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Abstract 

INTRODUCTION: Low levels of methylation within repetitive DNA elements, such as long 

interspersed nuclear element-1 (LINE-1) and Alu repeats, are believed to epigenetically 

predispose an individual to cancer and other diseases. The extent to which lifestyle factors affect 

the degree of DNA methylation within these genomic regions has yet to be fully understood. 

Adiposity and sex hormones are established risk factors for certain types of cancer and other 

illnesses, particularly amongst postmenopausal women.  The aim of the current investigation is 

to assess the impact of adiposity and sex hormones on LINE-1 and Alu methylation in healthy 

postmenopausal women. 

 

METHODS: A cross-sectional study was conducted using baseline data from an ancillary study 

of the Alberta Physical Activity and Breast Cancer Prevention (ALPHA) Trial. Current adiposity 

was measured using a dual-energy x-ray absorptiometry (DXA) scan, computed tomography 

(CT) scan, and balance beam scale. Historical weights were self-reported in a questionnaire. 

Current endogenous sex hormone concentrations were measured in fasting blood serum. 

Estimated lifetime number of menstrual cycles was used as a proxy for cumulative exposure to 

ovarian sex hormones. Repetitive element methylation was quantified in white blood cells using 

a pyrosequencing assay. Linear regression was used to model the relations of interest while 

adjusting for important confounders. 

 

RESULTS: Adiposity and serum estrogen concentrations were positively related to LINE-1 

methylation but were not associated with Alu methylation. Cumulative ovarian sex hormone 

exposure had a “U-shaped” relation with LINE-1 regardless of folate intake and a negative 
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relation with Alu methylation amongst low folate consumers. Androgens were not associated 

with repetitive element DNA methylation in this population.  

 

CONCLUSION: Adiposity and estrogens appear to play a role in maintaining high levels of 

repetitive element DNA methylation in healthy postmenopausal women. LINE-1 methylation 

may be a mechanism whereby estrogen exposure protects against cardiovascular and 

neurodegenerative illnesses. These results add to the growing body of literature showing how the 

epigenome is shaped by our lifestyle choices. Future prospective studies assessing the relation 

between levels of repetitive element DNA methylation in healthy individuals and subsequent 

disease risk are needed to better understand the clinical significance of these results. 
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Chapter 1 

Introduction 

The prevention of cancer begins with an understanding of the factors that underlie its 

initiation. Such an understanding encompasses knowledge about the duration, intensity, type, and 

timing of the exposure as well as information about who is most susceptible to its effects. A 

thorough understanding of the relation between an exposure and a disease is needed in order to 

implement effective and efficient public health policies, guidelines, and interventions. 

 Molecular epidemiology is an approach used to study the etiology of cancer and other 

illnesses. The core tenet of this type of research is that there is, “…a continuum of 

molecular/genetic alterations leading to cancer that can be accessed using biomarkers.” (1) 

Exposure to a toxin does not immediately result in the formation of a tumour. Rather, sufficient 

exposure to a carcinogenic agent triggers a series of molecular changes that eventually result in a 

mutation from which a malignant neoplasm arises. Molecular epidemiologists study this chain of 

events in human populations by combining traditional epidemiologic methods with biomarkers 

developed by basic scientists and translational researchers. The biomarkers used by molecular 

epidemiologists can be roughly divided into three overlapping categories: markers of an internal 

or biologically effective dose of an exposure; markers of a preclinical or early carcinogenic 

effect and; markers of susceptibility to the effects of the exposure. (1) 

 Incorporating biomarkers into epidemiologic studies has several advantages. (1,2) For 

example, some environmental agents have multiple routes of exposure (e.g. people can be 

exposed to polycyclic aromatic hydrocarbons through air pollution, diet, and tobacco smoke) (3) 

or are difficult to measure using questionnaire data (e.g. dietary acrylamide exposure from 
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multiple food sources). (4) In such circumstances, using a biomarker of an internal dose can 

provide a researcher with a more accurate and precise measure of the exposure in question. (1,2) 

The use of genetic polymorphisms as markers of susceptibility can help to better identify and 

characterize populations who are particularly vulnerable to the effects of a risk factor. (5) A 

biomarker of a preclinical effect can allow for the prospective assessment of an intervention (e.g. 

an aerobic exercise program) that would have not been feasible to conduct using a clinical 

endpoint (e.g. a cancer diagnosis) because of the cost, large number of participants, and long 

period of time required to carry out such a study. (1,2) Studying the relation between an exposure 

and an early biomarker of a carcinogenic effect can also help to strengthen inferences about 

causality by allowing researchers to measure the effects of an exposure with more sensitivity and 

specificity and by providing scientists with information about the underlying mechanisms 

through which an exposure affects an outcome in a human population. (2,6) 

 It is within this larger research context that the current thesis project is situated. The 

thesis is comprised of two manuscripts (Chapters 4 and 5), each of which examines the relation 

between an established risk factor for breast and other types of cancer (i.e. adiposity and 

endogenous sex hormones) and a biomarker of an early carcinogenic effect (i.e. repetitive 

element DNA methylation). The goal of this investigation is to provide information about the 

frequency, intensity, type, and timing of these exposures with respect to their impact on cancer 

risk and to determine if repetitive element DNA methylation is a potential mechanism through 

which these exposure impact cancer risk. The two manuscripts are preceded by a review of the 

literature (Chapter 2). An additional methods section (Chapter 3) was added to provide the reader 

with a rationale for some of the methods used in the subsequent two manuscripts. The final 

chapter (Chapter 6) briefly summarizes the findings of the two manuscripts, elaborates on the 
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strengths and limitations of this investigation, discusses the implications of this study, and 

suggests future research directions. 
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Chapter 2 

Background and Literature Review 

Epigenetics and DNA methylation: A Brief Introduction 

 A growing body of literature is beginning to uncover how epigenetic mechanisms can 

mediate the relation between certain risk factors and disease. Epigenetics was recently defined by 

Deans et al. (2015) as “the study of phenomena and mechanisms that cause chromosome-bound, 

heritable changes to gene expression that are not dependent on changes to DNA sequence.” (1) 

In other words, epigenetic alterations affect the expression of the genome and can be passed from 

one cell to another without changing the underlying base sequence. In her book, “The Epigenetic 

Revolution: How Modern Biology is Rewriting Our Understanding of Genetics, Disease, and 

Inheritance,” Nessa Carey puts forth a useful analogy: epigenetics are like the director’s notes on 

the script of a play in that these notes affect the interpretation of the script and the production of 

the play without changing the actual script itself. (2) 

First discovered in 1948 (ref. 3), DNA methylation has become the most widely studied 

and best understood epigenetic mechanism to date. (4) The methylation of mammalian DNA is 

characterized by the covalent binding of a methyl group (CH3) to a cytosine base within a 

cytosine-phosphate-guanine dinucleotide (CpG) to form 5-methylcytosine. (5) The consequences 

of DNA methylation depend upon the genomic region in which it takes place. (6) High levels of 

DNA methylation within a promoter region of a gene or within transposable elements suppresses 

or completely silences their expression. (6) The impact of DNA methylation in other genomic 

regions (e.g. gene bodies) or within non-CpG sites is currently not well known. (6) Although its 

function has yet to be fully understood, DNA methylation is recognized as having a crucial role 
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in a number of critical physiological processes such as the regulation of cellular differentiation, 

tissue-specific gene expression, genomic imprinting, and X-inactivation. (7) 

At the molecular level, DNA methylation patterns are created, maintained, and erased by 

various biological mechanisms. Methyl groups are attached to cytosine bases by enzymes known 

as DNA methyltransferases (DNMTs). (8) DNMTs create new methylation patterns and transfer 

pre-existing methylation patterns from parent cells to daughter cells during cell division. (9) The 

methyl groups used in these methylation reactions are supplied through one-carbon metabolism 

in which S-adenosylmethionine (SAM) becomes S-adenosylhomocysteine (SAH) after it 

transfers its methyl group to a DNMT. (10) Passive de-methylation of the genome can occur 

when the activity of DNMTs are suppressed such that methylation patterns are not properly 

maintained during cellular division. (11,12) Recent findings suggest that ten-eleven translocation 

(TET) proteins can actively induce demethylation by hindering the activity of DNMTs and by 

promoting base excision through the oxidization of methylated cytosine bases. (12)  

As implied by the previous paragraph, patterns of DNA methylation are not immutable. 

Rather, the methylation of certain genomic regions can change in response to ageing and certain 

environmental insults. (4,13) Referring back to Nessa Carrey’s analogy, a director’s notes can be 

revised and edited in response to certain feedback. One can imagine how such alterations might 

affect the interpretation of the script in a way that would be detrimental to the production of the 

play. Herein lies the focus of this thesis project – to describe the relation between certain 

behavioral factors and epigenetic changes that are believed to impact the risk of cancer and other 

diseases. 
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Repetitive Element DNA Methylation – A Biomarker of an Early Carcinogenic Effect 

Epigenetic aberrations, particularly changes in the levels of DNA methylation, have an 

important role in the etiology of a wide variety of diseases including cancer, cardiovascular 

disease, neurodegenerative disorders, autoimmune disease, and mental illness. (14,15) Cancer 

has been the primary focus of most disease-related epigenetic research to date. The link was first 

established in 1983 when Feinberg and Vogelstein discovered that cancer cells had abnormal 

methylation patterns compared to adjacent normal cells taken from the same individual. (16) It is 

now recognized that nearly all cancer cells feature aberrant DNA methylation characterized by 

the hypermethylation of the promoter regions of tumour suppressor genes and the 

hypomethylation of repetitive elements. (17) Emerging evidence suggests that some epigenetic 

aberrations, particularly repetitive element DNA hypomethylation, are not merely consequences 

of cancer but are early carcinogenic events which help to drive the initiation of a tumour.  

More than half of the human genome consists of highly repetitive base sequences, the 

most common type of which are interspersed repetitive elements. (18) Interspersed repetitive 

elements can be classified according to their length: short-interspersed repetitive elements 

(SINEs) are usually less than 500 base pairs whereas long-interspersed repetitive elements 

(LINEs) are typically greater than 5000 base pairs. (19) The two most common types of LINEs 

and SINEs active in human DNA are long interspersed element-1 (LINE-1) and Alu elements 

respectively. (20) There are around 500,000 copies of LINE-1 elements and 1,000,000 copies of 

Alu elements which correspondingly account for roughly 20% and 14% of the human genome. 

(20) Most CpG sites are found within these repetitive elements and these genomic regions are 

typically heavily methylated such that they account for a substantial proportion of global (i.e. the 
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total amount of) DNA methylation. (21) This high level of methylation helps to silence the 

activity of these retrotransposons. (5)  

Accumulating research suggests that low levels of LINE-1 and Alu methylation can 

increase an individual’s risk for developing certain types of cancer and possibly other diseases. 

(22,23) Hypomethylation within LINE-1 and Alu repeats can result in an increase in their 

expression which in turn can have harmful cellular consequences such as the induction of 

chromosomal instability and disruption of tumour suppressor and oncogene expression. (20,24–

28) The causal role of genomic hypomethylation in cancer initiation is supported by 

experimental evidence in which induced hypomethylation in mice has been shown to result in the 

formation of tumours. (29) These results have been mirrored in prospective epidemiologic 

studies showing that healthy individuals with lower LINE-1 and Alu methylation have a 

significantly increased risk of developing cancer. (30,31) For example, DeRoo et al. (2014) 

conducted a nested case-control study in which they compared the risk of developing breast 

cancer across quartiles of LINE-1 methylation as measured at baseline using peripheral blood 

samples from healthy women aged 35 to 74 years of age. (32) DeRoo and colleagues reported a 

significant negative dose-response relationship between LINE-1 methylation and breast cancer 

risk and found that women in the lowest quartile of methylation were 75% more likely to 

develop breast cancer in comparison to women in the highest quartile of methylation (HR = 1.75; 

95% CI: 1.19, 2.59). Lower levels of DNA methylation within LINE-1 and Alu repeats may 

therefore serve as a biomarker of an early carcinogenic effect. New findings suggests that the 

harmful effects of LINE-1 and Alu hypomethylation are not specific to cancer in that they may 

also be related to the risk of heart disease (33) and certain neurodegenerative disorders. (34) 

Although the effects of aberrantly high levels of LINE-1 and Alu methylation are unknown, an 
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association with cancer and heart disease risk has been reported in a small number of studies. 

(35–37) 

 

Determinants of DNA Methylation 

Although the literature is limited, several suspected determinants of DNA methylation 

have been identified which include age, race, sex, diet, smoking, alcohol consumption, obesity, 

hormones, physical activity, environmental chemical exposures, morbidity, and genetics. 

(13,38,39) 

Age ~ Aging is the single biggest risk factor for cancer and other chronic diseases. (40) 

Epidemiologic studies have shown that the epigenome is not impervious to the aging process – 

repetitive elements that are heavily methylated tend to become hypomethylated as individuals 

grow older. (4) Such epigenetic changes are believed to be caused by accumulating damage from 

environmental insults and random errors made during cellular replication. (41) Age may also 

modify the effects of certain exposures – some researchers argue that the epigenome is most 

susceptible to the effects of environmental factors in utero and during early development 

although this has yet to be conclusively demonstrated. (42)  

Sex, Race, and Genetics ~ Sex and possibly racial differences in DNA methylation 

patterns exist amongst human populations. Many epidemiologic studies have found that women 

tend to have lower levels of repetitive element methylation in relation to men. (43–45) Such 

findings could be attributable to differences in genetics and/or exposure to sex hormones. (45) 

Some epidemiologic studies have reported significant racial differences in DNA methylation 

after controlling for various confounders, (44,46,47) however, such findings are inconsistent. 

(48)  
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Polymorphisms affecting the expression of epigenetic enzymes such as DNMTs or 

proteins involved in the one-carbon metabolism (e.g. MTHFR) have been found to impact DNA 

methylation and the risk of cancer. (49,50)  

Diet and Alcohol ~ Dietary factors associated with one-carbon metabolism – the pathway 

responsible for the supply of methyl groups used in various cellular processes – may be 

important determinants of DNA methylation. (11) Epidemiologic and experimental studies have 

demonstrated that dietary nutrient intake and alcohol consumption have the potential to influence 

DNA methylation and other epigenetic processes. (51–54) The functioning of one-carbon 

metabolism is dependent upon several dietary micro-nutrients which include methionine, 

choline, betaine, vitamin B2, B6, B12, and most importantly folate (B9). (53) Similarly, alcohol 

consumption can impact one-carbon metabolism through various pathways such as reducing the 

bioavailability of SAM or hindering the metabolism of folate. (52) Results from epidemiologic 

investigations regarding the impact of dietary folate and alcohol consumption on levels of 

repetitive element methylation have been inconsistent. (52,53,55) The impact of macronutrients 

other than alcohol (e.g. proteins, fats, or carbohydrates) and dietary patterns (e.g. Western or 

Mediterranean) on the epigenome has also yet to be fully understood. (53,54)  

Environmental Toxins and Smoking ~ A growing body of literature supports the 

etiologic role of environmental chemicals in determining DNA methylation profiles. (43,56) 

Levels of DNA methylation have been shown to vary in response to a wide range of 

environmental insults which include air pollution (e.g. benzene, particulate matter, and black 

carbon), persistent organic pesticides (e.g. organochlorine pesticides and polychlorinated 

biphenyls (PCBs)), endocrine disruptors (e.g. diethylstilbestrol (DES) and bisphenol A (BPA)), 
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heavy metals (e.g. arsenic, cadmium, chromium, lead, and nickel), water disinfection by-

products (e.g. chloroform and trihalomethanes), and radiation. (39,56–60)  

Although tobacco has been shown to affect DNA methylation within specific genes, there 

is no evidence for an association between tobacco smoke and repetitive element DNA 

methylation. (39)  

Physical Activity ~ A review of all known studies investigating the impact of physical 

activity and exercise on DNA methylation was recently published by Horsburgh and colleagues 

(2015). (61) The primary mechanism through which exercise is believed to influence the 

epigenome is by reducing chronic inflammation which has been shown to regulate the expression 

of DNMTs and has been linked to aberrant DNA methylation. (61) Although some studies have 

found that higher levels of physical activity are associated with higher levels of repetitive 

element DNA methylation, such findings are inconsistent and firm conclusions cannot be made 

from the current state of evidence. (61) 

 

Sex Hormones, Adiposity, and DNA Methylation: Biological Plausibility 

The purpose of this study is to determine the impact of adiposity and estrogens on DNA 

methylation. Epidemiologic evidence has convincingly demonstrated that obesity and sex 

hormones causally contribute towards the initiation of postmenopausal breast cancer and other 

diseases. (62–65) Aberrant DNA methylation may be one mechanism whereby exposure to 

adiposity and estrogens affect disease risk. 

