lesions According to Quartiles of
Baseline Telomere Length, Health Effects of Arsenic Longitudinal Study, Bangladesh, 2000-2009

Low Arsenic High Arsenic
Telomere  Arsenic Case/ OR 95% ClI Case/ OR 95% ClI Pinteraction
length measure Control Control
4 Water 13/65 1.00 Ref. 65/50 1.00 Ref.
(longest) Arsenic
3 35/72 1.73 0.69,4.34 59/44 111 0.55,2.24
2 27167 241 0.92,6.32 89/48 1.75 0.89,3.46
1 48/54 599 230,156 112/62 2.15 1.09,425 0.05
4 Urinary 18/72 1.00 Ref. 60/43 1.00 Ref.
(longest) Arsenic
3 36/72 1.61 0.75,3.45 58/44 092 0.43,1.98
2 36/70 2.22 0.99,499 80/45 1.38 0.67,2.87
1 66/66 5.46 2.45,12.2 94/50 1.72 0.83,357 0.01
4 Daily 15/66 1.00 Ref. 63/49 1.00 Ref.
(longest) arsenic
3 dose 39/76 1.60 0.69,3.72 55/40 110 0.52,2.31
2 29/70 2.06 0.854.99 87/45 1.74 0.88,3.46
1 54/59 516 2.17,12.3 106/57 248 1.235.01 0.05
DISCUSSION

In this large cohort-based study of Bangladeshi men and women, we found no association
between baseline arsenic exposure and baseline TL; however, we observed a significant
association between short baseline TL and increased risk of subsequent arsenical skin lesions. In
addition, we found a significant interaction between TL and arsenic exposure, with a stronger
association between short TL and skin lesion risk observed at lower levels arsenic exposure
compared to high levels.

Our observation of a lack of association between arsenic exposure and TL differed from
prior epidemiologic studies, which suggested that arsenic exposure increases TL (31,29,30).
However, it is important to note that all three prior studies were limited by small sample sizes

(n=60-200). In addition, the study by Chatterjee et al. observed no difference in TL when
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comparing lesion-free subjects with high arsenic exposure to lesion-free subjects with low
exposure. Rather, Chatterjee et al. only observed a positive association between high arsenic
exposure and longer TL among subjects with skin lesions, an association potentially susceptible
to collider bias due to stratifying on skin lesion status, a potential common outcome of both
arsenic exposure and TL (36). Additionally, studies by both Chatterjee et al and Li et al were
limited to comparing TL in high arsenic exposed subjects from one region to low arsenic
exposed subjects from a different region — a design susceptible to potential biases due to
confounding by other local factors.

Our observation of increased skin lesion risk associated with short TL was in contrast to
the only other epidemiologic study on TL and arsenical skin lesions (29), which found increased
skin lesion risk for individuals with longer TL. Previous in vitro studies of arsenic exposure on
cell cultures suggest a bimodal effect of arsenic on TL in which low doses either maintain or
lengthen TL, while high doses shorten TL (21,22,28). However, it is unclear if the range of
arsenic concentrations tested in vitro in these studies corresponds to the same range of exposures
experienced by human hematopoietic cells in vivo via arsenic-contaminated drinking water.
Furthermore, in vitro studies performed over hours, days, or even weeks may not be ideal for
extrapolating effects corresponding to years of chronic arsenic exposure.

There is no prior literature with which to compare the effect modification we observed of
the stronger association between short TL and skin lesion at lower compared to higher arsenic
exposure levels. However, a previous study describing an association between skin lesion risk
and metabolites of inorganic arsenic only present at a lower arsenic exposure level (<50 pg/L)
(43) suggests that some risk factors of skin lesion are conditional on the level of arsenic

exposure. This is in alignment with more general findings of the paradoxical effects of arsenic in
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which both carcinogenic and anticancer effects have been attributed to arsenic exposure (44,45),
with in vitro studies showing protective effects against oxidative stress and DNA damage at low
arsenic levels and cytotoxic effects at higher levels (46,47). The attenuation of the TL-skin lesion
association at higher arsenic exposures may be another example of such a phenomenon, although
the underlying mechanism of this heterogeneity is unclear. Additional investigations to replicate
and elucidate this finding are necessary.

