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Abstract

Globalisation has resulted in several anthropometric, reproductive, and lifestyle factors and/or exposures
exhibiting secular trends. These same factors and exposures have been implicated in modifying breast
cancer risk and have been shown to influence DNA methylation in at least one publication. In this thesis, |
conduct a preliminary and exploratory investigation to examine whether socioeconomic status, nutritional
factors, weight and height, age at menarche, menopausal status, age at menopause, and estimated lifetime
estrogen exposure (ELEE) — all factors displaying secular trends and influencing breast cancer risk — are
associated with DNA methylation.

The LUminometric Methylation Assay (LUMA) was used to assess global methylation in 376 female subjects
from the EPIC cohort and the Infinium HumanMethylation 450 BeadChip, was used to assess genome-wide
methylation in 667 male and female subjects from the EPIC Italy subcohort. Genome wide, probe-type
specific, CpG locus specific, clustering and single enrichment analyses were performed.

Total caloric intake, folate intake, total dietary methyl intake, and age at menarche were found to be
associated with global methylation using LUMA. In addition, the 450k BeadChip results suggest that
education, household density, highest household occupational position, total caloric intake, folate intake,
dietary methyl intake, adherence to the Italian Mediterranean diet, body mass index, age at menopause
and ELEE influence methylation patterns, but the power of these investigations did not permit
identification of biologically relevant, differentially methylated CpG sites.

The present findings indicate that DNA methylation may be one way through which these exposures may
become biologically embedded and influence disease risk, and especially breast cancer risk. Mechanisms
involving epigenetic changes provide a possible mechanism though which even early life exposures can
affect adult disease risk. However, more detailed and more powered epidemiological study designs and
tools need to be implemented in order to confirm these associations and also examine causality.
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P13KCD
p16 / CDKN2A
PARP
PBL

PC

PCA
PcGs
PDHA-1
PDP1
PER2
PITX2
PM20D1
POMC
PPP1R3C
PR
PRKAA1
PRKG1
PTP4A3M
Q

RARB2
RASSF1A
RFC5
RNA

ROS
RUNX3
RXRA
SAdoMet
Sat2
SEA

SEP

SES

Multidrug Resistance 1 gene

Methyl CpG Binding Protein

Maternally Expressed 3 (non-protein coding)
methyl TetraHydroFolate

06 methylguanine DNA methyltransferase
Spen Homolog, transcriptional regulator
MutL homolog 1

Matrix MetalloPeptidase 9
MyeloProliferative Leukemia virus oncogene
Mitochondrial Ribosomal Protein L41

DNA mismatch repair protein

methyl TetraHydroFolate Reductase

Myosin, heavy chain 2

Non Communicable Diseases

Nidogen 2 (osteonidogen)

Nuclear Receptor Subfamily 3, group C, member 1 (glucocorticoid receptor)

Oral Contraceptives

Odds Ratio

Oxidase (Cytochrome c) Assembly 1-like
Catalytic D Polypeptide

Cyclin Dependent Kinase Inhibitor 2A

Poly ADP Ribose Polymerase

Peripheral Blood Leucocytes

Principal Component

Principal Component Analysis

Polycomb Group

Pyruvate Dehydrogenase (lipoamide) alpha 1
Pyruvate Dehyrogenase Phosphatase catalytic subunit 1
Period Circadian Clock 2

Paired-like Homeodomain transcription factor 2
Peptidase M20 Domain Containing 1
Preproopiomelanocortin

Protein Phosphatase 1, regulatory subunit 3C
Progesterone Receptor

Protein Kinase, AMP-activated, alpha 1 catalytic subunit
Protein Kinase, cGMP-dependent, type |
Protein Tyrosine Phosphatase type IVA, member 3
Quartile

Retinoic Acid Receptor beta-2

Ras association domain containing protein 1
Replication Factor C (activator 1) 5

RiboNucleic Acid

Reactive Oxygen Species

Runt-Related Transcription Factor 3

Retinoid X Receptor - a

S-adenosylmethionine

Satellite-2

Single Enrichment Analysis

SocioEconomic Position

SocioEconomic Status
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SFRP1 Secreted Frizzled-Related Protein 1

SINUCLEIN y Gamma-Synuclein

SLC16A1 Solute Carrier Family 16 (monocarboxylate transporter), member 1
SMAD6 SMAD family member 6

SNP Single Nucleotide Polymorphisms

Socsl Suppressor of cytokine signalling 1

SOD Superoxide Dismutase-1

SQN Subset Quantile Normalisation

SVA Surrogate Variable Analysis

SVD Single Value Decomposition

SWAN Subset Quantile Within Array Normalisation
TIMP3 TIMP metallopeptidase inhibitor 3

TNF Tumour Necrosis Factor

TNNI3 Troponin | type 3

TNNT1 Troponin T type 1

TP53 Tumour Protein 53

TRIM3 Tripartite Motif containing 3

TRB1 Thyroid Hormone Receptor 1

UBASH3A Ubiquitin Associated and SH3 domain containing A
uPA Plasminogen Activator

us United States

WBCs White Blood Cells

WFA Weight-for-Age

WHO World Health Organisation

WNT1 Wingless-type MMTV Integration Site family, member 1
WWII World War Il
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1 Introduction - Background

In the wake of the era of westernisation and very rapid changes in socioeconomic circumstances, especially
in low and middle income nations, several lifestyle and anthropometric variables are displaying secular

trends, mostly affected or driven by these globalization forces.

Albeit improvements in socioeconomic circumstances are themselves favourable, a number of secular
trends driven by these changing circumstances have negative effects on health, especially influencing

chronic disease risk.

In this thesis, | will examine several factors displaying secular trends all of which have been shown to

influence, among other health outcomes, breast cancer risk which is used as a case study.

The thesis is an exploratory investigation of the hypothesis that DNA methylation is one way through which
these “exposures” can become biologically embedded and influence disease risk, and especially breast

cancer risk.