Estrogens ~ Several factors associated with exposure to estrogens have been shown to 

affect the risk of breast and other types of cancer, particularly amongst postmenopausal women. 

These factors include endogenous sex hormone levels (both estrogens and androgens), levels of 
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sex hormone-binding globulin (which affects the bioavailability of endogenous hormones), 

reproductive characteristics (i.e. parity, age at first birth, and breastfeeding), menstrual history 

(i.e. age at menarche and age at menopause), and exogenous hormone use (i.e. oral contraceptive 

or hormone replacement therapy use). (62,66) In contrast to the cancer literature, estrogen 

exposure has been shown to be protective against cardiovascular and neurodegenerative diseases. 

(67,68) Understanding the impact of estrogens on repetitive element DNA methylation may 

provide insight into the molecular mechanisms at play which might help to explain this 

heterogeneity with respect to disease risk. 

Although few studies to date have investigated the association between sex hormones and 

DNA methylation, the relation is biologically plausible and is supported by analogous evidence. 

Sex hormones have been shown to have an impact on various components of one-carbon 

metabolism. In particular, exposure to estrogens has been shown to negatively affect the 

metabolism of folate, methyl groups, and homocysteine. (69,70) The activity of DNMT and 

methyl CpG binding proteins has also been shown to be repressed by estrogens. (71) In addition, 

sex hormones may indirectly influence DNA methylation by inducing other epigenetic changes 

such as histone modifications. (71) By analogy, studies in humans have shown that soy 

isoflavones (which affect endogenous estrogen levels) and endocrine disruptors (i.e. chemicals 

that simulate or interfere with endogenous hormones) can impact DNA methylation which 

supports the hypothesis that DNA methylation is susceptible to hormonal influence. (72,73) 

Given the negative impact that estrogens are believed to have on the activity of epigenetic 

enzymes and supply of methyl groups, one would expect that higher levels of estrogen exposure 

would be associated with lower levels of repetitive element DNA methylation.  
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Adiposity ~ The continued increase in obesity rates across the globe and its relation to a 

number of chronic diseases make it a public health priority. (63) Among postmenopausal 

women, excess body fat is an established risk factor for breast and other types of cancers 

including endometrial, pancreatic, and colorectal cancers. (65) There are three primary ways in 

which body fatness is conceptualized in the literature: 1) overall adiposity; 2) body fat 

distribution; 3) changes in weight over time. (74) Most epidemiologic studies have relied upon 

body mass index (BMI) as a proxy measure of overall adiposity. (75) The distribution of body fat 

is also of biological relevance – some studies have found that central adiposity (i.e. body fat 

located within and around the abdomen or trunk) can have more of a detrimental health effect in 

comparison to adipose tissue found in more proximal regions (e.g. the arms or the legs) 

independent of overall adiposity. (75) Central adiposity is commonly assessed in the literature by 

waist circumference or waist-to-hip ratio. (75) More accurate measures of these constructs that 

account for the amount of lean body mass (e.g. body fat percent or abdominal fat area) can be 

obtained using medical imaging devices such as a dual energy x-ray absorptiometry (DXA) or 

computed tomography (CT) scan. (75) The use of such imaging devices also provides a means to 

further explore the distribution of body fat by allowing central adiposity to be segmented into 

body fat surrounding the organs (i.e. intraabdominal or visceral fat) and adipose tissue found 

near the surface of the skin (i.e. subcutaneous fat). (75) Although the impact of weight loss and 

weight cycling (i.e. sequential patterns of weight loss and gain) have yet to be established, 

weight gain has been consistently linked to cancer risk. (65,74) Although there is evidence that 

the relation between adiposity and cancer risk differs according to time (e.g. childhood obesity 

has been found to be protective against breast cancer), the biological windows during which 
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women are most susceptible to the effects of excess body fat and the underlying mechanisms 

driving such differences have yet to be fully uncovered. (76) 

Although the precise mechanisms whereby higher levels of body fat may impact DNA 

methylation in postmenopausal women has yet to be established, there are several plausible 

pathways. After menopause, aromatase found in adipose tissue becomes the primary source of 

estrogen production. (77) Epidemiologic studies have found that higher levels of adiposity have 

been positively associated with higher levels of circulating estrogen concentrations in 

postmenopausal women. (78) As previously described, exposure to estrogens may have an 

impact on DNA methylation. Obesity is also known to cause chronic low-grade inflammation 

which has been shown to impact the activity of DNMT and interfere with one-carbon 

metabolism. (61,79,80) Excess adiposity is also known to increase oxidative stress by triggering 

the production of reactive oxygen species (ROS). (81) Oxidative stress can induce aberrant DNA 

methylation by affecting the normal functioning of TET proteins, DNMTs, and the one-carbon 

metabolism.(82–84) Body fat may therefore alter DNA methylation within postmenopausal 

women by affecting their exposure to estrogens, chronic inflammation, and oxidative stress. 

Since there are multiple potential pathways through which adiposity can affect DNA 

methylation, it is difficult to form an a priori hypothesis about the direction of the relation 

between body fat and repetitive element DNA methylation. However, if one assumes that this 

relation is largely mediated by estrogen in postmenopausal women, then higher levels of body fat 

would be expected to be related to lower levels of repetitive element DNA methylation. 
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DNA Methylation as a Biomarker of an Early Carcinogenic Effect 

 In the current study, repetitive element DNA methylation is being conceptualized as a 

biomarker of an early carcinogenic effect to determine if it is a possible mechanism through 

which adiposity and sex hormone exposure impact cancer risk. Various informal and formal sets 

of criteria have been developed to assess the appropriateness of an intermediate endpoint with 

respect to its ability to predict the impact of an exposure on a clinical end point. (85,86) 

Although a formal evaluation is beyond the scope of this review, the appropriateness of 

repetitive element DNA methylation as a biomarker of an early carcinogenic effect will be 

briefly discussed with respect to its biological relevance, relation to cancer incidence, laboratory 

assay’s reliability and validity, and intra-individual variability over time and across tissues. (85) 

 If a intermediate biomarker is not on the causal pathway between an exposure and an 

outcome, changes in the biomarker may not reflect changes in the clinical endpoint (e.g., the 

relation between the biomarker and clinical endpoint may be confounded). (87) Epigenetic 

aberrations, particularly repetitive element DNA hypomethylation, are now believed to play a 

causal role in the initiation of cancer. (17,88) Therefore, LINE-1 and Alu methylation are 

biologically relevant endpoints since they are thought to exist on the causal pathway. It is 

important to note that adiposity and sex hormones may influence cancer risk through 

mechanisms that are independent of repetitive element DNA methylation (e.g., estrogen 

metabolites can have genotoxic effects). (64) Therefore, the impact of these exposures on LINE-

1 and Alu methylation may correspond to a reduction in cancer incidence but not to an 

elimination of their carcinogenic effects entirely. (87,89)  

 The laboratory methods used to quantify a biomarker must be accurate and precise if the 

biomarker is to be used within an epidemiologic setting. (90) A pyrosequencing assay was used 
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in the current study to quantify repetitive element DNA methylation which has been shown to be 

both valid and reliable. (91,92) By repeating the assay on eight samples, it was determined that 

there was little intra-lab variability for the LINE-1 and Alu measures with coefficients of 

variation equal to 1.8% and 2.2% respectively. Thus, the measures of repetitive element DNA 

methylation used in the current study are accurate and reliable in terms of both inter- and intra-

lab variability.  

It is desirable to use a biomarker that is relatively stable over time so that only a single 

measure is needed to measure the construct in question precisely. A single measure of a 

biomarker that has a great deal of fluctuation over short periods of time (e.g. daily or monthly) 

will suffer from measurement error if additional adjustments are not taken (e.g., taking multiple 

measures of the same participant). (90) Levels of LINE-1 and Alu methylation have been found 

not to change over short periods of time (e.g., over the course of four days (93) or the span of a 

natural menstrual cycle (94)). In general, studies that have found an association between age and 

LINE-1 and Alu methylation report small declines in absolute percent methylation (~0.1%) from 

year to year. (95) The temporal stability of repetitive element DNA methylation is a 

characteristic of a biomarker well suited for incorporation into epidemiologic studies. 

Akin to temporal stability, a biomarker would ideally have little intra-individual 

variability within or between different tissues and cell types so that measures taken from readily 

available sites (e.g. blood or saliva) can be used as proxy measures of levels in the target tissues 

of interest (e.g. breast or colorectal tissue). (85) Epidemiologic investigations are often forced to 

rely upon measures taken from specimens that are readily available for ethical and practical 

reasons. In the current study, we assessed DNA methylation within white blood cells. This 

biological source may be problematic because patterns of DNA methylation have been found to 
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vary across different tissues (96,97) and cell types. (98,99) However, levels of DNA methylation 

within certain genomic regions has been shown to be conserved across different tissues and one 

study found that a large degree of inter-tissue variability was attributed to DNA methylation 

within genes that have a tissue-specific function. (97) Until the extent to which levels of LINE-1 

and Alu methylation within white blood cells correspond to levels in other tissue sites has been 

established, caution should be taken when interpreting the findings of this investigation. 

 A biomarker of an early carcinogenic effect should be able to assess the probability of 

developing the clinical endpoint of interest with a high degree of validity and consistency. (87) 

While some studies have associated lower levels of LINE-1 and Alu methylation measured in 

peripheral blood with the risk of several different types of cancer, the relation has yet to be 

firmly established and the evidence is inconsistent. (23,100) While repetitive element DNA 

methylation in peripheral blood cells may be indicative of general cancer risk, future prospective 

studies relating baseline levels of DNA methylation to the incidence of specific types and sub-

types of cancer are needed to understand and appreciate the clinical relevance of the results from 

this study and how specific they are to a certain type of cancer. 

In general, repetitive element DNA methylation is a promising biomarker of an early 

carcinogenic effect because it is believed to causally contribute to cancer formation and it is a 

temporally stable mark that can be measured using valid and reliable laboratory methods. To 

better assess its validity as an intermediate biomarker, however, the relation between repetitive 

element DNA methylation and disease and the extent to which relations identified in surrogate 

tissues persist in target tissues of interest needs to be better understood.  
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Study Rationale 

Affecting approximately 1 in 9 women, breast cancer is the most common type of cancer 

and second most common cause of cancer deaths amongst Canadian females. (101) The 

discordance between the declining breast cancer mortality rate and relatively stagnant incidence 

rate demonstrates that preventive efforts have failed to mirror the advances made in the early 

detection and treatment of this disease. (101) Adiposity and sex hormones are two important 

modifiable risk factors for postmenopausal breast cancer. (102) Epigenetics, particularly DNA 

methylation, may play an important role in mediating the health effects of these exposures. 

Etiologic research targeted at furthering our understanding of the carcinogenic effects of these 

factors will ultimately help to further preventive efforts targeted at reducing the incidence of 

breast cancer and other chronic diseases related to aberrant DNA methylation.  

The extent to which modifiable factors influence DNA methylation has not yet been 

established. (55) The large majority of the literature has focused on establishing the link between 

DNA methylation and cancer while a comparatively lesser body of research has examined the 

determinants of this epigenetic mark. (103) There exists a considerable gap in the literature in 

that the determinants of DNA methylation are poorly understood. Results from this investigation 

will help to address this gap and can provide information to help guide future etiologic research.  

Adiposity and sex hormones are complex exposures that have heterogeneous relationships with 

disease. For example, epidemiologic research has found that obesity is protective against 

premenopausal breast cancer but is harmful with respect to postmenopausal breast cancer. (65) 

Suggestive of an epigenetic mechanism, studies have also shown that childhood obesity can 

protect against adulthood breast cancer. (76) On the other hand, higher levels of estrogen 

exposure increase the risk for breast and other types of cancer but confer a protective effect 
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against cardiovascular and neurodegenerative diseases. (62,67,104) A better understanding of the 

underlying biological mechanisms will help to explain such heterogeneity which is information 

that may ultimately help to inform medical practice and public health guidelines.  

Few studies have investigated the impact of sex hormones or adiposity on repetitive 

element DNA methylation and the results of those that have are inconsistent (see discussion 

section of Chapters 4 and 5). The current study used a comprehensive set of highly accurate and 

reliable hormonal and adiposity metrics. In contrast to many previous studies, the current 

investigation a full assessment of potential confounding factors. Results from this research 

provide evidence pertaining to the impact of obesity and estrogens on aberrant DNA methylation 

patterns which will ultimately help broaden our understanding of the health implications 

associated with these two established cancer risk factors. 
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Chapter 3 

Study Design and Methods 

 Introduction 

The following chapter provides an overview of the specific objectives addressed in the 

two manuscripts. Specifically, objectives 1 to 3 were addressed in manuscript 1 (Chapter 4) and 

objectives 4 to 6 were addressed in manuscript 2 (Chapter 5). This section also includes 

aadditional information pertaining to the study population, design, and methods that were not 

fully described in the two manuscripts for the sake of brevity. 

 

Study Objectives and Hypotheses 

Objective 1: Describe the association between measures of adiposity and DNA 

methylation within LINE-1 and Alu repeats in a population of healthy, inactive, postmenopausal 

women. Hypothesis: All measures of adiposity will be negatively associated with both LINE-1 

and Alu methylation. Objective 2: Assess the association between weight changes over time and 

LINE-1 and Alu methylation. Hypothesis: Weight gain and weight cycling will be negatively 

related to the methylation outcomes. Weight loss will be positively associated with LINE-1 and 

Alu methylation. Objective 3: Determine if the association between adiposity and repetitive 

element DNA methylation differs according to the timing (lifetime vs. current), the type 

(intraabdominal vs. subcutaneous fat), the distribution (central vs. overall body fat), or the 

conceptualization (absolute vs. relative measure) of the exposure. Hypothesis: Historical, 

intraabdominal, central, and relative measures of adiposity will have a larger association DNA 

methylation than current, subcutaneous, overall, and absolute measures of adiposity.  
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Objective 4: Examine the association between endogenous sex hormones and repetitive 

element DNA methylation in a population of healthy, inactive, postmenopausal women. 