Although TL was not associated with arsenic exposure in our study, TL was found to be
an independent predictor of arsenical skin lesions. As a biomarker of skin lesion risk, telomere
length may serve as a valuable predictor susceptibility to arsenic toxicity, and furthermore
provide opportunities to better understand characteristics of susceptible individuals who are in
need for intervention and prevention of arsenical skin lesion.

This study has several key strengths: for the arsenic-TL association, we used a random
subset from a cohort study, which is more representative of the population of interest, thus
reducing the risk of selection bias; both analyses had much larger sample sizes than prior studies,
providing superior statistical power; our analyses involved more comprehensive adjustment of
potential confounders as covariates; and we were able to assess a dose-response association for
the TL-skin lesion association. Our study of TL and skin lesion risk is prospective in design, with
controls selected from the same cohort as the cases, reducing potential issues of reverse causality
and selection bias. This is the first study to our knowledge in which TL was measured prior to
skin lesion ascertainment. Furthermore, this study had approximately 95% or greater follow-up
among eligible participants at each follow up period, with subjects experiencing a wide range of

arsenic exposures, and multiple types of arsenic exposure measurements collected.
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One potential limitation to this work is the need to assume that TL measures from blood
samples approximate that of the skin — our primary target of interest. This assumption is likely
valid in normal (low arsenic) conditions as prior findings indicate that there is high correlation in
TL between an individual’s leukocyte and skin (r=0.83) (48). However, not all tissues in the
body accumulate arsenic equally, with studies in both human and mice models showing that skin
tends to accumulate higher levels of arsenic than blood (due in part to arsenic’s affinity to the
higher levels of keratin in skin) (49-51). It is possible that chronic and high arsenic exposure
could be associated with TL in skin cells (or other tissues), but not the blood TL measures
analyzed in this study. Future analyses examining arsenic levels and TL from biopsied skin
samples may be necessary to clarify this issue.

Another potential limitation of the arsenic-TL association analysis is that measures of
arsenic are not representative of a cumulative lifetime exposure to arsenic. However,
participants selected into the HEALS study were required to be residents of the study area for at
least 5 years and primarily drinking water from one of the study wells for at least 3 years (33), so
we believe the estimates of arsenic exposure at baseline to be representative of stable long-term
exposure through drinking water. Nevertheless, it is worth examining in future analyses the
impact of different exposure windows on the association between arsenic and TL, particularly in
children and/or adolescents, who may represent a more susceptible group to chronic arsenic
exposure. Furthermore, longitudinal studies of arsenic exposure and TL would allow better
ascertainment of the association between lifetime arsenic exposure and TL, as well as clarify the

best time to measure TL as a predictive biomarker for subsequent health outcomes.
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CONCLUSIONS

Our findings suggest a lack of a strong association between arsenic exposure and blood
TL. However, our observation that short TL is a prospective biomarker for arsenical skin lesions
has important implications for predicting individual susceptibility to arsenic-induced skin lesions
and potentially to other arsenic-related health conditions. The differing impact of the level of
arsenic exposure on this association requires further research to elucidate potential biological

pathways responsible in order to develop and evaluate effective interventions.
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SUPPLEMENTARY MATERIALS

Relative TL of the samples in the nested case-control study and a subset of the samples in
the subcohort study was measured using a protocol previously modified and validated by
Ehrlenbach (1). Each plate consisted of triplicates of 14 participant DNA samples and six
replicates of a reference DNA sample, each measured for both telomere and single copy gene for
a total of 96 samples per plate. The 14 possible positions and corresponding primers for each
plate using this design are described in Supplementary Figure 4.1.

Relative TL of the remaining samples in the subcohort study was measured using a protocol
previously described by Cawthon (2). Each plate consisted of triplicates of 31 participant DNA
samples and triplicates of a reference DNA sample, each measured for either telomere or single
copy gene at the same position on paired plates. The 31 possible positions for each plate using

this design are described in Supplementary Figure 4.2.