This hypothesis is mostly driven by evidence that development is plastic so as to allow an organism to
respond to its surrounding environment. At certain critical windows of development plasticity is heightened
L2 but exposures and experiences can leave their mark on the biology of an organism throughout life *.
Even though modifications in response to environmental signals are vital for proper development, some
signals may lead to maladaptive responses >*. These maladaptive responses may not lead to adverse
phenotypic changes at the time of exposure, but subtle maladaptive responses may accumulate and persist
for years, and they may also interact with subsequent events and/or exposures thus increasing the risk of

dysfunction and disease even years after the period of exposure ***>.
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1.1 Globalization and Secular Trends

Globalization is the process of international integration of cultural aspects. Globalization has become
almost synonymous with the term Westernisation which describes the assimilation of Western (mostly
North American and Western Europe) traditions and habits by low-middle income nations®. Globalization
has been the driving engine behind changes in socioeconomic circumstances, behaviours and biology,

which have dramatically shifted — to varying degrees - over the past century ’.

These shifts are often termed as secular trends. The term secular trend has traditionally been used to
describe the increasing body dimensions and the associated decrease in the age of onset of puberty
observed in succeeding generations ®°. Despite the traditional reference to body size and age at menarche
with the term secular trends, physical activity and fitness, as well as nutrition and socioeconomic position

are all factors that are now considered to have exhibited secular trends °.

However, given that the direction of change regarding these factors is not always consistent, especially
when investigating different populations with widespread geographical and socio-economic backgrounds,
secular changes is a preferred term to secular trends ®°, even though both terms are often used inter-

changeably.

Here the trends and changes observed in age at menarche and menopause, height, weight, diet and

socioeconomic status are reviewed, especially in response to international integration patterns.
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1.1.1 Socioeconomic Status

Socioeconomic status (SES) is a term collectively used to describe “measures of resources such as income,
wealth, and educational credentials, and the access to goods, services, and knowledge that these resources

7 10 Social status and economic circumstances can refer to individuals,

afford those who have them
households and groups and can vary across time frames and ethnic groups. There are various measures
used to estimate SES, but the ones most often used include highest educational level, income, poverty
status, employment and occupational status'®. With urbanization and globalization trends, as well as with
economy shifts, socioeconomic circumstances display their own secular trend, not only over time, but also

between and within countries **.

In the United States, the percentage of children and adults below poverty level has been rising during the
past decade, despite a brief decrease observed the decade before last *° (Figure 1). Similarly, in the
European Union (EU), unemployment rates have been on the rise in the past few years, mainly in response

to the mounting economic crisis *2 (Figure 2).
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Figure 1 -Trends in Socioeconomic Status.

A) Children and B) Adults 18 years of age and over; by percent of poverty level and race and Hispanic origin: United States, 1990—

2010. Reproduced with permission from 1,
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Figure 2 — Unemployment rates by gender, EU, seasonally adjusted, January 2000 - February 2013.

Source: Eurostat. Reproduced with permission from .

In addition to the economic crisis, part of the trend in worsening socioeconomic circumstances in high
income countries can be explained by urbanisation as it has been linked to increasing poverty levels in
urban areas due to internal migration of the high rural unemployment *. Additionally, internal migration is

associated with over-crowding further impacting on SES **.

Despite the recent trend towards worsening SES in high income regions such as the EU and the US,
developing nations have seen tremendous improvement in socioeconomic circumstances, including living
and working conditions, private consumption, social welfare expenditure, access to health services, food

production and nutrition, and school enrolment during the past half a century .
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1.1.2 Nutrition and Dietary Habits

Nutritional habits display their own secular trend towards increased consumption of highly processed foods

I . The widespread increase observed in the consumption of unhealthy food

and drinks as well as alcoho
and drink substances has been described as an “industrial epidemic”, a term used to describe the potential

health effects associated with the commercialization of a product®®.

The secular trends observed in unhealthy food and alcohol consumption can be called an industrial
epidemic because they contribute to the burden of non-communicable diseases (NCDs). The popularity of
highly processed products has paralleled and contributed to diet-related chronic diseases such as obesity,
diabetes, cardiovascular disease and even cancer . In fact, according to the World Health Organisation
(WHO) 2010 report on non-communicable diseases, the majority of NCDs examined are strongly and
causally associated with tobacco use, physical inactivity, unhealthy diet and alcohol use'’. In addition, a
recent report combining data from 75 countries has reported that soft drink consumption increased
globally from 9.5 gallons per person per year in 1997 to 11.4 gallons in 2010, and this increase in
consumption was statistically significantly associated with increased risk of overweight, obesity and

diabetes 2,

Reports show that the increase in consumption of highly processed foods and drinks, as well as alcohol has
reached a plateau in high income countries, however, soft drink and processed food sales continue to rise
sharply in low and middle income countries™. In fact, richer nations, with high Gross National Product
(GNP), who used to take in a large proportion of energy from fats, now seem to turn back to healthier diets,
in contrast to low-middle income nations who now consume more animal products and fats than ever
before . A marked example is China, where, as incomes rose, carbohydrate diets were abandoned for

diets with a high proportion of energy coming from fat **.

Globalization and the industrial epidemic previously described, spread and make more accessible cheap fat-
rich and highly processed foods to a wider market especially in low-middle income countries. In the past
few years the production, distribution, and marketing of food have undergone tremendous developments
towards a more industrialized process thus being able to cover a very large share of the market, including

low-middle income countries .

This industrial epidemic has led to the rapid increase of alcohol sales and consumption in low-income and
middle-income countries *°. Processed food sales on the rise in middle and low income countries include
vegetable fats and foods high in sugar. In fact, in these countries, there has been a shift from a diet high in
fibre and other complex carbohydrates to a diet high in fats and sugars, a shift termed as the “nutrition

n 13

transition” ~°. The primary cause of this shift is the increased and cheap availability of vegetable fats and

sugar-rich foods which in turn has led to an uncoupling of the previously observed relationship between
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high income and high intakes of fat . In addition to availability, human preferences towards a more

diverse diet are also implicated in the nutrition transition **.