Hypothesis: Exposure to endogenous sex hormones will be negatively associated with levels of 

LINE-1 and Alu methylation. Objective 5: Compare the association between different types 

(androgens vs. estrogens) and durations (current vs. cumulative estrogen exposure) with 

endogenous sex hormone exposure on LINE-1 and Alu methylation. Hypothesis: Estrogens will 

be more strongly associated with LINE-1 and Alu methylation than androgens and cumulative 

estrogen exposure will be more strongly related to these outcomes than current estrogen 

measures. Objective 6: Determine if the total lifetime number of menstrual cycles adequately 

summarizes the independent epigenetic effects of age at menarche, age at menopause, and parity. 

Hypothesis: The shape and direction of the association between total lifetime number of 

menstrual cycles and the DNA methylation outcomes will be similar to that of age at menarche, 

age at menopause, and parity albeit with a slightly larger magnitude of effect. 

 

Study Design  

A cross-sectional study was conducted within an ancillary study of the Alberta Physical 

Activity and Breast Cancer Prevention (ALPHA) Trial (ClinicalTrials.gov identifier: 

NCT00522262). (ref. 1) The ALPHA Trial was a two-centered, parallel arm, randomized 

controlled trial that assessed the impact of a one-year aerobic exercise intervention relative to a 

regular inactive lifestyle on various biological factors thought to mediate the relation between 

physical activity and breast cancer. Participants were randomized to either the intervention or 

control arm. The intervention consisted of five 45 minute sessions per week of moderate to 

vigorous aerobic activity for one year. The control group was asked to maintain their regular 
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activity levels over the same length of time. Assessments were made at baseline, 6 months, and 

12 months. In the ALPHA Trial, the outcomes of interest were sex hormone concentrations, 

adiposity, breast density, inflammation, and insulin resistance. In the ancillary study, blood 

samples collected from the participants were reanalyzed to obtain measures of DNA methylation, 

telomere length, and oxidative stress. In the current study, we relied solely upon measures taken 

at baseline.  

 

Study Participants  

Letters of invitation to participate in the ALPHA Trial were sent to women who partook 

in the Alberta Breast Screening Program Screen Test. Study participants were also recruited from 

the Alberta Family Practice Research Network and through media campaigns. Eligibility was 

assessed at various stages of entry into the study (before contacting the participant, at an 

information session, after the participant expressed an interest in enrollment, and at baseline) 

using a variety of methods (breast cancer screening database, telephone interview, introductory 

questionnaire, mammogram, physician approval, blood tests, and submaximal fitness test). 

Participants had to satisfy the following criteria at baseline in order to be eligible for entry into 

the ALPHA Trial: 
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Inclusion Criteria Exclusion Criteria 

 Female 

 Aged 50 to 75 

 Postmenopausal for at least 2 years 

 Sedentary (i.e. less than 90 minutes of 

recreational activity per week) 

 Reside in Calgary or Edmonton 

 Body mass index between 22.0 and 40.0 

kg/m2 

 Breast density greater than zero percent 

 Normal fasting blood levels of lipids, 

thyroid-stimulating hormone, and 

alanine aminotransferase  

 Unable to participate in the exercise 

intervention 

 Major comorbidity 

 Previous cancer diagnosis (with the exception 

of non-melanoma skin cancer) 

 Smoker 

 Excessive alcohol consumption (i.e. more 

than 14 drinks/week) 

 Hormone replacement therapy use in the past 

two years 

 Taking medication that could affect the 

outcomes of interest 

 

 

Data Collection  

 Data collection is described in further detail in Chapters 4 and 5. Briefly, measures of 

adiposity were obtained using a CT scan, DXA scan, balance-beam scale, and tape measure. Sex 

hormone concentrations (i.e. estradiol, estrone, testosterone, androstenedione, and sex hormone 

binding globulin) were assessed from fasting blood samples. We estimated each participant’s 

total lifetime number of menstrual cycles as a proxy for cumulative exposure to ovarian sex 

hormones using questionnaire data about age at menarche, age at menopause, parity, and 

gravidity. DNA methylation was analyzed from frozen baseline fasting blood samples. Covariate 

information was primarily captured through various questionnaires.  

 

Statistical Analysis 

 Linear regression was used to model the association between the exposures and outcomes 

of interest while controlling for important confounders. The mean change in percent methylation 

associated with a standard deviation increase in the exposure of interest was used as a measure of 
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effect. This standardized effect estimate was chosen to allow for comparisons across different 

exposures. We used a backwards elimination procedure with a p-value of 0.20 to select which 

confounders to control in the final model. More detailed information pertaining to the analytic 

strategies is provided in Chapters 4 and 5. 

Using a one-way ANOVA model, it was determined that the plate on which DNA 

methylation was assessed (n = 7) had a significant association with LINE-1 methylation (F = 

102.04; p < 0.0001) and Alu methylation (F = 12.27; p < 0.0001). To assess the degree of 

clustering by plate we estimated the intraclass correlation coefficient by partitioning the variance 

into individual- and plate-level effects. It was determined that within plate clustering accounted 

for 67.72% and 29.97% of the variation in the LINE-1 and Alu methylation measures 

respectively. To account for clustering by plate, we modeled the seven plates using a random 

effect parameter with an unstructured covariance matrix in all analyses.  

 

Power Calculation 

 PS – Power and Sample Size Calculation software Version 3.0 by Dupont and colleagues 

was used to compute the following a priori power estimate which is based on a two sample t-test 

comparing the mean difference in standardized DNA methylation levels between the first and 

fourth quartiles of the exposure of interest with an assumed sample size equal to 300. (2) At a 

5% significance level, the smallest effect size that this study has an 80% probability of detecting 

is a 0.46 standard deviation change in LINE-1 or Alu methylation. 
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Additional Considerations 

Conceptualization of DNA Methylation Outcomes 

For both LINE-1 and Alu elements, we assessed DNA methylation within three repeated 

CpG sites. Within the genome of a single cell, there are approximately 500,000 and 1,000,000 

copies of LINE-1 and Alu elements respectively, not all of which are full length. (3) For each 

participant, the percent methylation for a repeated CpG site was estimated by dividing the 

number of methylated CpG sites by the total number of CpG sites within their DNA sample. We 

then estimated the overall level of LINE-1 and Alu methylation by averaging across the three 

CpG sites for each participant.  

The three CpG sites within LINE-1 that were assessed for DNA methylation were highly 

correlated (0.58 < r <0.89) which supports the appropriateness of averaging across these three 

CpG sites to derive an overall measure of LINE-1 methylation for our primary outcome. 

While two of the CpG sites assessed for Alu methylation were highly correlated (r = 0.71), one 

of the CpG sites was not correlated with the other two (0.002 < |r| < 0.04). To be consistent with 

the literature, we averaged across the three CpG sites to compute the overall Alu methylation 

percent as our primary outcome of interest. However, we also conducted a sensitivity analysis in 

which we ran two separate analyses assessing the effect of the exposures of interest on: 1) DNA 

methylation in the uncorrelated CpG site; and 2) the average DNA methylation within the two 

correlated CpG sites. The results from these two sensitivity analyses were not considerably 

different from the results of the main analyses that averaged across the three CpG sites. 

Therefore, we used the average of the three CpG sites for our final outcome. 
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Estimation of Total Lifetime Number of Menstrual Cycles 

 One of the primary exposures used in the current study is the total lifetime number of 

menstrual cycles which is thought to reflect cumulative exposure to ovarian sex hormones. (4) 

Although we had information on age at menarche, age at menopause, parity, and gravidity, we 

were missing several variables that would have allowed for more precise estimates of the total 

lifetime number of menstrual cycles such as menstrual cycle regularity and length, age at which a 

regular menstrual cycle pattern was established, oral contraceptive use, duration of gestation for 

a full term or terminated pregnancy, and the length of time it took for menstruation to return 

following a full term birth. To estimate the lifetime number of menstrual cycles, the following 

assumptions were made: 

- A full term pregnancy resulted in a 49 week absence of cycles (36 weeks of absence due 

to gestation + 13 weeks of absence due to breastfeeding) 

- A terminated pregnancy (i.e. miscarriage, abortion, or stillbirth) resulted in a 12 week 

absence of cycles 

- All women had regular 28 day cycles throughout their menstrual span 

 

A 36 week absence of menstrual cycles due to a full term pregnancy was chosen as it has 

been used in past research and is a number that coincides with the typical length of a full term 

pregnancy (i.e. most pregnancies last around 40 weeks and a regular menstrual cycle is around 4 

weeks which would result in a 40 – 4 = 36 week absence in menstrual cycles). (4) We also 

assumed that each participant who gave birth would have an additional absence of menstrual 

cycles for 13 weeks after the pregnancy due to breastfeeding. We derived this estimate using data 

on the duration of exclusive breast feeding from the 2003-2004 Canadian Community Health 
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Survey (Cycle 2). (5) We used data on the duration of exclusive breast feeding instead of the 

duration of any breastfeeding because exclusive breastfeeding is more likely to prolong the 

absence of menstrual cycles. (7) Since the 2001-2002 Canadian Community Healthy Survey 

(Cycle 1) only reported the duration of breast feeding (not exclusive breast feeding), we used the 

2003-2004 Canadian Community Healthy Survey which reported the proportion of mothers who 

exclusively breastfed by different categories of breastfeeding duration. The mean duration of 

breastfeeding was calculated for each category (e.g. everyone who was in the 1 week to <5 week 

category was assumed to have breastfed for 3 weeks) and was combined with the estimated 

proportion of mothers in that category to estimate the expected duration of exclusive 

breastfeeding as follows: 

Duration of breastfeeding Mean duration of breastfeeding Proportion 

0 weeks 0 weeks 16.1% 

< 1 week 0.5 weeks 8.7% 

1 to < 5 weeks 3 weeks 12.0% 

5 to < 12 weeks  8.5 weeks 10.4% 

12 to < 20 weeks 16 weeks 25.0% 

20 to < 28 weeks 24 weeks 20.4% 

28 weeks to < 1 year  40 weeks 6.9% 

1+ year 52 weeks 0.6% 

Expected duration of exclusive breast feeding = 0*0.161 + 0.5*0.087 + 3*0.120 + 8.5*0.104 + 

16*0.25 + 24*0.204 + 40*0.069 + 52*0.006 = 13.26 weeks 

 

We did not have information on the specific reason for the termination of a pregnancy. 

We assumed that stillbirths would comprise the majority of terminated pregnancies (as opposed 

to abortions or miscarriages) and assumed a 12 week absence in menstrual cycles for all 

terminated pregnancies as previously done. (4) A regular 4 week menstrual cycle was chosen 

since it is the most usual pattern found in the population and it eases the calculation of the 

number of menstrual cycles. Under these assumptions the total lifetime number of menstrual 

cycles was calculated as follows: 
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Total lifetime number of menstrual cycles = [(age at menopause – age at menarche) × 

52.1775 weeks – (number of live births) × 49 weeks – (number of terminated 

pregnancies) × 12 weeks] / 4 weeks. 

 

Derived Weight Change Variables 

 In addition to the adiposity measures that were captured at baseline, we wanted to explore 

changes in adiposity over time. In a baseline health questionnaire, participants reported their 

weight since age 20 in 10 year intervals. We considered the following variables which have been 

used previously in the literature: (7,8) 

- Weight gain since age 20: baseline weight – weight at age 20 

- Adult weight gain: baseline weight – smallest adult weight  

- Maximum adult weight difference: largest adult weight – smallest adult weight 

- Weight loss: largest adult weight - baseline weight  

- Weight cycling: absolute sum of weight difference between decades  

 

Weight gain, adult weight gain, and maximum adult weight difference were highly 

correlated (0.93 < r < 0.98). We used weight gain since age 20 as our measure of weight gain as 

it is used more frequently in the literature. The remaining three weight change variables (weight 

gain, weight loss, and weight cycling) had weak to moderate correlations with one another (0.12 

< |r| < 0.51).  
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Adjusting Dietary Folate Intake for Total Energy Intake 

 In the current investigation, we considered dietary folate intake as a potential confounder 

and effect modifier. A more accurate and precise estimate of the relation between a dietary 

micronutrient and an exposure or outcome can be obtained by adjusting for total energy intake 

(i.e. total energy intake can confound the relation between a dietary macro- or micro-nutrient and 

another variable of interest). (9)  

There are four primary approaches used to adjust for total caloric intake when assessing a 

dietary nutrient. (10) One method is to include nutrient intake and total energy intake as separate 

variables in a multivariable regression model.  Alternatively, a variable representing the amount 

of energy from nutrients other than the one under scrutiny in place of total energy intake can be 

included in the multivariable regression model. Another option is to express nutrient intake as a 

percentage of the total energy intake in the multivariable model. Finally, nutrient intake can be 

regressed on total caloric intake and the resulting residuals can be used in place of the original 

nutrient variable. Since there will be no association between these nutrient residuals and total 

energy intake, it is not necessary to adjust for total energy intake in a multivariable model.  

We used the “nutrient residual” approach to adjust for total energy intake in the current 

study for the following reasons: 1) it requires the inclusion of one covariate rather than two 

which is statistically more efficient and reduces the risk of multicollinearity; 2) it expresses the 

amount of energy-adjusted folate intake in a single variable which helps in the assessment of 

effect modification by making it easier to divide the participants into strata by folate 

consumption; 3) adiposity is one of the primary exposures of this investigation and it is closely 

linked with total energy intake such that total energy intake would exist largely on the causal 
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pathway and its inclusion into a multivariable regression model would likely result in a high 

degree of multicollinearity with the adiposity exposures.  

 Using a simple linear regression model, we estimated the relation between total energy 

intake and intake of dietary folate equivalents (1 microgram (mcg) dietary folate equivalent = 1 

mcg of food folate or 0.6 mcg of folic acid from fortified foods) amongst the study participants 

as follows: dietary folate equivalents (mcg) = 62.98437 + 0.23179 × total energy intake (kcal). 

Using this model, we estimated that an individual with a total energy intake of 2000 kcal per day 

(a statistically arbitrary constant) would have an average intake of dietary folate equivalents of 

526.56 mcg per day. Each participant’s energy-adjusted folate intake was estimated as their 

nutrient residual + 526.56. This final variable can be interpreted as the daily intake of dietary 

folate equivalents in micrograms standardized to a caloric intake of 2000 kcal per day. The 

unadjusted folate intake variable was strongly correlated (r = 0.73) with total energy intake 

whereas the nutrient residual variable, as expected, had no correlation with total energy intake (r 

= 0.00).  