1. Ehrlenbach S, Willeit P, Kiechl S, Willeit J, Reindl M, Schanda K, et al. Influences on
the reduction of relative telomere length over 10 years in the population-based Bruneck Study:
introduction of a well-controlled high-throughput assay. Int J Epidemiol. 2009;38:1725-34.

2. Cawthon RM. Telomere measurement by quantitative PCR. Nucleic Acids Res.
2002;30:e47—47.
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Supplementary Figure 4.1. Layout of quantitative PCR plate consisting of triplicates of 14 participant DNA samples and six replicates of a
reference DNA sample, each measured for telomere (light gray cells) and single copy gene (dark gray cells) for a total of 96 samples per
plate.
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Supplementary Figure 4.2. Layout of quantitative PCR plate consisting of triplicates of 31 participant DNA samples and triplicates of a
reference DNA sample, each measured for either telomere or single copy gene at the same position on paired plates. Light gray represents
the first plate consisting of telomere primers only, dark gray represents the second plate consisting of single copy gene primers only.
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Supplementary Figure 4.3. Scatterplot of baseline relative leukocyte telomere length
against age overlaid with a fitted regression line.
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Supplementary Table 4.1. Sex-Stratified Odds Ratios for Incident Skin Lesions According
to Quartiles of Baseline Telomere Length, Health Effects of Arsenic Longitudinal Study,
Bangladesh, 2000-2009

Men Women
Telomere  Arsenic Case/ OR 95% Cl Case/ OR 95% Cl Pinteraction
length measure Control Control
4 (longest) Water 48/57 1.00 Ref. 31/50 1.00 Ref.
3 Arsenic 68/86 1.25 0.66,2.37 34/41 474 0.73,30.7
2 70/79 1.47 0.78,2.79 30/30 11.3  1.99,64.6
1 126/91 2.95 1.55,5.61 41/28 7.7 1.22,48.4 0.60
4 (longest) Urinary 48/56 1.00 Ref. 29/50 1.00 Ref.
3 Arsenic 66/86 091 048,172 32/41 3.01 0.50,18.0
2 69/78 1.34 0.72,2.52 30/30 11.8 2.16,64.4
1 122/91 2.54 1.35,478 38/28 104 1.66,65.6 0.52
4 (longest) Daily 48/57 1.00 Ref. 30/50 1.00 Ref.
3 arsenic 67/86 1.18 0.63,2.23 34/41 3.19 0.51,19.84
2 dose 70/79 1.44 077,269 30/30 9.03 1.71,47.83
1 126/91 2.90 1.54,5.47 41/28 9.50 1.51,59.63 0.49
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CHAPTER 5: CONCLUSIONS

SUMMARY OF RESULTS

In Chapter 2 | assessed the associations between nine telomere length (TL)-associated
SNPs and risk for five common cancer types (breast, lung, colorectal, ovarian and prostate
cancer, including subtypes) using a Mendelian randomization approach. The genetic score for
long TL was significantly associated with an increased risk of lung adenocarcinoma, but not
another lung cancer subtype, squamous cell carcinoma. Furthermore, TL was not associated with
any other cancer type investigated, suggesting that findings from prior retrospective measures of
TL may be biased. In Chapter 3 I characterized the association between TL and non-genetic
determinants, including demographic, socioeconomic, and lifestyle factors, with an emphasis on
smoking. Smoking was associated with shorter TL when using prospective measures of smoking
among men and women, but the association was strongly attenuated in the cross-sectional
analysis among men. This attenuation was attributed to a higher rate of smoking cessation during
the study period among males with shorter TL compared to males with longer TL. Short TL was
also associated with poorer overall health in men, suggesting that male smokers with short TL
were more likely to quit smoking due to poor health. In Chapter 4 | investigated whether TL was
cross-sectionally associated with chronic arsenic exposure, and prospectively associated with
subsequent skin lesion risk in a Bangladeshi cohort. Short TL was not found to be associated
with chronic arsenic exposure, but was prospectively associated with increased subsequent skin
lesion risk in a Bangladeshi cohort.
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SYNTHESIS OF FINDINGS

Findings from the three studies in this dissertation may initially appear to be incongruent
with one another. These include the observations that 1) while long TL is a risk factor for lung
cancer (a disease with smoking as a well-known risk factor), smoking itself appears to be a risk
factor for short TL; 2) while arsenic and TL are not associated, short TL appears to be a risk
factor for arsenical skin lesions; and 3) while long TL is a risk factor for lung cancer, it appears
to be protective against skin lesions. However, | suggest that these findings are complementary
and reflect TL’s multiple potential roles as a biomarker of effect, a biomarker of susceptibility,
and a cause of cancer.