Despite the recent independency of fat intake from income, the nutrition transition is not independent of
urbanization and globalization trends, as urban poorer households consume greater proportions of energy
from animal protein, fats, and processed foods and lower proportions from cereal and tubers *°. Thus,

increased urbanization facilitates the nutrition transition.
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1.1.3 Weight, BMI and Obesity

With nutrition habits shifting towards highly processed foods, rich in fat and sugars, it is not surprising that
the nutrition transition is paralleled by a secular trend in weight, towards increasing prevalence of
overweight and obesity, both in children and adults. The secular trend towards increasing weight is a
combination of the upward trend in height (described later) as well as an increasing trend in adiposity ®.
Therefore, to delineate the separate effect of height on weight and to concentrate on adiposity,
investigations of the secular trend in weight often utilize body mass index (BMI), measured as weight (in
kilograms) divided by height in meters squared (weight(kgs)/height(m)?). Adults are considered overweight

when their BMI is above 25kg/m” and obese when their BMI is above 30kg/m”*°

. Varying definitions have
been used to define childhood overweight and obesity 2*. Other adiposity measures often used instead of
BMI include waist circumference and skinfold thickness. Despite the tool or definition used, the trend is
undeniably one of increasing adiposity, in high and low-middle income world regions as well as in adults

and children.

22-25 24-26

Adult obesity, has been steadily rising during the past 50 years both in the US and in Europe”™ . In an
investigation by von Ruesten et al. (2011) among countries participating in the European Prospective
Investigation into Cancer and Nutrition (EPIC) cohort, a dramatic increase in obesity prevalence was

observed, even after a short follow-up period of 6 years (Figure 3).
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Figure 3 — Association of obesity prevalence and age among women of the Diogenes cohort.

BMI values of individuals of the total Diogenes cohort used for presenting obesity prevalence depending on the age (only
prevalence estimates with at least 100 observations per age were considered for the graph). Black squares indicate beaseline

prevalence for each age group whereas grey squares indicate obesity prevalence at follow up (6 years). Grey points are
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consistently higher than black points indicating a consistent increase in the prevalence of obesity after 6 years for the majority of

age groups. Reproduced with permission from %,

According to available statistics, there appears to be no levelling off or decrease in the rate of change of
weight in Europe. Predictions for 2015 indicate that one third of the European population will be
overweight assuming a linear increase *°. In fact, most investigations report an acceleration of the weight

gain epidemic especially since 2000 %.

Figure 4, from Stevens et al. (2012)*, shows how overweight prevalences have increased in high income
countries among females. The highest increase in prevalence is reported for the United States. Figure 4 as
well as WHO statistics indicate that the prevalence of overweight and obesity in adults increased with
income level, with the prevalence being more than double in high income and upper middle income

countries compared to low and lower middle income countries®’.
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Figure 4 — Prevalence of female overweight and obesity, adults > 20 years, by country and year, 1980-2008.

Reproduced with permission from =,

In children there is also an evident trend towards increasing weight but the increase has been observed

8,28,29

only in the past 30 years . This increase though has been extensive with almost all countries

investigated displaying this trend *°.
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In the United States, from 1998 through 2003, the prevalence of obesity increased from 13.05% to 15.21%,
and the prevalence of extreme obesity increased from 1.75% to 2.22% *' especially in children from low
income families (Figure 5) . Similarly, rapid increases in the prevalence of overweight schoolchildren are

being seen in all EU countries for which data are available® (Figure 6).
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Figure 5 — Obesity among US children by age, 1988-1994 through to 2009-2010.

Obesity defined as BMI at or above the sex- and age- specific 95th percentile BMI cut off points from the 2000 CDC growth

charts. Reproduced with permission from 0,
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Figure 6 — Changes in prevalence of overweight and obesity per year.

Data are taken from 28 pairs of studies which surveyed comparable populations of children, with at least three years between
surveys. Definitions of overweight and obesity were consistent within each pair of surveys but not necessarily between different
pairs of surveys. The average annual change in prevalence is plotted against the mid-year between the first and second survey of
each pair. The average annual rise in prevalence was under 0.2% of the child population during the 1970s, rose to around 0.4%
during the 1980s, rose above 0.6% in the 1990s and is expected to be around 1.0% during the early 2000s. Reproduced with
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1.1.4 Age at Menarche / Pubertal Development

Puberty refers to the period of sexual maturation when children attain adult secondary sexual
characteristics and reproductive capacity **. Pubertal development is characterised by several stages
beginning with appearance of breast buds in girls and genital changes in boys, as described by Marshall and

Tanner (1969, 1970)**%.

Because of the difficulty in ascertaining stage of pubertal development as described by Marshall and
Tanner, age at menarche is most often used as a marker of puberty, particularly due to the ease of
ascertainment and the reduced likelihood of observational errors *°. However, it should be noted that age

at menarche occurs relatively late along the stages of pubertal development.

In European countries, age at menarche has been steadily dropping from around 16-17 years in the mid-
19" century, at a rate of 3.6 months per decade *. However, in the last 50 years the trend observed has
not been regular, with varying changes in age at menarche in different European Countries. In Eastern
European countries the sharply decreasing trend is still observed, however, in several North-Western
counties, the trend has slowed down to a non-statistically significant decrease of 1 month per decade. In
countries such as Norway, Belgium and Italy some studies suggest that the trend has stopped while in

3738 some studies show that the trend seems to have reversed. However, other

Scandinavian countries
recent reports, such as one from the large EPIC study, with data on women aged 35-70 years, report

continuing variable decreasing trends in all European countries investigated *° (Figure 7).
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Figure 7 — Mean age at menarche of women born between 1915 and 1964.
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Adjusted for socioeconomic status, for 5-year birth cohorts for each participating country (Denmark, Sweden, Germany, Greece,
Spain, the Netherlands, Italy, United Kingdom, and France). b is the country-specific regression coefficient from linear regression
models, in which the independent variable is 5-year birth cohort and the dependent variable is age at menarche. P-trend <

0.0001 for all countries. SE, standard error. Reproduced with permission from .

In the United States, secular advancement in the timing of pubertal development was also observed since
the mid 19™ century, with rates decreasing as sharply as in European countries *°. However, during the past
50 years this secular trend has also demonstrated heterogeneity. Using breast development as a marker,
the advancement of sexual maturation is only evident in African-American and Mexican-American girls yet
less dramatic than in the past 100 years. Mean age at menarche is shown to continue to decrease in all
ethnic groups, yet at a faster rate (5.5 months in a decade) in African-American girls compared to white

girls (3 months per decade) *.

The decreasing menarcheal age trend, as well as the variability in this trend observed between countries,

can be explained by the multiple factors that act synergistically to determine age at menarche.

These factors firstly include health and nutrition, as reflected through socioeconomic circumstances °. For
example, better health, nutrition, and sanitation favour earlier sexual maturation and it has been shown
that rates of decrease in age at menarche have been more steep in recently developing countries and lower
in children from higher socio-economic classes °. Therefore trends in SES accompanying the progressive

development of low and middle income countries could be one factor driving the age at menarche trend.