 

Assessing Linearity  

 Within a bivariate analysis, we assessed the shape of the relation between all of our 

explanatory variables (i.e. all exposures and covariates) and outcome variables. We assessed the 

shape of the relation qualitatively by examining a plot of the residuals versus the explanatory 

variable in which a systematic “U-shape” would be indicative of a departure from linearity. We 

also detected non-linearity quantitatively by assessing the significance of a polynomial term in a 

model that already contains the explanatory variable of interest (i.e. the significance of β2 in the 

following model: y = β0 + β1*x + β2*x2). 
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Chapter 4 

Associations between Adiposity and Repetitive Element DNA Methylation in 

Healthy Postmenopausal Women 

INTRODUCTION 

  More than half of the human genome is made up of recurring copies of non-coding base 

sequences known as repetitive elements. (1) Transposable elements – the most common type of 

repetitive element – are now recognized as having an important role in the maintenance of 

genomic integrity and the regulation of gene expression. (2) Two major types of transposable 

elements active in human DNA are long interspersed nuclear element-1 (LINE-1) and Alu 

elements. By means of retrotransposition, LINE-1 and Alu repeats can become inserted into new 

genomic locations which can have harmful biological effects such as chromosomal instability or 

the aberrant expression of tumour suppressor and oncogenes. (3,4) 

Epigenetic processes are the primary means through which the expression of these 

transposable elements are regulated. (5) In particular, DNA methylation serves as a mechanism 

to supress these potentially harmful retrotransposons. (5). In the normal cellular state, LINE-1 

and Alu repeats typically have high overall levels of methylation relative to other genomic 

regions. (6) Lower levels of DNA methylation within these repetitive element regions may serve 

as a mechanism whereby healthy individuals become epigenetically predisposed to developing 

cancer and other illnesses due to the aberrant expression of LINE-1 and Alu elements. (7–10)  

A growing body of epidemiologic evidence has linked hypomethylation of LINE-1 and 

Alu to an increased risk of developing several types of cancer including breast, (11) colorectal, 

(9,12) lung, (9) cervical, (13) ovarian, (14) bladder, (15) head and neck, (16) liver, (17) and 



46 

 

stomach cancer. (18) Emerging evidence has also implicated the role of repetitive element 

methylation in the etiology of other illnesses such as cardiovascular disease. (19)  

Unlike genetic predispositions, epigenetic aberrations such as low levels of LINE-1 and 

Alu methylation are potentially modifiable as evidenced by their association with various 

demographic, environmental, and behavioural risk factors. (20) Despite their suspected role in 

the etiology of cancer and other illnesses, however, the determinants of these epigenetic factors 

and the timing during which they are most susceptible to change remains largely unexplained. 

(21) 

Obesity continues to be an important public health priority because of its association with 

a wide variety of chronic diseases and its continued increase in prevalence worldwide. (22) 

Although adiposity is known to play a role in the etiology of various types of cancer and other 

illnesses, the underlying biological mechanisms have yet to be fully understood. (23,24) The aim 

of the current study is to determine the extent to which historical and current levels of adiposity 

and measures of weight change over time are associated with repetitive element DNA 

methylation amongst healthy postmenopausal women.  

 

SUBJECTS AND METHODS 

Study Design and Participants  

The current investigation is a cross-sectional study nested within an ancillary study of the 

Alberta Physical Activity and Breast Cancer Prevention (ALPHA) Trial (ClinicalTrials.gov 

identifier: NCT00522262) which has been previously described. (25) Briefly, participants were 

320 postmenopausal women aged 50 to 74 years who were residents of Calgary or Edmonton, 

were not current smokers or excessive drinkers (i.e. no more than 2 drinks per day), had no major 
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co-morbidities or previous cancer diagnoses, were inactive, and were not currently taking 

hormone replacement therapy or medications that could affect estrogen metabolism. The study 

subjects were enrolled in a year-long randomized exercise intervention that examined the effects 

of aerobic activity on biomarkers believed to be involved in the etiology of breast cancer. The 

current study employs various measurements that were taken at baseline.  

 

Exposure and Covariate Data Collection 

 Adiposity was captured through a variety of methods as previously described. (26) 

Briefly, body fat percent and fat mass were quantified using a dual energy x-ray absorptiometry 

(DXA) scan. Total fat and lean body mass were measured using the Hologic QDR 4500W 

scanner (Hologic Inc., Bedford, MA, USA) at the Calgary study site and the Lunar Prodigy 

scanner (Lunar General Electric Medical Systems, Madison, WI, USA) at the Edmonton site. 

Various measures of central adiposity including intraabdominal and subcutaneous fat were 

measured at the umbilicus using a computed tomography (CT) scan. A PQ5000 VisionMaster 

CT scanner (Marconi, Cleveland, OH, USA) and MX8000 multi-slice CT Scanner (Phillips 

Medical Systems, Cleveland, OH, USA) was used at the Calgary and Edmonton study sites 

respectively.  

Each participant’s waist and hip circumference as well as weight and height were 

measured by trained specialists using a tape measure, balance beam scale, and stadiometer. 

These measures were subsequently used to calculate each participants’ waist-to-hip ratio and 

body mass index (BMI, kg/m2). Weight at different ages was recorded in a self-administered 

baseline health questionnaire (BHQ) in ten-year intervals starting at age 20. These variables were 

used to derive the following weight change variables: weight gain (current weight – weight at 
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age 20), weight loss (largest adult weight – current weight), and weight cycling (sum of absolute 

weight change between decades).  

Demographic information, medical and reproductive factors, menstrual history, smoking 

history, and hormone replacement therapy use were also captured in the BHQ. Total past year 

physical activity in metabolic equivalent (MET) hours per week was assessed using the validated 

Past Year Total Physical Activity Questionnaire. (27) Past year diet and alcohol intake were 

measured using a Canadian adaptation of the U.S. National Cancer Institute’s Diet History 

Questionnaire Version 1. (ref. 28) Energy-adjusted folate intake (i.e. the amount of folate intake 

standardized to a total-caloric intake of 2000 kcal) was estimated using a nutrient residual model. 

(29) 

We hypothesized that increased number of ovulatory cycles and resulting exposure to 

high estrogen levels is the primary mechanism through which age at menarche, age at 

menopause, and parity influences repetitive element DNA methylation. To create a summary 

index of the influence of these factors on cumulative estrogen exposure, these variables were 

combined into a single variable – total lifetime number of menstrual cycles which is believed to 

represent cumulative estrogen exposure and has been previously linked with postmenopausal 

breast cancer risk. (30)  

Assuming a regular four week menstrual cycle, a 49 week absence of menstrual cycles 

per full term pregnancy, and a 12 week absence in menstrual cycles per miscarriage, abortion, or 

stillbirth, the total lifetime number of menstrual cycles was estimated as follows: [(age at 

menopause – age at menarche) × 52.1775 weeks – (number of live births) × 49 weeks – (number 

of terminated pregnancies) × 12 weeks] / 4 weeks.  
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Assessment of Repetitive Element Methylation  

A bisulfite PCR pyrosequencing assay was used to analyze repetitive element DNA 

methylation. Forty mL of fasting blood was taken from each participant at baseline and stored at 

-86oC as previously described. (25) Purification of nucleic acid was automated on the Hamilton 

STARlet liquid handling instrument (Hamilton Robotics Inc., Reno, USA). The Macherey-Nagel 

NucleoMag Blood 200 µl kit (Macherey-Nagel GmbH & Co. KG, Düren, Germany) was used to 

extract DNA from each participant’s buffy coat solution and DNA samples were quantified using 

the Qubit dsDNA HS Assay Kit (ThermoFisher Scientific Inc., Waltham, USA). Of the 320 

baseline buffy coat samples extracted, 298 yielded sufficient DNA quantity for the methylation 

assay. DNA methylation analysis was conducted at the McGill University and Génome Québec 

Innovation Centre (Montréal, Canada). Bisulfite conversion of the DNA samples was 

accomplished using the EZ-96 DNA Methylation-Gold Kit (Zymo Research, Irvine, USA, 

Catalog No. D5007) as per the manufacturer’s protocol. Regions covering LINE-1 and Alu 

repeats were amplified using the HotStarTaq DNA Polymerase kit (Qiagen, Hilden, Germay). 

We used the same oligonucleotide primers reported by Kile et al. (31). Pyrosequencing of these 

PCR products was done using the PyroMark Q24 (Qiagen, Hilden, Germay) which quantified the 

percentage of methylation at three distinct CpG sites for both LINE-1 and Alu elements. The 

overall level of methylation for both outcomes was defined as the average percentage of 

methylation across the three CpG locations. Levels of methylation were measured on eight 

duplicate samples to assess the internal reliability of this method. Inter-batch coefficients of 

variation for the LINE-1 and Alu methylation measures were 1.83% and 2.19% respectively. Out 

of the 298 samples analyzed, the DNA methylation assay failed for two samples and three 
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samples did not pass internal quality control checks for both analyses. These observations were 

removed from the data set, resulting in a sample size of 293.  

 

Statistical Analyses 

The relation between adiposity and repetitive element DNA methylation was assessed 

using linear regression. Continuous measures were standardized so that coefficients could be 

interpreted as the change in methylation percent per one standard deviation increase in the 

adiposity measure. Ethnicity, smoking status, age at first birth, and the presence of comorbidities 

were modeled as categorical variables. The remaining covariates and measures of adiposity were 

modeled as continuous variables with the exception of lifetime number of menstrual cycles 

which was modeled as a categorical variable with quintile cut-points since bivariate analyses 

suggested a curvilinear relationship with LINE-1 methylation. For each methylation outcome, a 

backwards elimination approach using a liberal p-value of 0.20 was used to identify a 

parsimonious model with which to control for confounding. A random effects parameter with an 

unstructured covariance structure representing the seven plates on which the measurement of 

DNA methylation took place was included in all analyses to account for intra-assay clustering. 

Based on findings from previous studies and their established link with one-carbon metabolism, 

potential interactions with dietary folate and alcohol intake were explored. (32) Four participants 

were missing information on important covariates and were therefore excluded from the analysis 

resulting in a final sample size of 289. All statistical tests were two-sided and were carried out at 

a 5% significance level using SAS version 9.4.  
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RESULTS 

The 289 women included in the final analysis had a mean age of 61 years (range = 50 to 

75 years). The vast majority (91%) of these participants were Caucasian. Over the course of the 

year prior to their enrollment in the ALPHA Trial, participants had a median total physical 

activity level of 108 MET-hours per week, a median alcohol consumption of 1.8 grams per day, 

and a median energy-adjusted dietary folate intake of 510 micrograms (mcg) of dietary folate 

equivalents (DFE) per day (1 mcg DFE is equal to 1 mcg of food folate or 0.6 mcg of folic acid 

from fortified foods) (Table 1). Approximately one third (33%) of the participants were former 

smokers and the rest were never smokers. Around 38% of the subjects had at least one minor 

comorbidity. On average, participants gave birth to two children and most had their first child 

before the age of 25. Only 8.65% of the participants were nulliparous. The mean age of 

menarche and menopause was 13 and 48 years respectively. The median lifetime number of 

menstrual cycles was 456 cycles for this group of women.  

In general, study participants were overweight with a mean body fat percent of 42.5% 

and BMI of 29.3 kg/m2 (Table 2). Since the age of 20, the subjects gained an average of 21 kg. 

Amongst all of the adiposity variables, the strongest correlation was between total abdominal fat 

area and subcutaneous fat area (Pearson’s r = 0.96) and the weakest correlation was between 

weight loss and hip circumference (r = -0.001). In general, weight loss (0.001 < |r| < 0.35), 

weight change (0.11 < |r| < 0.56), weight at age 20 (0.08 < |r| < 0.47), and waist-to-hip ratio (0.02 

< |r| < 0.64) were not strongly correlated with the other adiposity measures. With the exception 

of these four variables, all of the other adiposity measures were moderately to strongly correlated 

(0.54 < |r| < 0.96). Observed levels of LINE-1 and Alu methylation were normally distributed 

with a mean of 72.73% (Standard Error (SE): 0.90) and 19.09% (SE: 0.13) respectively after 
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adjusting for intra-plate variability. Our measures of LINE-1 and Alu methylation were 

significantly weakly correlated (r = 0.14; p-value = 0.02). 

 As per the backwards elimination procedure, LINE-1 methylation analyses adjusted for 

ethnicity and lifetime number of menstrual cycles and Alu methylation analyses controlled for 

the presence of comorbidities. Adjusting for age at menarche, age at menopause, and parity as 

separate variables rather than as a single combined variable as represented by the lifetime 

number of menstrual cycles did not meaningfully alter the effect estimates (data not shown). 

All of the adiposity variables were significantly positively associated with LINE-1 

methylation after controlling for confounding (p < 0.05) with the exception of subcutaneous fat 

area (p = 0.08), waist-to-hip ratio (p = 0.53), weight loss (p = 0.93), and weight change (p = 

0.11) (Table 3). Hip circumference appeared to have the largest association with LINE-1 

methylation in which a one standard deviation (9.90 cm) increase in hip circumference was 

associated with a mean increase of 0.33% in LINE-1 percent methylation after controlling for 

confounding. None of the adiposity variables were associated with Alu methylation in the 

multivariable model (Table 3). Neither dietary folate nor alcohol consumption significantly 

modified the effect of any of the adiposity metrics on either DNA methylation outcome (data not 

shown). 

 

DISCUSSION 

In the current study, various measures of adiposity were found to be positively related to 

LINE-1 methylation. No associations with Alu methylation were observed. While these 

differences may point towards underlying biological differences between LINE-1 and Alu 
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methylation, (2) the null findings with respect to the latter outcome may be attributable to the 

lack of variability in our measure of Alu methylation. 

The strength of the relation between adiposity and LINE-1 methylation was generally 

consistent across the different adiposity measures. While we did not assess the statistical 

significance of the differences in effect sizes, there exists small qualitative differences between 

the exposures that are worthy of mention. In particular, total body fat volume (e.g., total fat mass, 

overall weight, or waist circumference) appeared to have a slightly larger effect on LINE-1 

methylation compared to the relative adiposity measures (e.g. body fat percent, BMI, or waist-to-

hip ratio).  

In the current study, the effect of adiposity during both early and late adulthood was 

assessed. Compared to weight at age 20, we found that current weight had a slightly larger effect 

on LINE-1 methylation. While this finding may indicate that more recent adiposity levels have a 

greater influence on LINE-1 methylation than adiposity at earlier ages, the different magnitudes 

of effect may be a result of greater misclassification in the historical self-reported weight 

variable. Nonetheless, our results suggest that DNA methylation remains susceptible to influence 

from lifestyle factors later in life.  

Despite statistically significant relations with waist circumference and hip circumference, 

LINE-1 methylation was not associated with waist-to-hip ratio. Although used as a measure of 

adiposity, waist-to-hip ratio is more indicative of body type (e.g. “apple-shaped” or “pear-

shaped”). Given the presence of a significant association found with measures of central body fat 

captured by CT scan, these findings imply that LINE-1 methylation is affected by body fat and 

not body shape.  
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Intra-abdominal fat had a slightly larger effect on LINE-1 methylation compared to 

subcutaneous abdominal fat, the results of which did not reach statistical significance. These 

findings indicate that fat deposits in the former region are more responsible for driving the 

association between abdominal adiposity and DNA methylation which is consistent with the 

literature showing a larger health effect of visceral fat compared to subcutaneous fat. (33)  

As with the findings from the baseline adiposity measures, weight gain since age 20 was 

positively associated with LINE-1 methylation. Neither weight cycling nor weight loss was 

related to LINE-1 methylation. These null findings may be a result of the lack of statistical 

power caused by the small sample size and narrow range of values observed in this study 

population.  

It is important to recognize that the foregoing associations are not entirely independent as 

evidenced by the moderate to strong correlations between most of our adiposity measures. As 

such, it is difficult to separate the effect of any one adiposity measure from that of another.  

We were able to evaluate the effects of several potential confounding factors in this study 

but did not find evidence for major confounding. Specifically, adjusting for the effects of age, 

physical activity, smoking, hormone replacement therapy use, and alcohol intake in the 

regression analyses did not meaningfully alter the effect estimates. This finding may be partially 

attributable to the exclusion criteria used in the underlying study which reduced variability in 

these potential confounders. Although folate is a suspected determinant of DNA methylation, 

(34) it may have not been an important predictor of our outcomes because the participants had 

adequate intake of dietary folate. 