The role of TL as a causal contributor to cancer reflects the hypothesized mechanism that
long telomeres increase the proliferative duration of cells, thus delaying senescence and allowing
further mutations to occur (or conversely, that short telomeres trigger cell senescence or
programmed cell death, protecting against the onset of carcinogenesis). This characteristic of TL
is highlighted by the findings of the Mendelian randomization study in Chapter 2, and represents
an inherited genetic trait of the individual. The role of TL as a biomarker of effect (i.e., the effect
of an exposure) reflects the impact of environmental exposures on TL (whether to lengthen or
shorten it), with those environmental exposures (rather than TL itself) being the causal agents
contributing to carcinogenesis. This characteristic of TL is highlighted by the findings of the
Health and Retirement Study in Chapter 3, and represents the cumulative effects of
environmental exposures on an individual’s TL. Finally, the role of TL as a biomarker of

susceptibility reflects the ability of an individual to respond to the challenge of an environmental
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exposure that may lead to cancer. This characteristic of TL is highlighted by the findings of the
Bangladesh Cohort Study in Chapter 5, and represents an inherent quality of the individual that is
independent of environmental exposures.

In Chapters 2 and 3, the observations that long TL is a risk factor for lung cancer while
smoking is a risk factor for short TL may initially appear paradoxical. Because the association
between long TL and lung cancer was inferred from genetic evidence (which is not susceptible to
environmental exposures such as smoking history), it is unlikely that the Chapter 2 finding is
explained by the quitting phenomenon observed in Chapter 3. However, in context of the
multiple roles of TL as a biomarker, the finding from Chapter 2 (long TL as a risk factor for lung
cancer) primarily reflects TL’s role as a cause of cancer, while the finding from Chapter 3
(smoking is a risk factor for short TL) primarily reflects TL’s role as a biomarker of smoking
effect. Furthermore, it must be emphasized here that separate investigations of the associations
between smoking and TL, and TL and lung cancer, do not suffice as methods to establish TL as a
mediator of the association between smoking and cancer. In fact, evidence from these two
chapters would suggest that TL is clearly not a primary mediator of the association between
smoking and cancer. Conversely, taken together, these findings strengthen the argument that TL
plays dual roles as both a causal contributor to cancer risk (through potential biological effect of
long TL on increased cancer risk) as well as a biomarker of exposure to carcinogens present in
tobacco smoke (with short TL being a proxy for the effect of smoking on increased cancer risk),
with both TL and tobacco making opposing causal contributions to cancer risk. Prior literature

suggests that smoking has a much weaker association with adenocarcinoma than squamous cell
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carcinoma and other subtypes of lung cancer (relative risk = 3.1 vs 13.5) (1). Should smoking
exist as a residual confounder in TL-lung cancer analysis, this heterogeneity potentially explains
why an association was observed between long TL and lung adenocarcinoma (where the
opposing causal contribution of smoking is weaker), but not squamous cell carcinoma, (where
the opposing causal contribution of smoking is stronger and could mask the causal contribution
of TL).

In Chapter 4, observations that arsenic and TL are not associated, but short TL appears to
be a risk factor for arsenical skin lesions may initially appear inconsistent. However, we can
view the lack of association between arsenic and TL as a reflection of TL’s role as a biomarker
of effect (or lack thereof for arsenic in this analysis), while TL as a risk factor for arsenical skin
lesion may primarily reflect TL’s role as a biomarker of susceptibility. Similar to the explanation
addressing the “paradoxical” findings between Chapters 2 and 3, separate observations of the
associations between arsenic and TL, and TL and skin lesion suggest that TL should not be
viewed as a mediator of the association between arsenic exposure and skin lesion.