In addition, the secular trend in overweight and obesity in children could explain the trend in age at
menarche, since the link between childhood obesity and the timing of puberty has been well established®*.
Several mechanistic pathways have been proposed to explain the link between overweight and age at

menarche.

Frisch and Revelle first proposed the idea of critical or “permissive” fat mass for the initiation of puberty in
1970 *. Despite initial controversy, their hypothesis is now becoming more popular with the discovery of
biological pathways that could mediate and substantiate this idea of critical mass. Key in this process is the
role of leptin which is secreted by adipocytes and signals to the hypothalamus to trigger gonadotropin

33%) In fact, Matkovic et al.(1997)* have shown an inverse

secretion and the onset of puberty (reviewed in
association between serum leptin and age at menarche, with every increase of 1ng/ml in leptin resulting in

1 month earlier age at menarche.

However, despite the “permissive” role thought to be played by leptin, the gradual increase in leptin levels
rather than an abrupt increase, suggests that leptin is not the crucial element in determining the time of

puberty. Instead, regulators of gonadotropin-releasing hormone secretion might act as the trigger *.
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In another scenario, early life exposures — such as birth weight or rapid weight gain at infancy or even
childhood obesity — might act as the trigger to determine onset of puberty. These exposures might affect
the hormonal milieu and precipitate in early onset of puberty. Given the crucial interplay of insulin and sex
hormone binding protein, it is likely that disturbances in insulin levels affect the levels of circulating

hormones and thus pubertal development (reviewed in ***).

In addition, aromatase activity in adipocytes can be elevated in overweight individuals leading to increased
conversion of androstenedione to oestrone and testosterone to oestradiol, thus accelerating pubertal

development (reviewed in ***).

Despite the biological plausibility of the association, given the majority of the existing literature, it is
difficult to ascertain whether the link between age at menarche and obesity is one of causality or co-

45,46
> and

occurrence. Some studies suggest a link between age at menarche and BMI or weight at puberty
others have shown that menarche coincides or is often succeeded by a rapid increase in weight *'.
However, still other studies have investigated the temporality of this association and have shown that

48-51

onset of menarche is associated with pre-pubertal BMI, supporting causality . More detailed study
designs are necessary to truthfully delineate the nature of this association. These studies would require a

long term perspective and accurate methodologies.

Another factor likely to be implicated in the age at menarche trend is genetic differences. Genetic
determinants have a variable distribution showing a North-to-South gradient within Europe®?, and hence

they could explain the variability in menarcheal age trends.

Lastly, exogenous exposures such as endocrine disrupting chemicals could also upset hormone balance
leading to the earlier onset of puberty. The developmental period of exposure determines the biological
effects of these exposures, and exposures at developmentally critical windows, such as infancy and
childhood, might have serious potential effects **. Whichever the factors impacting on age at menarche,

the trend towards earlier sexual maturation in the past century and a half cannot be denied.
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1.1.5 Age at Menopause

In contrast to the attention paid to the changes in age at menarche, little attention has been given to the
changes in age at menopause. The limited number of studies available provides controversial evidence as
to whether there is a secular trend towards increasing menopausal age. Despite several reports showing a
constant age at menopause at 50 years of age (reviewed in >*) more recent reports have shown a
significant increase in mean age of natural menopause at the rate of one month per birth year in Swedish
women **. The secular trend towards later age at menopause was observed also in Italian women °. Similar
results were also reported for American women . The latter study also reported a steady increase in mean

reproductive period from 36.1 years to 37.7 years in women born 20 years apart >°.
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1.1.6 Height

Since the mid 19" century, male conscript data show a visible expression of the secular trend in adult
height with grown-up children being taller than their same sex parents ®°. The secular trend towards
increasing adult height has been evident in several countries worldwide, but, similar to the menarcheal age
trend, the rate of change has slowed down significantly in Northern European countries, whereas the

upward trend continues in Southern European countries (reviewed in ®°) (Figure 8).
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Figure 8 — Average height (cm) at time for conscription per country from 1880 to 2006.
Data from: Chamla, 1964, 1983; Lindgren, 1998; Rebato, 1998; Padez, 2003, 2007; de Beer, 2004; Komlos & Baur, 2004; Statistics
Norway, 2006; Werner, 2007; Statistics Denmark, 2007; Statistics Netherlands, 2007. Reproduced with permission from °,

The height trend in children is similar to that observed in adults, but, not surprisingly, it is much more
dependent on child’s age . More specifically, the rate of change seems to be larger around puberty °°.
Surprisingly, there is no observable trend in birth length suggesting that environmental factors may impact

on growth after birth.

Of course, one cannot deny the strong genetic influences on height determination but the rapid increase in
height especially over the span of only half a century is too steep to be explained by genetic factors alone.
Instead, it has become obvious that adult height is dependent on a combination of genetic and
environmental factors that interact to influence growth. Environmental factors influence height indirectly
through biological factors such as infection, nutrition and stress, therefore improved nutrition and health
could explain the trend towards increasing height *’. The variability in socioeconomic circumstances
between European countries could explain the variations of this secular trend observed. For example, in
Northern European countries, where socioeconomic conditions are on average better than in Southern

Europe, the peak of the rate of change in height has passed and is now beginning to level off. On the
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contrary, in Southern European countries, height continues to increase as socioeconomic conditions
continue to improve °. Reports that European countries have a higher biological standard of living, could
also explain why the secular trend in the US has not kept up with the increase in height in European

populations °.
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1.2 Secular Changes and Health Effects

The secular trends described above are not without serious health consequences.

1.2.1 Socioeconomic Status Health Effects

An undeniable social gradient in health exists depending on the SES of individuals, groups and countries.
More specifically, health is progressively better the higher the socioeconomic circumstances ***. Adler et
al. (1994, 1999) have demonstrated a positive linear relationship between decreasing socioeconomic

58,59

position and mortality as well as morbidity (Figure 9). In the same publication, an even steeper linear

relationship was observed between socioeconomic position and prevalence of chronic diseases, with

prevalence decreasing at each higher socioeconomic position ***°

. The strongest and most consistent
relationships observed were for cardiovascular disease, metabolic syndrome and diabetes, arthritis,
tuberculosis chronic respiratory disease, gastrointestinal disease, and adverse birth outcomes (summarized
in *®). For cancer the strength and direction of the association will depend on the cancer type examined and
whether one is investigating incidence or mortality. For example, for breast cancer, studies show that

breast cancer incidence is increased as SES increases, but breast cancer mortality is decreased 8,
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Figure 9 — Mortality among children younger than five years of age and percentage of deprived households (lacking three or

more essential items) in selected countries in the WHO European Region.