Epidemiologic evidence to date regarding the relation between obesity and repetitive 

element methylation is inconsistent. (35) The current findings are supported by two separate 
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weight loss intervention studies that found a positive relation between body fat and LINE-1 

methylation. (36,37) A positive association between BMI and LINE-1 methylation has also been 

observed in cross-sectional analyses conducted in different study settings. (38,39) However, no 

association between adiposity and LINE-1 methylation were reported by one study using similar 

adiposity metrics, (40) by one weight loss intervention on a similar study population of a 

comparable size (i.e. three hundred overweight/obese postmenopausal women), (41) and in one 

large pooled-analysis. (42) In contrast, a negative relation between adiposity and LINE-1 

methylation has been reported in younger, premenopausal populations. (32,43) While fewer 

studies have looked at the relation between body fat and Alu methylation, similar inconsistencies 

exist in the literature. (35) For example, investigations into the relation between BMI and Alu 

methylation have found negative, (44) curvilinear (45), and null associations. (42) Differences in 

terms of the gender distribution and menopausal status of the study populations as well as the 

different methods of DNA methylation assessment and adjustment for confounders may account 

for discrepancies in the literature with respect to the direction and significance of the observed 

effect. (35)  

Given the current state of knowledge regarding the relation between LINE-1 methylation 

and disease risk, the clinical significance of these findings remains unclear. Our findings suggest 

that adiposity confers a protective epigenetic effect in postmenopausal women which is not 

consistent with previous research that found associations between increased levels of adiposity 

and cancer risk. (24) The epigenetic benefits reported in the current study may be outweighed by 

the harmful impact that adiposity has on cancer risk through other biological mechanisms which 

include an effect on hormonal, insulin, or inflammatory pathways. (24) Hence, the relation 

between adiposity and cancer might be predominantly mediated by mechanisms other than 
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repetitive element DNA methylation in postmenopausal women. Another possible explanation is 

that, in addition to low levels of repetitive element methylation, aberrantly high levels of 

repetitive element methylation may confer an elevated risk of cancer. This speculation is 

substantiated by studies that have found statistically significant positive (46,47) and curve-linear 

associations (48) between LINE-1 methylation and cancer risk.   

The effect sizes we observed ranged from increases in mean LINE-1 percent methylation 

of 0.20% to 0.33% per standard deviation in the adiposity exposure. Although some 

epidemiologic studies suggest that small changes in percent LINE-1 methylation (~1%) may 

confer meaningful increases in cancer risk (11), a better understanding of the relation between 

LINE-1 methylation and disease risk is needed to assess the clinical relevance of these results. 

The potential limitations of this study need to be recognized. We assessed DNA 

methylation in peripheral leukocytes. Changes in adiposity have been shown to impact the 

distribution of white blood cell types (49) which, in turn, has been shown to affect measures of 

LINE-1 methylation. (42) We were unable to adjust for the proportion of white blood cells in the 

current study and we cannot rule out the possibility that our results are confounded by cell type. 

However, one prior study found that the distribution of white blood cells did not confound the 

relation between BMI and LINE-1 methylation. (42) Therefore, we expect the effects of 

unmeasured confounding to be minimal. In addition to cell-specificity, patterns of DNA 

methylation are tissue specific. (50,51) The extent to which blood measures of repetitive element 

methylation correspond to measures done in target tissues has yet to be established. (52) 

Therefore, the current findings may not be generalizable to other tissues of interest. Given the 

cross-sectional setting of the current investigation, there may be concern regarding the 

directionality of the observed relations. Since significant relations of a similar magnitude and in 
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a similar direction were detected with the historical measures of body fat, it can be inferred that 

more recent adiposity measures preceded the changes in LINE-1 methylation. Finally, the study 

sample consisted primarily of healthy postmenopausal Caucasian women who volunteered for a 

year-long randomized exercise trial. As such, these findings may not be generalizable to men, 

premenopausal women, unhealthy populations, or to individuals of different racial backgrounds. 

 Despite these limitations, this study has several noteworthy strengths. Within the context 

of repetitive element DNA methylation studies, this investigation has used the most 

comprehensive list of body fat metrics to date. We examined both lifetime and current as well as 

overall and relative measures of obesity in addition to measures of body fat distribution and 

weight changes over time. Furthermore, the methods used to measure adiposity are among the 

highest quality used in health research. Nearly every repetitive element methylation study to date 

has focused on BMI (35) which is an imperfect measure of obesity. (53) Only two previous 

studies have considered the impact of body fat percent on LINE-1 methylation, both of which 

were quantified using bioelectrical impedance analysis (BIA). (32,40) The current study 

measured body fat percent using a DXA scan which is superior to BIA methods. (54) Thus, in 

addition to its breadth, this study used measures of body fat that are more accurate and precise to 

those used in the existing literature. Many prior studies examining this relation failed to 

adequately control for confounding. (35) In contrast, information was collected on several 

suspected determinants of DNA methylation so that a complete assessment of confounding was 

possible in the current investigation.  

In conclusion, increased levels of adiposity were positively associated with higher levels 

of LINE-1 methylation amongst healthy postmenopausal women. Alu methylation does not 

appear to be related to adiposity in this population. While not consistent with the literature 
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linking excess body fat to poor health outcomes, these results add to the growing body of 

literature seeking to understand the extent to which DNA methylation can be modified through 

lifestyle choices and help to broaden our understanding of the health consequences associated 

with obesity. These findings also suggest that DNA methylation is susceptible to behavioural 

influence in older populations. To better understand the relation between obesity and repetitive 

element DNA methylation, future research should consider menopausal status and dietary factors 

as potential effect modifiers, include adiposity measures other than BMI or waist-to-hip ratio 

such as weight or waist circumference, and explore the foregoing relations across multiple time 

points. 
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Table 4.1. Baseline Characteristics of a Subset of ALPHA Trial Participants (N = 289) 

Covariate Mean, Median, or Frequency 

Age (years)  

Mean (SD) 60.98 (5.51) 

     50 to 60 years, n (%) 152 (52.60) 

     61 to 75 years, n (%) 137 (47.40) 

Ethnicity  

     Caucasian, n (%) 263 (91.00) 

     Other, n (%) 26 (9.00) 

Past Year Physical Activity (MET-hours per 

week), Median (IQR) 

107.56 (77.01 – 149.19) 

Alcohol Consumption (grams per day), 

Median (IQR) a 

1.77 (0.55 – 5.24) 

Energy-Adjusted Folate Intake (micrograms 

DFE / day),  Median (IQR) a, b 

510.14 (453.92 – 567.37) 

Smoking Status  

     Former Smoker, n (%) 96 (33.22) 

     Non-smoker, n (%) 193 (66.78) 

Previous Hormone Replacement Therapy Use  

     Yes, n (%) 158 (54.67) 

     No, n (%) 131 (45.33) 

Age at first birth  

     Nulliparous, n (%) 25 (8.65) 

     16-24 years, n (%) 154 (53.29) 

     25-43 years, n (%) 110 (38.06) 

Parity, mean (SD) 2.42 (1.29) 

Age at menarche, mean (SD) 12.77 (1.49) 

Age at menopause, mean (SD) 48.41 (6.30) 

Lifetime Number of Menstrual Cycles (#), 

Median (IQR) 

455.94 (394.51 – 485.03) 

     Quintile 1: <376.08, n (%) 56 (19.38) 

     Quintile 2: 376.08 to <432.85, n (%) 58 (20.07) 

     Quintile 3: 432.85 to <471.19, n (%) 58 (20.07) 

     Quintile 4: 471.19 to <497.28, n (%) 57 (19.72) 

     Quintile 5: 497.28+, n (%) 60 (20.76) 

Time since menopause (years), Median (IQR) 10.51 (6.06 – 17.64) 

Presence of Comorbidities c  

     Yes, n (%) 110 (38.06) 

     No, n (%) 179 (61.94) 
a Missing information for five participants 
b One microgram dietary folate equivalent (DFE) = one microgram of food folate or 0.6 

micrograms of folic acid from fortified foods 
c Ever been diagnosed with at least one of the following: high cholesterol or triglycerides, 

myocardial infarction, angina pectoris, stroke,  rheumatoid arthritis or osteoarthritis, 

osteoporosis, blood clots in the veins of legs or pelvis, blood clots in the lung, or thyroid 

problems. 
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Table 4.2. Baseline Adiposity and DNA Methylation Measures from a Subset of ALPHA 

Trial Participants (N = 289) 

Current Adiposity Mean (SD) 

CT Scan  

Abdominal fat area (cm2) 437.54 (160.65) 

Intraabdominal fat area (cm2) 104.35 (56.52) 

Subcutaneous fat area (cm2) 333.19 (121.84) 

  

DXA Scan  

Body fat percent (%) 42.46 (5.31) 

Fat mass (kg)  31.58 (8.70) 

  

Baseline Physical Assessment  

Baseline Weight (kg) 76.34 (12.86) 

Waist circumference (cm) 89.27 (10.51) 

Hip circumference (cm) 110.23 (9.90) 

Waist to hip ratio (waist / hip circumference) 0.81 (0.06) 

BMI (kg/m2) 29.25 (4.39) 

  

Weight Changes Over Time (kg) Mean (SD) 

Weight at age 20  55.38 (6.93) 

Weight Gain  20.85 (11.36) 

Weight Loss 1.09 (3.18) 

Weight Change  13.99 (8.82) 

  

DNA Methylation (%) Mean (SE)a 

LINE-1 methylation 72.73 (0.90) 

Alu methylation 19.09 (0.13) 

 
a The least squares mean and standard error of the least squares mean after adjusting for intra-

plate variability 
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Table 4.3. The Association between Baseline Measures of Adiposity and Repetitive Element Methylation amongst Healthy 

Postmenopausal Women (N = 289) 

  LINE-1 Methylation (%)   Alu Methylation (%) 

  βa 95% C.I. p-value   βb 95% C.I. p-value 

Current Adiposity        

CT Scan        

Abdominal fat area (cm2) 0.20 0.02 - 0.39 0.03  0.03 -0.04 - 0.09 0.40 

Intraabdominal fat area (cm2) 0.21 0.02 - 0.40 0.03  0.04 -0.03 - 0.10 0.27 

Subcutaneous fat area (cm2) 0.17 -0.02 - 0.35 0.08  0.02 -0.04 - 0.08 0.55 

        

DXA Scan        

Body fat percent (%) 0.20 0.01 - 0.39 0.048  0.03 -0.04 - 0.09 0.44 

Fat mass (kg) 0.26 0.07 - 0.45 0.01  0.03 -0.04 - 0.09 0.40 

        

Baseline Physical Assessment        

Baseline weight (kg) 0.30 0.11 - 0.49 0.002  0.03 -0.04 - 0.09 0.42 

Waist circumference (cm) 0.21 0.02 - 0.40 0.03  0.04 -0.03 - 0.10 0.24 

Hip circumference (cm) 0.33 0.14 - 0.52 0.001  0.02 -0.05 - 0.08 0.60 

Waist to hip ratio (waist / hip 

circumference) 

-0.06 -0.25 - 0.13 0.53  0.03 -0.03 - 0.09 0.32 

BMI (kg/m2) 0.21 0.03 - 0.40 0.03  0.03 -0.04 - 0.09 0.40 

        

Weight Changes Over Time        

Weight at age 20 (kg)c 0.22 0.03 - 0.41 0.02  -0.01 -0.07 - 0.04 0.65 

Weight Gainc 0.20 0.01 - 0.39 0.04  0.02 -0.04 - 0.07 0.57 

Weight Loss (kg) 0.01 -0.18 - 0.19 0.93  -0.01 -0.08 - 0.05 0.83 

Weight Change (kg)d 0.16 -0.04 - 0.35 0.11  0.02 -0.03 - 0.08 0.39 
a Estimated increase in percent methylation associated with a standard deviation increase in the exposure after adjusting for ethnicity, 

cumulative number of lifetime menstrual cycles, and within plate clustering 
b Estimated increase in percent methylation associated with a standard deviation increase in the exposure after adjusting for the 

presence of comorbidities and within plate clustering 
c Two participants were excluded from the analysis due to missing data 
d Thirteen participants were excluded from the analysis due to missing data
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Chapter 5 

Endogenous Estrogen Exposure is Associated with Repetitive Element DNA 

Methylation in Healthy Postmenopausal Women 

INTRODUCTION  

It is becoming increasingly apparent that repetitive DNA elements play an important role 

in the etiology of a wide variety of diseases. (1) Two common types of repetitive elements that 

are mobile in the human genome are long interspersed nuclear element-1 (LINE-1) and Alu 

elements. (2) Epigenetic mechanisms, such as high levels of DNA methylation, help to suppress 

the expression of these potentially harmful transposable elements. (3) Although it has yet to be 

established, emerging evidence suggests that healthy individuals with lower levels of DNA 

methylation within LINE-1 and Alu repeats have an elevated risk of developing certain types of 

cancer, (4,5) cardiovascular disease, (6) and possibly neurodegenerative disorders. (7) Despite 

their suspected role in the initiation of disease, the determinants of LINE-1 and Alu 

hypomethylation have yet to be fully uncovered. 

Sex hormones have a complex and heterogeneous relation to disease. For example, 

estrogen is an established risk factor for breast, ovarian, and endometrial cancers (8) but has been 

shown to be protective against colorectal cancer, (9) heart disease, (10) and neurodegeneration. 

(11) Even within a single disease type there exists heterogeneity with respect to the etiologic role 

of sex hormones as demonstrated by the varied impact that hormonal risk factors have on 

different breast cancer subtypes. (12) Understanding the underlying biological mechanisms may 

help to explain such disparity in the literature. 
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Emerging evidence suggests that epigenetic dysregulation is a mechanism through which 

certain exposures impact disease risk. (13) In particular, changes in levels of LINE-1 and Alu 

methylation might be mechanisms whereby sex hormones increase the risk of certain cancers or, 

conversely, reduce the risk of colorectal cancer, heart disease, or neurodegenerative disorders.  

The aim of the current study is to describe the relation between endogenous sex 

hormones and repetitive element DNA methylation in healthy, postmenopausal women. To 

address this objective, we assessed the effects of serum endogenous sex hormone concentrations 

and cumulative ovarian sex hormone exposure, as measured by lifetime number of menstrual 

cycles (LNMC), on levels of LINE-1 and Alu methylation in a group of healthy, inactive, 

postmenopausal women. Sex hormones have been shown to repress the activity of DNA methyl-

transferases and methyl-CpG-binding proteins – enzymes necessary for the maintenance of DNA 

methylation patterns. (14) As such, we hypothesized that greater exposure to sex hormones 

would be associated with lower levels of DNA methylation within repetitive elements. As done 

in past research, (15,16) we also explored if the relation between sex hormones and repetitive 

element DNA methylation was modified by alcohol and folate consumption – two factors 

thought to affect patterns of DNA methylation through their role in one carbon metabolism. 