In Chapters 2 and 4, the observations that long TL is a risk factor for lung cancer while
also being associated with decreased skin lesion risk may appear contradictory. However, we can
distinguish the finding of long TL as a risk factor for lung cancer as a reflection of TL’s
hypothesized role as a cause of lung adenocarcinoma, while the finding of long TL being
protective against skin lesions may primarily reflect that of TL’s role as a biomarker of

susceptibility to the effects of arsenic.
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Finally, it is important to note that while the various potential roles of TL as different
types of biomarkers can exist independently of each other, it is likely that a combination of two
or all three together are relevant to an individual’s overall susceptibility to cancer. While a causal
inference method such as Mendelian randomization may be helpful for parsing the role of TL as
a causal contributor to cancer independent of the other two components, other traditional
epidemiology studies may not allow such distinction. Therefore, when using observational study
designs to investigate the association between TL and cancer, it is necessary to recognize the
nuanced and multi-faceted role TL plays as a potential biomarker of cancer, particularly in

context of causal inference.

STRENGTHS AND LIMITATIONS

A primary strength of this dissertation is the diverse types of study designs used to
characterize TL determinants, and elucidate the associations between TL and cancer. This
included the use Mendelian randomization, a type of instrumental variable analysis originating
from econometrics causal inference literature; cross-sectional and prospective analyses of
smoking as a TL determinant; and prospective analysis of TL as a risk factor for skin lesion. This
multi-dataset, multi-method approach is a critical step towards clarifying the causal relationship
between TL and cancer. Additional strengths of individual studies include the large sample sizes
of cancer cases and controls assessed for association with TL SNPs in Chapter 2, the rich
covariate data allowing for comprehensive adjustments for demographic, socioeconomic, and

lifestyle variables in a nationally representative cohort of older subjects in Chapter 3, and the
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largest known sample size of TL analyses in a Bangladeshi cohort, a unique study population, in
Chapter 4.

Limitations of individual studies were discussed in detail in Chapters 2, 3 and 4. In brief,
the validity of the Mendelian randomization assumptions in Chapter 2 cannot be proven—we
could only provide additional sensitivity analyses to demonstrate that the results were robust
under various exclusion criteria of SNPs included in the SNP score. Furthermore, our power to
detect associations may have been limited due to the small variance in measured TL explained
by SNPs used in the analysis (1-2%) (2). However, power analyses indicated that the detection of
strong to moderate associations was possible with the large sample sizes provided by the dataset.
The detection of weak associations require even larger sample sizes, or the inclusion of
additional SNPs in the SNP score should more telomere-associated SNPs be discovered in future
studies. Finally, TL measured from DNA samples collected from subjects may vary depending
on the tissue source of the DNA, e.g. saliva, blood, skin. In the study described in Chapter 3, this
may not be an issue since there is no specific tissue target of interest for health outcome
assessment, and therefore no a priori reason to favor any particular DNA source. However, in
Chapter 4, we needed to assume that TL measures from blood samples approximate that of the
skin — our primary target of interest. While prior studies showing high correlation in TL between
an individual’s leukocyte and skin (3) suggest that the assumption is likely valid, this assumption
needs to be further confirmed by measuring TL in banked biopsied skin tumors and adjacent
normal skin, which is available for the majority of participants in the Bangladesh cohort study

showing signs of skin cancer.
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SIGNIFICANCE AND IMPACT

This dissertation project has significant impact on current knowledge, future research,
and public health implications. Parsing the genetic and environmental factors associated with TL
has two benefits. Should genetic proxies of TL prove to be associated with cancer risk, future
cancer prediction efforts can utilize a TL multi-SNP risk score as a novel risk measure tool.
Analysis of environmental factors leads to better understanding of the modifiability of TL as a
potential risk factor for cancer, allowing the future development of targeted intervention of
telomere attrition through lifestyle or dietary strategies. Furthermore, future cancer prevention
efforts could consider targeting TL as a pharmacological target, particularly for those individuals
determined to be at higher risk for telomere-length associated cancer. Addressing these
knowledge gaps is a critical step towards clarifying the causal relationship between TL and
cancer, with the long-term goal of using this knowledge to improve cancer prediction and

prevention.
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