Reproduced with permission from "
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In addition to chronic disease morbidity, chronic disease risk factors, such as smoking, cholesterol and

physical inactivity, also show significant negative relationship with SES.

The mechanisms through which socioeconomic circumstances influence health have been the subject of
much research during the past few years. SES can influence disease risk directly either through exposure to
carcinogens and pathogens or through central nervous system and endocrine responses to psychological
influences®. However, SES can also indirectly impact on health through performance of health-relevant
behaviours. Recent research has evidenced a strong attenuation of the relationship between SES and
mortality, when accounting for health behaviours such as smoking, diet, alcohol consumption, and physical

60,61

activity °°". The mechanisms through which SES can influence health are summarized in Figure 10.
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Figure 10 — Model of the pathways through which SES influences health.

Reproduced with permission from >,

In addition to adult SES, early life social conditions, including prenatal socioeconomic status, are also
associated with adult chronic disease **. Low prenatal SES has been associated with stroke incidence  and

with cardiovascular disease (CVD) mortality *

in adult life. This supports the idea that socioeconomic
circumstances become biologically embedded or “get under the skin” through a mechanism that can

influence health even many years after exposure.
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1.2.2 Nutritional Health Effects

Changing nutritional patterns, and more specifically the shift towards a diet rich in highly processed fatty

and sugary foods has had several negative health outcomes.

Firstly, the nutrition transition has contributed, among other factors, to the secular trend towards
increasing overweight and the epidemic of obesity. Overweight/obesity, is one of the major attributable
causes of death, being responsible for more than 2.3 million deaths worldwide, yearly ® and the morbidity

implications of overweight and obesity are discussed in the next section.

Dietary habits rich in highly processed, salty and fatty foods are also responsible for the rising prevalences
of hypertension and hypercholesterolemia which are themselves responsible for 7.6 and 3.9 million deaths
annually, respectively ®>. The high mortality rates arise primarily from heart problems associated with these
conditions. Hypertensive heart disease is a term used to describe heart failure and other heart
complications when hypertension is the underlying cause of heart disease %. Hypertension can result in
progressive myocardial hypertrophy, greater collagen volume fraction in the myocardium, microvascular
disease and endothelial dysfunction as well as increased arterial stiffness all of which can contribute to

6758 Furthermore, hypertensive heart disease associated atrial fibrillation and ventricular

heart failure
arrhythmias increase one’s risk of atherosclerosis, ischaemic heart disease and myocardial infarction .
Hypercholesterolemia and dyslipidaemia are also associated with the build-up of atherosclerotic plaques
and coronary heart disease (CHD), and dietary management with a low-fat low-cholesterol diet is essential

for the management of the disease **’°.

The changing nutritional patterns towards a more westernized type of diet, have also been coupled with
low fruit and vegetable intake . Close to 2.6million deaths annually are attributed to diets with inadequate
fruit and vegetable intake ®. This is because inadequate intakes of fruit and vegetables are associated with
increased risks for ischaemic heart disease, cerebrovascular disease, lung cancer, stomach cancer, colon
and rectum cancers, and oesophageal cancer ’*. The findings on breast cancer are more controversial but
results from some large prospective cohort studies and meta-analyses suggest that high fruit and vegetable
intake reduces breast cancer risk ">’°, with more pronounced effects on oestrogen receptor negative
cancers. This effect may be explained by low folate intakes, since inadequate folate intake has been found

to be associated with breast cancer risk 7’~®

. The protective effects of folate are more pronounced in
women who consume moderate amounts of alcohol "***"®> and low folate intake is more detrimental when
alcohol consumption is above 4 gms per day . Furthermore, it was recently shown that increased caloric
intake, often associated with intakes of highly processed, fatty foods, was associated with 60-70%

increased risk of breast cancer in pre-menopausal women ¥’.
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A diet rich in processed sugars is also associated with type |l diabetes, a condition directly responsible for
around 1 million deaths worldwide annually, and a risk factor for other serious life-threatening conditions
% Diabetes type Il is often preceded by insulin resistance syndrome, also called metabolic syndrome.
Insulin resistance syndrome and type Il diabetes are associated with increased CHD ®® as well as with

various cancers such as liver, pancreatic, colorectal, endometrial and postmenopausal breast cancers 8

Lastly, increased alcohol consumption is one of the world’s leading health risks *°. More than 2 million
deaths worldwide in 2004 and about 4.5% of the global burden of disease are attributed to increased
alcohol consumption. These diseases include neuropsychiatric disorders such as epilepsy, gastrointestinal
diseases such as liver cirrhosis and pancreatitis, increased risk for cancers of the colorectum, female breast,

larynx, liver, oesophagus, oral cavity and pharynx, as well as cardiovascular diseases such as hypertension

90

An example of a well-balanced diet, rich in complex carbohydrates and with moderate consumption of
animal fats and alcohol is the Mediterranean diet. The findings of a few large prospective cohort studies

support that the Mediterranean diet is protective for breast cancer ***2.

In addition to large prospective studies, several case-control studies have evidenced a protective effect of
the Mediterranean diet on breast cancer risk. An investigation in the Cypriot population, a purely
Mediterranean population, has revealed that a Principal Component Analysis (PCA) derived dietary pattern,
rich in foods at the bottom of the Mediterranean Diet pyramid such as fruits, vegetables, fish and legumes,
decreases breast cancer risk®. The results of this investigation, which form a part of the work carried out

for this thesis, have been published and the paper is attached (Appendix A).