(17,18)  

 

MATERIALS AND METHODS 

Participants and Study Design 

 We conducted a cross-sectional study using baseline information from an ancillary study 

of the Alberta Physical Activity and Breast Cancer Prevention (ALPHA) Trial 

(ClinicalTrials.gov identifier: NCT00522262). (19) The aim of this year-long randomized 
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exercise intervention trial was to examine the effects of aerobic activity on various biomarkers of 

etiologic relevance to breast cancer. Participants consisted of 320 healthy, inactive, 

postmenopausal women between 50 to 74 years who resided in either Calgary or Edmonton, 

Alberta. To be eligible for inclusion, participants had to be non-smokers, not consume excessive 

amounts of alcohol (i.e. no more than 2 drinks per day), have no major co-morbidities, have not 

been previously diagnosed with cancer, and not taking medications that could affect estrogen 

levels (e.g. hormone replacement therapy). 

 

Data Collection 

 Demographic and covariate information such as age, ethnicity, previous smoking, and 

medical history (e.g. co-morbidities, previous hormone replacement therapy use, and 

hysterectomy status) were captured in a baseline health questionnaire. Variables used to estimate 

LNMC (i.e. age at menarche, age at menopause, parity, and gravidity) were also self-reported in 

the baseline health questionnaire. We used the validated Past Year Total Physical Activity 

Questionnaire to assess physical activity. (20) Dietary folate intake and alcohol consumption in 

the past year was estimated using a validated food frequency questionnaire. (21) The nutrient 

residual method was used to standardize dietary folate intake to a total caloric intake of 2000 

kcal. (22) Body fat percent was measured via dual energy x-ray absorptiometry scan as 

previously described. (23) 

 

Blood Collection and Hormone Assays 

 The blood collection and processing protocol and hormone assays used in the current 

study have been previously described. (19) Briefly, fasting blood samples were collected from all 
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participants at baseline and were processed to obtain serum before being frozen at -86oC. 

Samples were sent to the Reproductive Endocrine Research Laboratory at the University of 

Southern California in Los Angeles for analysis. A radioimmunoassay with preceding organic 

solvent extraction and Celite column partition steps (CAS No. 68855-54-9, Mallinckrodt Baker) 

were used to measure total estrone, estradiol, androstenedione, and testosterone concentrations. 

The Immulite Analyzer (Siemens Health Corporation) was used to assess sex hormone-binding 

globulin (SHBG). Intra- and inter-batch coefficients of variation were between 4.0% to 7.5% and 

8.0% to 13.0% respectively. All of the participants had sex hormone concentrations within the 

range of detection.  

 

DNA Methylation Analysis  

We analyzed repetitive element DNA methylation in peripheral white blood cells that 

were extracted from frozen baseline blood samples. DNA was isolated from sample buffy coats 

on the Hamilton STARlet (Hamilton Robotics Inc.) liquid handler using the Macherey-Nagel 

NucleoMag Blood 200 µl kit (Macherey-Nagel GmbH & Co. KG). DNA yields were measured 

on a Qubit flourometer using the Qubit dsDNA HS Assay Kit (ThermoFisher Scientific Inc.). It 

was determined that 298 out of the 320 samples extracted had sufficient DNA yields for 

downstream methylation analyses. The assessment of repetitive element DNA methylation was 

performed at McGill University and Génome Québec Innovation Centre in Montréal, Quebec. 

The DNA samples were treated with sodium bisulfite using the EZ-96 DNA Methylation-Gold 

Kit (Zymo Research, Catalog No. D5007). The HotStarTaq DNA Polymerase kit (Qiagen) was 

used to amplify target regions within the LINE-1 and Alu repeats. The oligonucleotide primers 

used in the current study have been previously described. (24) The total proportion of methylated 
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cytosine bases at three distinct CpG sites were quantified by pyrosequencing PCR products using 

the PyroMark Q24 (Qiagen) for both LINE-1 and Alu elements. The final LINE-1 and Alu 

methylation outcomes used in the current investigation were defined as average percent 

methylation across the three CpG sites that were analyzed. We assessed the internal consistency 

of this assay by repeating the methylation analyses on eight samples. For LINE-1 and Alu 

methylation, the inter-plate coefficients of variation were 1.83% and 2.19% respectively. The 

assay was unable to detect methylation values for two samples and three samples were excluded 

because they failed to meet internal quality control standards which resulted in a final sample 

size of 293. 

 

Statistical Analysis 

Linear regression was used to model the relation between sex hormone exposure and 

repetitive element DNA methylation while controlling for confounding. The endogenous sex 

hormone variables and LNMC were modeled as categorical variables using quartile cut-points.  

The significance of a linear trend in the data was assessed by modeling the rank of the categories 

as a continuous ordinal variable. We also modeled the exposures as continuous variables if the 

relationship was linear. To allow for comparisons across different exposures, effect sizes for the 

continuous variables were standardized such that the regression coefficient represented the mean 

percent methylation increase associated with a one standard deviation increase in the exposure of 

interest.  

Depending on the analysis, we adjusted for categorical representations of LNMC, 

estradiol, testosterone, and SHBG. Estradiol, testosterone, and SHBG were controlled for in the 

analyses of LNMC and its component variables. In addition to LNMC, estrogens (i.e. estradiol or 



 

75 

 

estrone) were adjusted for testosterone and SHBG, testosterones (i.e. testosterone or 

androstenedione) were adjusted for estradiol and SHBG, and SHBG was adjusted for 

testosterone and estradiol. In all analyses, we included a random effects parameter with an 

unstructured covariance matrix to account for inter-plate variability in the DNA methylation 

assay. We decided which of the remaining covariates to adjust for in the final model using a 

backwards elimination approach with a p-value of 0.20. Age, past year total physical activity, 

past year alcohol consumption, past year dietary folate intake, and body fat percent were 

modeled as continuous variables. Categorical covariates included ethnicity, smoking history, 

presence of comorbidities, hormone replacement therapy use, and age at first birth 

Amongst postmenopausal women, adipose tissue is the primary source of endogenous 

estrogen exposure such that its relation with cancer is believed to be almost entirely mediated by 

sex hormones. (25) Body fat percent was therefore excluded from analyses of the endogenous 

sex hormones because it largely exists on the causal pathway in this population. We conducted 

sensitivity analyses in which we subsequently adjusted for body fat percent in these analyses.  

Four participants were excluded due to missing data resulting in a final sample size of 

289. One observation was excluded from the Alu methylation analyses as it was determined to be 

an influential observation with an outlying Alu methylation value of 22.7% which resulted in a 

sample size of 288. Five individuals were not included in the LINE-1 analyses because they were 

found to have been missing important covariate information which left 284 participants in these 

analyses. 

 Following this main effect analysis, we considered potential interactions with dietary 

folate and alcohol consumption. Median cut-points were used to define low and high groups of 

alcohol and folate consumption. Due to missing alcohol and folate consumption data, four 
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additional participants were removed from the Alu methylation analysis. We also examined 

whether or not the relation between LNMC and the methylation outcomes differed according to 

whether or not the participant had ever used hormone replacement therapy or had a surgically 

induced menopause. All analyses were conducted at the 5% significance level in SAS v.9.4.  

 

RESULTS 

The study participants were 61 years of age on average and were predominantly 

Caucasian with a mean body fat percent of 42.5% and a median of 108 MET-hours/week of total 

physical activity in the past year (Table 1). Participants consumed a median of 1.77 grams of 

alcohol and 510 micrograms of dietary folate equivalents per day in the year before their 

enrollment into the ALPHA Trial. Of the 289 participants included in this analysis, 96 (33%) 

were former smokers, 158 (55%) had previously used hormone replacement therapy, 216 (75%) 

had a natural menopause, and 110 (38%) had at least one comorbidity.  

Percent LINE-1 and Alu methylation followed a normal distribution with a corresponding 

mean of 72.7% (SE: 0.9) and 19.1% (SE: 0.1; Table 2). All of the serum concentrations of 

endogenous sex hormones had right skewed distributions with a median value of 10.0 pg/mL 

(IQR: 7.0 – 14.0), 32.0 pg/mL (IQR: 24.0 – 45.0), 24.2 ng/dL (IQR: 17.4 – 32.4), 571 pg/mL 

(IQR: 421 – 766), and 40.0 nmol/L (IQR: 29.0 – 54.0) for estradiol, estrone, testosterone, 

androstenedione, and SHBG respectively. In general, participants underwent menarche at 13 

years and reached menopause at 48 years. Participants had an average of two children and 25 

(9%) were nulliparous. Lifetime number of menstrual cycles was left skewed with a median of 

456 menstrual cycles (IQR: 395 – 485).  
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In addition to a set of hormonal variables selected a priori, we additionally adjusted for 

ethnicity and past year alcohol consumption in the LINE-1 methylation analyses and smoking 

history in the Alu methylation analyses as determined by the backwards elimination procedure. 

We first examined the association between serum sex hormone concentrations (Table 3) 

and cumulative ovarian sex hormone exposure (Table 4) with LINE-1 and Alu methylation. With 

respect to LINE-1 methylation, a dose-response relationship was observed across quartiles of 

estradiol (p-trend = 0.01) and estrone (p-trend = 0.049). In particular, a one standard deviation 

increase in estradiol (12.0 pg/mL) and a one standard deviation increase in estrone (17.7 pg/mL) 

were significantly associated with a mean increase in LINE-1 methylation of 0.21% (95% CI: 

0.03 to 0.39; p = 0.03) and 0.25% (95% CI: 0.04 to 0.46; p = 0.02) respectively. Testosterone, 

androstenedione, and SHBG were not related to LINE-1 methylation (p > 0.05). None of the 

exposures were associated with Alu methylation in this analysis (p > 0.05).  

Based on an examination of the residuals and the significance of a polynomial term, it 

was determined that there was a non-linear “U-shaped” relation between LNMC and LINE-1 

methylation. As such, we did not consider a continuous representation of this variable with 

respect to LINE-1 methylation. The categorical representation of LNMC was related to LINE-1 

methylation (p = 0.02). Age at menopause similarly had a curve-linear relation with LINE-1 

methylation after adjusting for confounding (p = 0.02). The data were suggestive of a dose-

response relationship between parity and LINE-1 methylation (p-trend = 0.07). Specifically, a 

one standard deviation increase in the number of live births (1.3 births) was associated with a 

mean increase in LINE-1 methylation of 0.21% (95% CI: 0.03 to 0.38; p = 0.02).  

We subsequently investigated dietary folate and alcohol consumption as effect modifiers 

of the relations of interest (Table 5). Dietary folate was found to modify the relationship between 
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SHBG and LINE-1 methylation (p-interaction = 0.01) and between LNMC and Alu methylation 

(p-interaction = 0.02). In particular, SHBG had a positive relation with LINE-1 methylation in 

the low folate consumption group and no relation with LINE-1 methylation amongst high folate 

consumers. Similarly, LNMC had a negative relation with Alu methylation but only in the 

presence of low folate consumption. Although the interaction term did not reach statistical 

significance, these results were consistent with those found in the analyses that examined effect 

modification by alcohol consumption in which the effect of the exposure became more 

pronounced in the presence of high alcohol intake.  

In a sensitivity analysis, we found that subsequent adjustments for body fat percent did 

not meaningfully alter the significance or the magnitude of any of the estimated effects (data not 

shown). In addition, we found that the observed relations did not differ according to whether or 

not the participant had a surgically induced menopause or had ever taken hormone replacement 

therapy (data not shown).  

 

DISCUSSION 

In the current study, exposure to endogenous estrogens was found to be related to 

repetitive element DNA methylation in the white blood cells of healthy postmenopausal women. 

Serum concentrations of estradiol and estrone were positively related to LINE-1 methylation. 

SHBG was also found to be positively related to LINE-1 methylation but only in the presence of 

low folate intake. None of the serum sex hormone concentrations were related to Alu 

methylation and although the data were suggestive of an inverse dose-response relation between 

testosterone and LINE-1 methylation (p-trend = 0.07), no significant associations were found 
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with any of the androgen measures. These findings suggest that estrogens and SHBG play a role 

in maintaining high levels of LINE-1 methylation in healthy, postmenopausal women. 

To date, few studies have examined the relation between serum sex hormone 

concentrations and repetitive element DNA methylation and there is no clear consensus in the 

literature. Of particular relevance are two prior investigations done on healthy, postmenopausal 

women. Using measures similar to our own, Ulrich et al. (2012) found that androstenedione, 

estrone, estradiol, SHBG, and testosterone were inversely related to LINE-1 methylation but 

only in the presence of low folate consumption. (15) The direction of the relation with the 

estrogen measures, the presence of an association with the androgen measures, and the 

interaction with dietary folate reported by Ulrich and colleagues are inconsistent with our 

findings. In contrast, Iwasaki et al. (2012) found no associations between endogenous sex 

hormone concentrations and global DNA methylation nor did they find effect modification by 

folate or alcohol consumption. (16) It is difficult to draw any conclusions pertaining to the 

relation between sex hormone concentrations and repetitive element DNA methylation given the 

current state of the literature. Differences with respect to the adjustment of covariates, methods 

of assessment, and the racial distribution of the underlying study populations may account for the 

disparity in these results.   

This is the first study to explore the relation between cumulative exposure to ovarian sex 

hormones, as represented by LNMC, and repetitive element DNA methylation. We found that 

LNMC had a “U-shaped” curvilinear relation with LINE-1 methylation and that this relation did 

not depend on dietary folate intake. On average, women in the first and fourth quartiles of 

LNMC had the highest levels of LINE-1 methylation whereas participants in the second and 

third quartiles had the lowest levels of LINE-1 methylation. In contrast, a negative linear relation 
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between LNMC and Alu methylation was observed but only in the presence of low folate 

consumption. Although it did not reach statistical significance, the data suggested that higher 

levels of alcohol consumption had a similar moderating effect. Since none of the participants 

included in this study were considered to be heavy drinkers, it is possible that the augmentation 

of the effect of LNMC may be more pronounced amongst women who consume excessive 

amounts of alcohol. 

 Our findings suggest that total lifetime number of menstrual cycles may not fully capture 

the independent effects of age at menarche and parity on repetitive element DNA methylation. A 

higher LNMC is associated with a higher age at menopause, lower age at menarche, and lower 

number of births. As such, the relation between LNMC and repetitive element DNA methylation 

is expected to be similar for age at menopause and in the opposite direction for age at menarche 

and parity. While the relation between age at menopause and repetitive element DNA 

methylation was consistent with that for LNMC, age at menarche and parity were not. For 

example, we found a significant positive linear association between parity and LINE-1 

methylation that was suggestive of a dose-response relationship which is not consistent with the 

curvilinear relation observed with LNMC. These results indicate that age at menarche and parity 

might influence repetitive element DNA methylation through additional mechanisms other than 

cumulative estrogen and progesterone exposure. 

The findings with the serum estrogen concentrations are inconsistent with those from the 

analyses on cumulative ovarian sex hormone exposure. Such disparities may be explained by the 

type, timing, and duration of sex hormone exposure. Unlike the serum estrogen measures, the 

LNMC variable additionally accounts for progesterone. With respect to the timing and duration 

of the exposures, LNMC reflects long-term premenopausal ovarian sex hormone exposure 
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whereas the serum hormone concentrations markers represent short-term postmenopausal 

estrogen levels. The relation between ovarian sex hormones and repetitive element DNA 

methylation may therefore be dependent upon the type of hormone (i.e. progesterone or 

estrogen), the duration of exposure, and menopausal status.  