The evidence on the protective role of the Mediterranean diet and its components, as well as possible
mechanisms conferring protection, are reviewed in a book chapter titled “The Mediterranean diet and
breast cancer risk”, written for publication in “The Mediterranean Diet: An Evidence-Based Approach To
Disease Prevention”. This is a new book which will be published by Academic Press, an imprint of Elsevier,
and will be co-edited by Prof. Victor R. Preedy, Kings College London. A copy of the chapter, that was a
product of the work carried out for this thesis, has been accepted for publication and is attached (Appendix

B).
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1.2.3 Overweight and Obesity Health Effects

As mentioned previously, overweight/obesity, is one of the major attributable causes of death worldwide
®_ Obesity and overweight are associated with increased risk of developing insulin resistance syndrome and
diabetes type Il with the above mentioned serious adverse health outcomes **. Overweight and obesity are
also associated with traditional risk factors for CHD such as hypertension and dyslipidaemia whose health

effects are previously discussed **.

In addition to the above, several cancers are partly attributed to overweight and obesity. The available
evidence is convincing regarding associations between overweight/obesity and adenocarcinoma of the
oesophagus and the gastric cardia, colorectal cancer, postmenopausal breast cancer, endometrial cancer
and kidney renal-cell cancer ®. The evidence for cancers such as liver, gallbladder, pancreas, thyroid gland

and in lymphoid and haematopoietic tissue cancers is less consistent and thus less convincing®.

Overweight/obesity also increase risk for musculoskeletal disorders, especially osteoarthritis, rheumatoid

arthritis, spondyloarthropathy, and fibromyalgia *°.

Children who are overweight or obese also face increased risks for developing insulin resistance syndrome

and type Il diabetes, cancer, heart conditions and neuromuscular disorders in adult life 2*°®.

It is important to state here that the health effects described for nutrition and overweight/obesity are
patterns derived from epidemiological studies, but the causal links between diet, obesity, physical exercise,
insulin resistance, metabolic syndrome, and non-communicable diseases are far from being understood.
The mechanisms linking these exposures and biological phenotypes have yet to be delineated thus it is
difficult to deduce which comes first and what causes which. Therefore, the evidence regarding dietary and
overweight/obesity health effects needs to be interpreted with caution, bearing in mind the interplay

between the extrinsic and intrinsic components of such patterns and pathways.
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1.2.4 Age at Menarche and Age at Menopause Health Effects

Earlier age at menarche, as well as later age at menopause, are two of the most well established risk factors

9% The mechanisms through which an earlier age at menarche and a later age at

for breast cancer
menopause increase breast cancer risk are not completely understood but greater cumulative endogenous
oestrogen exposure because of a longer reproductive period could be affecting breast cancer risk *®. This
idea is supported by a recent meta-analysis of studies which shows a greater protective effect of a later age
at menarche for ER+/PR+ cancers compared to ER-/PR- cancers **. However, much research is still needed

to delineate the mechanisms through which age at menarche impacts on breast cancer risk.

In addition to breast cancer, an earlier age at menarche has been associated with increased risks for adult

102 103 10

obesity ', diabetes ', cardiovascular risk factors ', altered psychosocial behaviours '** and mental

health problems *.
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1.2.5 Height Health Effects

Perhaps the secular trend least associated with adverse health effects is increasing height. Despite evidence

that taller women are at increased breast cancer risk'®, a taller height — at childhood or adulthood — is

106

associated with better health and greater cognitive ability throughout life . However, these improved

health outcomes may reflect better nutrition and health during early life which lead to taller children and

predispose to a more favourable adult health '*.
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1.2.6 Secular Changes and Breast Cancer

One of the adverse health outcomes common to the secular trends described above is cancer, and more
specifically breast cancer. Yet, the mechanisms through which these factors influence breast cancer risk are

not completely understood.

1.2.6.1 Adult SES

Socioeconomic status in adulthood is positively associated with breast cancer, in that a higher SES is
associated with increased breast cancer risk '*’. Adult SES may impact on breast cancer indirectly by
determining reproductive and lifestyle choices which in turn influence risk. In fact, SES is associated with a
number of breast cancer risk factors such as age, parity, age at first birth, BMI, height, alcohol consumption,

197 and adjusting for these factors in a model

age at menarche and family history of breast cancer
investigating the relationship between SES and breast cancer can attenuate the association to the point of
non-significance '”’. However, it is also possible that the increased incidence in individuals and countries
with higher SES is related to better access to healthcare and thus better and earlier diagnosis, and not to a

biological effect.

Similarly, early life socioeconomic circumstances can influence breast cancer risk factors, which in turn
increase or decrease breast cancer risk. For example, better health and nutrition during early life are
associated with a taller height and an earlier onset of menarche which increase breast cancer risk %%,

108

Also, unfavourable socioeconomic conditions and poorer education are associated with increased parity —,

which decreases breast cancer risk %,

1.2.6.2 Nutrition

The nutrition transition, including excessive intakes of fat and sugar as well as inadequate intakes of

beneficial fruits and vegetables, could also influence breast cancer risk, directly or indirectly.

Folate, found largely in fruits and vegetables, is a key player in the one carbon metabolism pathway. This
pathway is not only responsible for the methylation of biological molecules such as DNA and RNA, but it is
also essential for DNA synthesis and repair. This is because folate derived one-carbon groups, are needed
for the de novo synthesis of pyrimidine, thymidylate, as well as the purines '®. There is evidence that folate
deficiency may lead to global hypomethylation *° which is an event frequently observed in breast tumours,

and is associated with activation of oncogenes as well as chromosomal instability through repetitive
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element activation ***

. In addition, given folate’s role in maintaining DNA integrity, as well as in synthesis,
and repair, folate deficiency may compromise the reliability of these processes leading to tolerance in DNA

damage which is also associated with carcinogenesis'*.

Fruits and vegetables are also rich in carotenoids, such as retinol, retinyl pulminate, a-carotene, B-

carotene, B-cryptoxanthin, lutein and lycopene. These substances have been shown to decrease

13114 |n addition, carotenoids

proliferation and promote cell differentiation of epithelial cells in culture
have anti-oxidant function and can protect macromolecules such as DNA from damage from Reactive

Oxygen Species (ROS)™.

In addition to folate and carotenoids, flavonoids are also abundant in a diet rich in fruits and vegetables.
Flavonoids, such as catechins, are polyphenolic compounds found in plants, and have been shown to be
biological response modifiers. High flavonoid intake has been consistently shown to decrease breast cancer
risk, and this protective effect might stem from their effect on ovarian sex hormone synthesis, or their

other biological activities such as antioxidant, anti-proliferative, and antiangiogenic activities (summarised

115
)

in . In addition, flavonoids have been shown to inhibit the effects of cytokines, growth factors, and

several other enzymes involved in carcinogenic processes (summarised in ).