In the current investigation, the effect of endogenous estrogen exposure on repetitive 

element DNA methylation differed depending on the genomic region under scrutiny which 

suggests that LINE-1 and Alu elements are not equally susceptible to epigenetic dysregulation by 

endogenous estrogen exposure. Although both measures are often considered surrogate markers 

of global DNA methylation, (26) these results suggest that LINE-1 and Alu methylation may be 

better conceptualized as independent epigenetic events.  

 There are limitations to the current investigation. Some variables that would have 

allowed for a more precise estimate of the participant’s LNMC were unavailable. Another 

potential limitation is our use of a single time point measure of serum sex hormone 

concentrations. However, sex hormone concentrations have been shown to be relatively stable in 

postmenopausal women and a single time point measure has been shown to adequately predict 

cancer risk for up to 20 years. (27,28) Thus, the benefits of including two or more measures of 

sex hormone concentrations are expected to be minimal and have little impact on the final results 

of this study. In the current study, we made no adjustments for multiple comparisons. The 

statistical significance of these results need to be interpreted with caution. DNA methylation 

patterns have been shown to be specific to different cell- and tissue-types. (29–33) We assessed 

DNA methylation in peripheral white blood cells and did not take into considerations the 

distribution of cell types. As such, our results may be confounded by cell type. Similarly, the 

relations we reported may not persist in other target tissues of interest such as the breast, brain, 
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or heart. Finally, the highly selective study population reduces the external validity of these 

results which may not be generalizable to younger premenopausal women, men, or diseased 

populations of non-Caucasian ethnicities.  

 This study also has important strengths. This study is the first to consider cumulative 

ovarian sex hormone exposure as represented by LNMC in addition to several plasma sex 

hormone concentrations. Moreover, this study is the largest to date focused on the relation 

between endogenous sex hormone exposure and DNA methylation. Besides this investigation, 

the two largest studies examining the relation between sex hormone concentrations and DNA 

methylation in healthy, postmenopausal women were conducted by Iwasaki et al. (16) and Ulrich 

et al. (15) with sample sizes of 185 and 173 participants respectively. The adjustment for several 

suspected confounders is another major strengths of this investigation. The exclusion criteria of 

the underlying study reduced or entirely eliminated variability in several potential confounders 

(e.g. age, sex, smoking, alcohol consumption, physical activity, etc.) and we had access to 

information on several covariates which we were able to assess in regression analyses.  

These results suggest that repetitive element DNA methylation may be a mechanism 

through which endogenous estrogen exposure has an impact on the risk of certain diseases. In 

particular, LINE-1 methylation may be a pathway whereby higher levels of serum estrogen 

concentrations protect against colorectal cancer, heart disease, and neurodegeneration in 

postmenopausal women. Additional etiologic research on repetitive element DNA methylation 

and disease risk is needed in order to determine whether the effect sizes we observed are of 

clinical relevance and to determine the joint effects of LINE-1 and Alu hypomethylation on 

disease risk. For example, the positive trend with LINE-1 methylation at higher levels of LNMC 

might be offset by its negative relation with Alu methylation, thereby resulting in an overall 
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increased risk of disease attributed to DNA methylation changes occurring at higher levels of 

cumulative ovarian sex hormone exposure.  

In summary, there is evidence that supports the relation between endogenous estrogen 

exposure and repetitive element DNA methylation. Few studies have examined this association 

to date and the results of such studies are heterogeneous. With respect to the foregoing relation, 

future research should consider folate intake, alcohol consumption, and other factors related to 

one-carbon metabolism as potential effect modifiers. Researchers should also consider targeting 

populations with more variable folate and alcohol intake to better assess the moderating effect of 

these dietary factors. In addition to controlling for suspected determinants of DNA methylation, 

future investigations should adjust for hormonal factors other than the one under scrutiny. The 

extent to which LNMC fully captures the independent effects of its component variables is 

questionable. When considered as an exposure of interest, future studies should additionally 

consider the independent effects of the reproductive and menstrual cycle variables used to 

estimate LNMC.  

 

Conclusion 

Endogenous estrogen exposure is associated with repetitive element DNA methylation in 

healthy postmenopausal women. This relation may depend upon the timing, duration, and type of 

sex hormone, the participants’ folate intake, and the specific repetitive element under scrutiny. 

Epigenetic mechanisms such as repetitive element DNA methylation may help to explain the 

heterogeneous relation that estrogens have with the risk of different diseases. Further research 

into the relation between repetitive element DNA methylation and disease risk is needed in order 

to appreciate the clinical significance of these results. 
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Table 5.1. Baseline Characteristics of Subset of ALPHA Trial Participants (N=289) 

Variable Mean, Median, or Frequency 

Age (years)  

     Mean (SD) 61.0 (5.5) 

     50 to 60 years, n (%) 152 (52.6) 

     61 to 75 years, n (%) 137 (47.4) 

Ethnicity   

     Caucasian, n (%) 263 (91.0) 

     Other, n (%) 26 (9.0) 

Body mass index, mean (SD) 29.3 (4.4) 

Body fat percent, mean (SD) 42.5 (5.3) 

Past Year Physical Activity (MET-hours per week), 

median (IQR) 

108 (77 – 149) 

Alcohol Consumption (grams per day), median (IQR) 1  1.77 (0.55 – 5.24) 

Energy-Adjusted Folate Intake (micrograms DFE / day),  

median (IQR) 1,2  

510 (454 – 567) 

Smoking Status  

     Former Smoker, n (%) 96 (33.2) 

     Non-smoker, n (%) 193 (66.8) 

Previous Hormone Replacement Therapy Use  

     Yes, n (%) 158 (54.7) 

     No, n (%) 131 (45.3) 

Hysterectomy  

     Yes, n (%) 73 (25.3) 

     No, n (%) 216 (74.7) 

Age at first birth   

     Nulliparous, n (%) 25 (8.7) 

     16-24 years, n (%) 154 (53.3) 

     25-43 years, n (%) 110 (38.1) 

Presence of Comorbidities3  

     Yes, n (%) 110 (38.1) 

     No, n (%) 179 (61.9) 
1 Missing information for five participants 
2One microgram dietary folate equivalent (DFE) = one microgram of food folate or 0.6 

micrograms of folic acid from fortified foods 
3Ever been diagnosed with at least one of the following: high cholesterol or triglycerides, 

myocardial infarction, angina pectoris, stroke, rheumatoid arthritis or osteoarthritis, 

osteoporosis, blood clots in the veins of legs or pelvis, blood clots in the lung, or thyroid 

problems. 
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Table 5.2. Distribution of Sex Hormone Exposure and DNA Methylation Baseline 

Measures from ALPHA Trial Participants (N = 289) 

Variable Mean or Median 

Cumulative Sex Hormone Exposure  

Cumulative Number of Menstrual Cycles (#), median (IQR)  456 (395 - 485) 

Age at menarche (years), mean (SD) 12.8 (1.5) 

Age at menopause (years), mean (SD) 48.4 (6.3) 

Parity (#), mean (SD) 2.42 (1.29) 

  

Current Sex Hormone Exposure  

Estradiol (pg/mL), median (IQR) 10.0 (7.0 - 14.0) 

Estrone (pg/mL), median (IQR) 32.0 (24.0 - 45.0) 

Testosterone (ng/dL), median (IQR) 24.2 (17.4 - 32.4) 

Androstenedione (pg/mL), median (IQR) 571 (421 - 766) 

Sex-Hormone Binding Globulin (nmol/L), median (IQR) 40.0 (29.0 - 54.0) 

  

DNA Methyaltion   

LINE-1 Methylation (%), mean (SD)1 72.9 (0.9) 

Alu Methylation (%), mean (SD)1 19.1 (0.1) 
1 The least squares mean and standard error of the least squares mean after adjusting for intra-

plate variability 
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Table 5.3. The Relation Between Current Sex Hormone Concentrations and Repetitive Element Methylation 

  LINE-1 Methylation (N = 284) Alu Methylation (N = 288) 

 Range or SD1 N Adjusted Mean (%)  

or β2,3 (95% CI) 

P-value5 N Adjusted Mean (%)  

or β2,4 (95% CI) 

P-value5 

Estradiol (pg/mL)6         

Categorical < 8.0 74 72.54 (70.90 to 74.17) 0.02 74 19.13 (18.84 to 19.42) 0.13 

 8.0 to < 11.0 85 73.01 (71.37 to 74.64)  85 19.15 (18.86 to 19.43)  

 11.0 to <15.0 63 73.11 (71.46 to 74.77)  65 18.98 (18.69 to 19.27)  

 15.0+ 

 

62 

 

73.38 (71.72 to 75.05) 

P-trend: 0.01 

 64 

 

19.03 (18.74 to 19.33) 

P-trend: 0.10 

 

Continuous 12.0 284 0.21 (0.03 to 0.39) 0.03 288 -0.04 (-0.09 to 0.02) 0.19 

Estrone (pg/mL)6       

Categorical <25.0 78 72.75 (71.11 to 74.40) 0.17 78 19.11 (18.82 to 19.40) 0.58 

 25.0 to < 33.0 76 72.75 (71.10 to 74.40)  76 19.11 (18.82 to 19.40)  

 33.0 to < 46.0 62 72.93 (71.28 to 74.58)  63 19.01 (18.72 to 19.30)  

 46.0+ 

 

68 

 

73.32 (71.66 to 74.98) 

P-trend: 0.049 

 71 

 

19.07 (18.78 to 19.36) 

P-trend:  0.41 

 

Continuous 17.7 284 0.25 (0.04 to 0.46) 0.02 288 -0.01 (-0.08 to 0.05) 0.65 

Testosterone (ng/dL)7         

Categorical <17.4 71 73.44 (71.79 to 75.09) 0.07 72 19.07 (18.78 to 19.36) 0.36 

 17.4 to <24.1 70 72.80 (71.16 to 74.45)  71 18.99 (18.70 to 19.28)  

  24.1 to <32.5 74 72.95 (71.31 to 74.59)  74 19.08 (18.80 to 19.37)  

 32.5+ 

 

69 

 

72.85 (71.21 to 74.50) 

P-trend: 0.07 

 71 

 

19.14 (18.85 to 19.43) 

P-trend: 0.33 

 

Continuous 14.0 284 -0.17 (-0.37 to 0.04) 0.11 288 0.04 (-0.02 to 0.10) 0.19 

Androstenedione (pg/mL)7         

Categorical <421 71 73.12 (71.45 to 74.79) 0.74 72 19.09 (18.80 to 19.39) 0.51 

 421 to <568 72 73.04 (71.37 to 74.70)  72 19.07 (18.78 to 19.37)  

 568 to <763 70 72.86 (71.20 to 74.51)  72 19.00 (18.71 to 19.30)  

 763+ 

 

71 

 

73.09 (71.44 to 74.75) 

P-trend: 0.80 

 72 

 

19.11 (18.82 to 19.41) 

P-trend: 0.99 

 

Continuous 317.1 284 0.07 (-0.12 to 0.27) 0.46 288 0.05 (-0.01 to 0.11) 0.09 
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SHBG (nmol/L)8 

Categorical <30.0 73 72.77 (71.13 to 74.40) 0.47 75 19.03 (18.74 to 19.32) 0.15 

 30.0 to <41.0 71 73.08 (71.44 to 74.72)  72 19.16 (18.87 to 19.45)  

 41.0 to <55.0 74 73.02 (71.38 to 74.67)  74 19.11 (18.81 to 19.40)  

 55+ 

 

66 

 

73.17 (71.52 to 74.82) 

P-trend: 0.18 

 67 

 

18.99 (18.70 to 19.28) 

P-trend: 0.53 

 

Continuous 19.4 284 0.04 (-0.14 to 0.23) 0.66 288 -0.02 (-0.08 to 0.04) 0.46 
1The range is presented for categorical exposures and the SD is presented for continuous variables 
2The adjusted least squares mean estimate is presented for categorical variables and the expected unit increase in percent methylation 

per one SD increase in the exposure after adjusting for confounders is presented for continuous variables 
3All analyses adjusted for LNMC, past year alcohol consumption, and ethnicity 
4All analyses adjusted for LNMC and smoking status 
5P-value corresponding to the significance of the categorical or continuous variable  
6Additionally adjusted for testosterone and SHBG 
7Additionally adjusted for estradiol and SHBG 
8Additionally adjusted for estradiol and testosterone 
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Table 5.4. The Relation between Cumulative Ovarian Sex Hormone Exposure and Repetitive Element Methylation 

  LINE-1 Methylation (N = 284) Alu Methylation (N = 288) 

 Range or SD1 N Adjusted Mean (%)  

or β2,3 (95% CI) 

P-value5 N Adjusted Mean (%)  

or β2,4 (95% CI) 

P-value5 

LNMC (#)          

Categorical <395 70 73.2 (71.6 to 74.8) 0.02 73 19.1 (18.8 to 19.4) 0.07 

 395 to <456 70 72.6 (70.9 to 74.2)  70 19.1 (18.8 to 19.3)  

 456 to <485 73 73.0 (71.4 to 74.6)  73 19.0 (18.7 to 19.3)  

 485+ 71 73.3 (71.7 to 74.9) 

P-trend: 0.32 

 72 19.1 (18.9 to 19.4) 

P-trend: 0.78 

 

Continuous 84.9 284 - - 288 -0.04 (-0.09 to 0.02) 0.16 

Age at menarche (years)       

Categorical <12 48 72.8 (71.1 to 74.5) 0.052 49 19.0 (18.7 to 19.3) 0.21 

 12 80 73.3 (71.7 to 75.0)  80 19.2 (18.9 to 19.4)  

 13 81 73.1 (71.4 to 74.7)  83 19.1 (18.8 to 19.4)  

 14+ 75 72.7 (71.0 to 74.4) 

P-trend: 0.25 

 76 19.0 (18.7 to 19.3) 

P-trend:  0.32 

 

Continuous 1.5 284 -0.07 (-0.24 to 0.11) 0.44 288 -0.04 (-0.09 to 0.02) 0.17 

Age at menopause (years)         

Categorical <45 56 73.3 (71.7 to 75.0) 0.02 58 19.2 (18.9 to 19.5) 0.21 

 45 to <50 63 72.5 (70.9 to 74.2)  64 19.1 (18.8 to 19.4)  

 50 to <55 131 73.1 (71.5 to 74.7)  132 19.1 (18.8 to 19.3)  

 55+ 34 73.2 (71.5 to 74.9) 

P-trend: 0.71 

 34 19.0 (18.6 to 19.4) 

P-trend: 0.04 

 

Continuous 6.4 284 - - 288 -0.05 (-0.11 to 0.01) 0.08 

Parity (#)          

Categorical 0 25 72.8 (71.1 to 74.5) 0.15 25 19.1 (18.9 to 19.5) 0.56 

 1 29 73.0 (71.3 to 74.7)  29 19.0 (18.7 to 19.3)  

 2 105 72.9 (71.2 to 74.5)  107 19.1 (18.8 to 19.4)  

 3+ 125 73.3 (71.6 to 74.9) 

P-trend: 0.07 

 127 19.1 (18.8 to 19.4) 

P-trend: 0.68 

 

Continuous 1.3 284 0.21 (0.03 to 0.38) 0.02 288 -0.01 (-0.06 to 0.05) 0.86 
1The range is presented for categorical exposures and the SD is presented for continuous variables 
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2The adjusted least squares mean estimate is presented for categorical variables and the expected unit increase in percent methylation 

per one SD increase in the exposure after adjusting for confounders is presented for continuous variables 
3Adjusted for past year alcohol consumption, ethnicity, estradiol, testosterone, and SHBG 
4Adjusted for smoking status, estradiol, testosterone, and SHBG 
5P-value corresponding to the significance of the categorical or continuous variable  
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Table 5.5. Assessment of Effect Modification by Folate and Alcohol Consumption (N = 284) 
 LINE-1 Methylation 