Phytooestrogens, plant-derived xenooestrogens, are found in large amounts in diets with a high content in

fruits, vegetables, and fibre. Phytoestrogens have a similar molecular structure to oestrogens which allows

them to have ooestrogenic or anti-oestrogenic effects by binding to oestrogen receptors °.

Phytoestrogens can also modulate the bioavailability of sex hormones by stimulating or inhibiting the

117

action of enzymes such as the Sex Hormone Binding Globulin (SHBG)™™'. The anti-ooestrogenic effects of

phytooestrogens have been shown to confer a protective effect for breast cancer, however the evidence

has not been always consistent 2.

On the other hand, excessive fat and sugar intake are probably not directly associated with breast cancer

19120 1yt affect breast cancer risk through their association with increased adiposity and diabetes risk.

1.2.6.3 Overweight/obesity

Overweight and obesity can influence carcinogenesis through a variety of mechanisms reviewed in detail

elsewhere 2712

. In brief, one of the key mechanisms involves excess androgen to oestrogen hormone
conversion and secretion by hypertrophied adipose tissue'?’. This results in increased bioavailability of
estradiol which has proliferative and anti-apoptotic effects on target organs such as the breast and
endometrium . Hypertrophied adipose tissue, also releases inflammatory adipocytokines which affect

121-124

cell growth, survival, proliferation and angiogenesis . Where obesity is accompanied by insulin
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resistance, insulin directly promotes cell growth but it also indirectly stimulates the release of other

121-124

hormones which act as growth factors . In addition, obesity can influence carcinogenesis through

increased circulating leptin levels which have been shown in vitro to stimulate proliferation of neoplastic

122126 Despite the number of

and pre-neoplastic cells and to trigger the release of inflammatory cytokines
possible mechanisms through which obesity influences carcinogenesis and the inevitable interplay between
these compex pathways, there is consensus that obesity contributes to increased breast cancer risk and

more specifically, post-menopausal breast cancer risk.

1.2.6.4 Age at Menarche

As already discussed, the mechanisms through which an earlier age at menarche and a later age at
menopause increase breast cancer risk are not completely understood but greater cumulative endogenous
oestrogen exposure because of a longer reproductive period could be affecting breast cancer risk *®. This
idea is supported by a recent meta-analysis of studies that shows a greater protective effect of a later age
at menarche for ER+/PR+ cancers compared to ER-/PR- cancers % On the other hand, early life exposure to
endocrine disrupting chemicals (EDCs) could affect the hormonal milieu in a way that precipitates both to
an earlier pubertal development and, independently, to an increased breast cancer risk*. For example,
animal models have evidenced that early life exposure to an EDC, Bisphenol A, which binds to estrogen
receptors, elevates testosterone as well as estradiol and affects neuroendocrine signalling, can accelerate
and alter mammary gland development and increase breast cancer risk **’**°. In the same way, other EDCs
can accelerate pubertal development leading to an earlier age at menarche, and, independently, can also

increase breast cancer risk.

1.2.6.5 Height

Lastly, it is possible that height may increase breast cancer risk directly because of the increased number of
cells, including stem cells, in taller people and hence increased likelihood of malignant transformation .
However, it is more likely that height affects breast cancer risk indirectly, through factors that act during
early life to determine both height and breast cancer risk. Height is determined by both genetic and
environmental influences. These environmental exposures can include childhood nutrition and infections,
as well as exposure to growth factors such as insulin-like growth factors (IGFs), both in childhood and in
adult life *°. These factors influence both height and risk of breast cancer and may explain the association

between height and breast cancer risk.
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1.2.7 Biological Embedding of Trends and Exposures

For early life trends and exposures, such as exposure to EDCs, socioeconomic conditions, nutritional
patterns, and overall health, to influence biological responses sometimes even years after the period of

3131 geveral

exposure, they need to “get under the skin” and become biologically embedded in an organism
mechanisms for biological embedding of early life exposures have been proposed. For example, early life
SES can become biologically embedded through several processes such as deregulation of hypothalamic-

pituitary-adrenal axis (HPA), inflammatory processes, and neural function and structure ****

. Recent reports
show that one possible mechanism though which early as well as later life exposures can become
biologically embedded and influence such processes is epigenetics, especially when the exposure occurs at

times of developmental plasticity.

Development is plastic so as to allow an organism to respond to its surrounding environment, especially
very early on in development when cells and tissues are differentiating *. At these critical windows of
development, plasticity is heightened since proper growth and differentiation depends on nutrient
availability, chemical signals from surrounding tissues, as well as environmental signals “*. These critical
windows are time periods of rapid change when biological processes are most easily modified by internal
and external factors and exposures, and these intrinsic changes are often irreversible *2. This does not,
however, mean that biological embedding of experiences is confined to an early critical period. Studies
have shown that exposures and experiences can leave their mark on the biology of an organism throughout
life ®. In fact, certain exposures can have a strong effect on the biology of an organism during a sensitive

period, but they can affect biological processes, weakly, even outside sensitive periods "%

Even though modifications in response to environmental signals are vital for proper development, some

2% These maladaptive responses may not lead to adverse

signals may lead to maladaptive responses
phenotypic changes at the time of exposure. However, subtle maladaptive responses may accumulate,

persist or even be re-inforced for years, increasing the risk of dysfunction and disease even years after the

1,2,4,5 n 133

period of exposure . This hypothesis was first termed “The Thrifty Phenotype Hypothesis and in
contrast to “The Thrifty Genotype” hypothesis, accounts for the rapidly increasing incidence of diseases,

such as breast cancer .