 Low Folate1 High Folate1  Low Alcohol1 High Alcohol1  

 Mean or β (95% CI)2 Mean or β (95% CI)2 P-value3 Mean or β (95% CI)2 Mean or β (95% CI)2 P-value3 

Estradiol 0.20 (-0.004 to 0.41) 0.24 (-0.13 to 0.61) 0.85 0.17 (-0.23 to 0.56) 0.21 (0.004 to 0.41) 0.84 

           
Estrone 0.30 (0.05 to 0.56) 0.18 (-0.12 to 0.47) 0.49 0.23 (-0.06 to 0.52) 0.24 (-0.01 to 0.50) 0.95 

           
Testosterone -0.05 (-0.32 to 0.22) -0.28 (-0.56 to -0.01) 0.20 -0.29 (-0.56 to -0.02) -0.03 (-0.31 to 0.24) 0.17 

           
Androstenedione 0.13 (-0.10 to 0.36) -0.03 (-0.34 to 0.28) 0.41 0.06 (-0.17 to 0.30) 0.08 (-0.22 to 0.38) 0.92 

           
SHBG 0.29 (0.03 to 0.55) -0.17 (-0.41 to 0.08) 0.01 -0.08 (-0.32 to 0.17) 0.21 (-0.06 to 0.48) 0.12 

       

LNMC           

<395 73.0 (71.3 to 74.7) 73.4 (71.7 to 75.1) 0.70 73.1 (71.4 to 74.7) 73.35 (71.7 to 75.1) 0.45 

395 to <456 72.7 (71.0 to 74.4) 72.5 (70.8 to 74.1)  72.2 (70.6 to 73.9) 72.9 (71.2 to 74.6)  

456 to <485 73.0 (71.3 to 74.6) 73.0 (71.4 to 74.7)  72.8 (71.2 to 74.5) 73.16 (71.5 to 74.8)  

485+ 73.3 (71.6 to 75.0) 73.3 (71.6 to 75.0)  73.4 (71.7 to 75.1) 73.24 (71.6 to 74.9)  

 Alu Methylation 

 Low Folate1 High Folate1  Low Alcohol1 High Alcohol1  

 Mean or β (95% CI)2 Mean or β (95% CI)2 P-value3 Mean or β (95% CI)2 Mean or β (95% CI)2 P-value3 

Estradiol -0.04 (-0.10 to 0.03) -0.06 (-0.17 to 0.05) 0.72 -0.06 (-0.18 to 0.06) -0.03 (-0.10 to 0.03) 0.65 

           
Estrone -0.04 (-0.12 to 0.03) 0.01 (-0.08 to 0.10) 0.34 -0.03 (-0.12 to 0.06) -0.01 (-0.09 to 0.07) 0.75 

           
Testosterone 0.02 (-0.07 to 0.10) 0.07 (-0.01 to 0.16) 0.31 0.05 (-0.03 to 0.14) 0.04 (-0.05 to 0.12) 0.80 

           
Androstenedione 0.05 (-0.02 to 0.12) 0.06 (-0.04 to 0.15) 0.90 0.06 (-0.01 to 0.13) 0.04 (-0.05 to 0.13) 0.66 

           
SHBG 0.03 (-0.05 to 0.11) -0.06 (-0.14 to 0.01) 0.09 -0.03 (-0.10 to 0.05) -0.01 (-0.10 to 0.07) 0.82 
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LNMC 

<395 19.2 (18.9 to 19.5) 19.0 (18.7 to 19.3) 0.03 19.1 (18.8 to 19.4) 19.2 (18.9 to 19.5) 0.12 

395 to <456 19.1 (18.8 to 19.4) 19.1 (18.8 to 19.4)  19.1 (18.8 to 19.4) 19.1 (18.8 to 19.4)  

456 to <485 19.1 (18.8 to 19.4) 18.9 (18.6 to 19.2)  18.9 (18.6 to 19.2) 19.0 (18.7 to 19.3)  

485+ 19.0 (18.7 to 19.3) 19.3 (19.0 to 19.6)  19.3 (19.0 to 19.6) 19.0 (18.7 to 19.3)  

Continuous -0.10 (-0.18 to -0.03) 0.03 (-0.05 to 0.10) 0.02 0.01 (-0.06 to 0.09) -0.09 (-0.18 to -0.01) 0.16 

1Median folate cut-point = 510 micrograms DFE/day; Median alcohol consumption cut-point = 1.77 g/day 
2The adjusted least squares mean estimate is presented for categorical variables and the expected unit increase in percent methylation 

per one SD increase in the exposure after adjusting for confounders is presented for continuous variables. Refer to Table 3 and Table 4 

for information regarding the variables adjusted for in each analysis. 
3Significance of the interaction term in the multivariable model. 
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Chapter 6 

Conclusion 

Summary of Findings 

 Both adiposity and endogenous sex hormones were related to repetitive element DNA 

methylation in the white blood cells of healthy, inactive, postmenopausal women. Body fat and 

serum estrogen concentrations had a similar impact on LINE-1 methylation with respect to the 

size, shape, and direction of effect (i.e. a standard deviation increase in the exposure resulted in a 

linear increase of approximately 0.20 to 0.30 in mean percent LINE-1 methylation). Lifetime 

number of menstrual cycles had a non-linear “U-shaped” relation with LINE-1 methylation. In 

contrast, cumulative exposure to ovarian sex hormones had a negative linear relation with Alu 

methylation but only amongst low folate consumers. Androgens did not have an impact on 

repetitive element DNA methylation in this study population.   

 

Limitations  

 A number of limitations with this cross-sectional analysis merit discussion. These include 

issues with respect to the assessment and interpretation of DNA methylation data as well as 

classic epidemiologic considerations. 

 DNA methylation was measured in blood leukocytes and an implied assumption is that 

this measurement is meaningful with respect to chronic diseases that arise in other tissue sites. 

Tissue specificity is a major unresolved issue within the field of epigenetic epidemiology. 

Although blood measures of DNA methylation have been associated with disease risk, (1) DNA 

methylation levels differ between tissues and the extent to which they are homogenous within a 
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tissue has yet to be established. Although DNA methylation within certain genomic regions have 

been shown to be conserved across different tissues, there is some evidence that repetitive 

element DNA methylation is tissue- and cell-type specific. (2–5) As such, these results must be 

interpreted with caution. Associations between adiposity and DNA methylation have been 

observed within several tissues (e.g. blood, fat, muscle, placenta, umbilical cord, and saliva) 

which suggests that this exposure may induce systemic epigenetic effects. (6) However, target 

tissues of interest such as breast or brain tissue may be more or less susceptible to epigenetic 

dysregulation induced by adiposity and sex hormones in comparison to blood and other surrogate 

tissues. As such, one cannot be certain whether the relations we observed persist in other tissues 

and to what extent. Future studies should assess the impact of adiposity, sex hormones, and other 

exposures of interest on levels of DNA methylation within multiple tissues to determine if such 

exposures have systemic epigenetic effects and the extent to which the effects detected in 

surrogate tissues mirror the effects in target tissues. 

Another important limitation of this investigation is the lack of knowledge pertaining to 

the relation between DNA methylation and disease risk. Repetitive element hypomethylation is 

believed to be both a cause and a consequence of carcinogenesis. (7) As such, prospective cohort 

studies are needed to determine the relation between DNA methylation in healthy individuals 

and subsequent disease risk. (8,9) Epigenetic epidemiology is an area of research still in its 

infancy and there have been relatively few prospective studies completed to date. (10) This lack 

of etiologic research makes it difficult to assess the clinical relevance of these results and the 

relative impact of the exposures in relation to one another. For example, hip circumference had a 

larger impact on LINE-1 methylation in comparison to waist circumference but it cannot be 

determined if such a difference is meaningful. Standardized methods of assessment, reference 
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epigenomes, and prospective cohort studies are required in order to better understand the results 

of this study and other investigations into the determinants of DNA methylation. 

 Another limitation of this study is the current state of technology used to quantify DNA 

methylation. The assay that was used in this study provided a pooled summary measure for the 

degree of methylation within three repeated CpG sites for both LINE-1 and Alu elements. 

Although a method feasible for use in an epidemiologic context does not yet exist, higher 

resolution data would have allowed for more precision in describing the epigenetic effects of 

adiposity and sex hormones (e.g., the change in repetitive element DNA methylation within 

certain genomic regions, chromosomes, or alleles). Such an understanding may have had 

implications in terms of the interpretation of the results (e.g. the methylation of repetitive 

elements within certain genomics regions may be more or less susceptible to dysregulation and 

may be more or less relevant in terms of its impact on disease risk). Scientists should continue to 

develop assays that would allow for high-throughput analysis of DNA methylation within 

repetitive elements at a base-pair resolution such that the epigenetic effects of an exposure of 

interest can be better characterized. 

 Although reverse causality, recall bias, and selection bias can arise in cross-sectional 

settings, these classic epidemiologic biases are not an issue with respect to the internal validity of 

the current investigation. It is unlikely that the methylation outcomes under study would have 

impacted the hormonal or adiposity measures. The use of current hormonal and adiposity 

measures as proxies for the levels of these exposures that preceded the changes in DNA 

methylation would have resulted in non-differential misclassification which would have only 

made it more difficult to detect an effect if one was present. Therefore, the directionality of the 

relationship can be established despite the cross-sectional setting of the current study.  
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 Recall and selection bias are also not a concern in the current study. The underlying study 

in which this thesis project is nested was completed in 2007. Quantification of the DNA 

methylation outcomes was done in 2015. At the time of recruitment, the assessment of the 

exposures, and the collection of the blood samples, none of the participants or research personal 

would have had knowledge about any of the women’s DNA methylation levels. Therefore, there 

is no reason to suspect that any of the measures susceptible to recall error (e.g. weight at age 20) 

were biased because there is no reason to suspect that a women with, for example, high levels of 

LINE-1 methylation would tend to underestimate their weight to a greater extent than women 

with low levels of LINE-1 methylation. Selection bias arises when participants in a certain 

exposure/outcome stratum (e.g. people with high exposure levels and high levels of the outcome) 

have a higher probability of being included in the study in relation to individuals in other 

exposure/outcome categories. Since the probability of inclusion into the study cannot be related 

to the outcome under investigation, selection bias is not an issue.  

 

Strengths 

 Despite the limitations of the current study, there are several strengths which will be 

briefly mentioned (more detailed descriptions can be found in Chapters 4 and 5). Relative to 

other studies in this field, the current investigation had a large sample size, a comprehensive list 

of exposures, and high quality measures. Although we were able to assess several potential 

confounders that were not considered in past research, uncontrolled confounding may be an issue 

as we do not yet know what to adjust for given the lack of research in this area. 
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Generalizability 

 The current study was conducted using a highly unique study population (i.e. 

postmenopausal, healthy, women). Although it is not an issue with respect to the internal validity 

of this study, such selection bias reduces the external validity of these results. Sex hormone 

concentrations differ between men and women and between premenopausal and postmenopausal 

women. In diseased populations, the relation of interest may depend upon the type, the severity 

of the illness, and the treatment administered to the patient. Therefore, the results of this study 

should not be generalized to men, premenopausal women, or diseased populations.  

 

Implications and Future Directions 

 These results add to the growing body of evidence showing how lifestyle factors impact 

the epigenome. The determinants of DNA methylation and the biological windows during which 

the epigenome is most modifiable are poorly understood. (8,9) Some research suggests that 

environmental factors experienced in utero and during early childhood can induce long lasting 

epigenetic aberrations that affect the risk of disease later in life. (11) The results from this 

investigation are promising in that they support the notion that behavioural interventions in older 

populations have the potential to offset epigenetic predispositions acquired early in life. Future 

research should explore the effects of sex hormones and adiposity on DNA methylation within 

other genomic regions and at different time points. Researchers interested in studying the effects 

of other exposures on the epigenome should consider adiposity and sex hormones as potential 

confounders, particularly when dealing with a postmenopausal population. 

The findings of this study were inconsistent for LINE-1 and Alu methylation which 

suggests that these measures are two distinct epigenetic phenomena. In the literature, LINE-1 
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and Alu methylation are typically viewed as surrogate markers of global DNA methylation. (12) 

Our results suggest that the determinants of DNA methylation differ depending on the genomic 

region under investigation. In particular, LINE-1 methylation was more susceptible to the effects 

of body fat and sex hormones than Alu methylation which was only associated with cumulative 

exposure to ovarian sex hormones. This observation is supported by other research reporting 

different epigenetic effects of an exposure across different repetitive elements. (13) Similarly, the 

impact of DNA methylation on disease risk often differ with respect to the repetitive element 

under investigation in that LINE-1 methylation is more strongly related to the risk of certain 

diseases than Alu methylation and vice versa. (14,15) As such, LINE-1 and Alu methylation are 

best thought of as independent biological events. This notion is supported by the fact that these 

retrotransposons occupy distinct genomic regions and have several distinguishing characteristics 

such as their method of transposition, copy number, genomic coverage, sequence length, 

structure, and degree of methylation. (16–18)  

There is evidence that the duration of estrogen exposure is particularly relevant when 

investigating repetitive element DNA methylation. We found that cumulative rather than current 

estrogen exposure was related to Alu methylation. In a premenopausal population, El-Maarri et 

al. (2011) found that blood levels of LINE-1 and Alu methylation were not affected by changes 

in sex hormones that occurred over the course of one full menstrual cycle. (19) Taken together, 

these results suggest that repetitive element methylation may be impervious to short term 

changes in estrogen exposure which is consistent with the literature demonstrating the relative 

stability of these epigenetic marks over time. (20,21) Long-term rather than short-term estrogen 

exposure may therefore be primarily responsible for inducing changes in repetitive element DNA 

methylation. 
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 Our results suggest that LINE-1 methylation may be a mechanism through which 

estrogen exposure confers a protective effect with respect to colorectal cancer, cardiovascular 

disease, and possibly neurodegeneration amongst postmenopausal women. The positive relation 

observed between adiposity and LINE-1 methylation may be explained by its effect on sex 

hormone concentrations. After adjusting for estrogens, we found that the effects of body fat were 

attenuated which suggests that estrogens may mediate the relation between adiposity and LINE-1 

methylation in postmenopausal women (data not shown). Future research should also explore the 

extent to which the relation between adiposity and DNA methylation is mediated by sex 

hormones and other mechanisms such as chronic inflammation and oxidative stress.  

 

Conclusion 

Lower levels of repetitive element DNA methylation may predispose individuals to 

developing cancer and other illnesses. Adiposity and sex hormones appear to have a role in 

maintaining high levels of DNA methylation within LINE-1 repeats in postmenopausal women. 

This protective effect may be a mechanism through which estrogens reduce the risk of certain 

illnesses. Our findings suggest that high folate consumption may attenuate the potentially 

harmful effects of long term premenopausal estrogen exposure associated with lower levels of 

Alu methylation. The results from this investigation are preliminary and should be interpreted 

with caution until future research has clarified the role of repetitive element DNA methylation in 

the initiation of cancer, cardiovascular disease, and neurodegenerative disorders as well as the 

extent to which the relations we observed can be generalized to other tissues of interest.  
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