The first evidence for “The Thrifty Phenotype” hypothesis came from a series of reports linking birth weight
and early life nutrition to long term disease risk ****. Despite the controversy that followed and the
discrepancy of results depending on whether the disease or some surrogate of the disease was the defined
outcome, a large body of evidence confirms these findings *°. To further support this hypothesis, several

reports demonstrated that individuals born during the Dutch famine or the Great Chinese Famine tend to

43



have lower birth weight, increased female BMI, hypertension, and increased plasma glucose and hyper-

triglyceridemia compared to unexposed same sex siblings ***™*,

It is important to note that the responses to an environmental signal — whether adaptive or maladaptive —

141 145

are stage dependent and can persist for generations “. These stage dependent, heritable, and

persistent phenotypic effects can be explained by epigenetic modifications imposed by environmental

3,4,146,147
. The

signals, which are themselves heritable, time dependent, and tissue as well as sex specific
epigenome has the capacity to enable an organism to respond to environmental signals due to its control of
gene expression without altering the DNA sequence. The epigenetic modifications that impact on gene
expression include DNA methylation, histone modifications, miRNA expression, and nucleosome
remodelling **® and just like other systems, they too are especially sensitive during the critical windows of
developmental plasticity. Therefore, early and later life social conditions and exposures can influence
disease risk even years after discontinuation of the exposure by impacting on the epigenome, making

epigenetics a possible mechanism through which the factors undergoing secular change can influence

breast cancer risk®.
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1.3 Breast Cancer and Epigenetics: a narrative review

Lending support to the hypothesis that the factors described above can influence breast cancer risk

through epigenetic mechanisms is the fact that breast cancer is characterised by an aberrant epigenome.

1.3.1 The Epigenetics of Breast Cancer
It is known that breast cancer initiation and progression is triggered, by accumulation of pathologically
altered gene function. These deregulated genes then affect many important cellular networks such as cell

cycle control, apoptosis, DNA repair, detoxification, inflammation, cell adhesion, and/or migration, which

are considered key in cellular progression from normal to neoplastic '*.

For many years, cancer was considered as “a genetic disorder of fatal acquisition of multiple mutations” in
key genes that regulate the important networks outlined above. These mutations can lead to the silencing
of genes that keep the cell functioning normally, e.g. tumour suppressor genes such as TP53 and BRCA1, or
to the overexpression of genes that drive the cell towards neoplasia e.g. oncogenes such as MYC. In either

case, the cell is driven towards malignant transformation **°. This is known as the somatic mutation theory.

However, this theory has been revolutionized since it is now well accepted that several models of

150

carcinogenesis exist ~ . One of these models is based on non-genotoxic mechanisms, with epigenetics as its

150

main features . In fact, in this non-genotoxic model, epigenetic malfunction can contribute to

carcinogenesis just as much as genetic alterations. Epigenetics refers to “heritable changes in phenotype or

» 149

gene expression that are caused by mechanisms other than changes in the DNA sequence . Epigenetic

mechanisms control crucial biological processes such as X chromosome inactivation, genomic imprinting,

148

reprogramming of genomes during differentiation and development, and RNA interference ~*. Epigenetic

events such as gene silencing via hypermethylation can be added to genetic events, such as mutations, thus

inactivating both alleles of a gene, leading to neoplasia, through Knudson’s two hit model ****%

As far as transcriptional regulation is concerned, four epigenetic mechanisms have emerged as having the
most crucial roles: DNA methylation, histone tail modification, miRNA expression, and nucleosome
remodelling. It is important to note that there is a strong interplay between these processes and it is this
interplay that defines the ‘epigenetic landscape’ or ‘epigenome’ — “the epigenetic status that determines
the way a single eukaryotic genome may manifest itself in different cell types and developmental stages,

» 153

and that, if aberrant gives rise to cancer and other diseases . In fact, epigenetic changes are involved in

135-136

every step of tumour development and progression . This review focuses on DNA methylation.

In the human genome, 4% of cytosine residues are methylated on the 5" carbon of the pyrimidine ring,
post replication, to produce 5-methylcytosine (5mC), and most of these are found in CpG dinucleotides. In

this manner, 75% of CpG dinucleotides in mammalian genomes are found to be methylated "****. Most
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CpG dinucleotides are found in islands in the promoter regions of approximately 60% of the genes in the

mammalian genome >* or in regions of large repetitive sequences like retro-transposon elements.

A high percentage of CpG dinucleotides in repetitive sequences are methylated to inhibit activation and
maintain chromosome stability, but CpG sites in CpG islands associated with gene promoters are usually

17158 3nd also

unmethylated. These unmethylated promoter regions allow for active gene transcription
have a role in cell differentiation. CpG dinucleotides in the promoters of housekeeping genes are generally
unmethylated. On the contrary, CpG islands on tissue specific genes are found methylated to inhibit or

downregulate gene transcription depending on the type of tissue ***%.

Recently it was established that DNA methylation involved in differentiation, can occur not only on CpG

11617183 These shores are

islands but also on regions surrounding CpG islands, termed as CpG island ‘shores
regions of relatively low CpG density compared to CpG islands, located within gene promoters. In addition
to CpG methylation, non-CpG methylation and 5-hydroxymethylcytosine (5hmC) are also part of the DNA

methylation pattern.

The pattern of methylation is strictly maintained by the cell, except in cases of altered gene expression in
which case the methylation pattern might change temporarily. However, in cancer cells, methylation
patterns can be greatly disturbed. In fact, aberrant DNA methylation patterns seem to define specific
tumour types ***®°. To discern whether DNA methylation from a neoplastic cell is disturbed, the gold-
standard method would be to compare the tumour DNA methylation to a relatively pure population of cells
which is known to be the cell of origin of the tumour®®. However, since this is usually not possible, the
majority of studies investigating cancer associated aberrant methylation, compare tumour tissue to
adjacent normal tissue or affected tissue from a case to non-tumour same-tissue from a control. The
limitations of these approaches are further enhanced by the lack of a normal, tissue-specific reference **.
Until the major sequencing initiatives enabled by the epigenome technology revolution help us understand

III

what is “normal” in terms of the epigenome, such methodological caveats are unavoidable **’.

1.3.1.1 Global Genomic Hypomethylation

It has been shown that in several cancers, including breast cancer, whole genome methylation is decreased

compared to normal tissue

. Whole genome methylation is most commonly assessed using surrogate
repetitive elements such as long interspersed nuclear element-1 (LINE-1) and Alu repeats, not all of which
are accurate reflections of whole genome methylation **°. However, the evidence that genomic 5mC
content is reduced in the blood of cancer patients compared to the blood of controls or in cancerous tissue

169-172

compared to normal tissue is convincing How early this occurs might depend on the neoplastic
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188 In cancerous breast tissue, hypomethylation relative to normal tissue

tissue and on the type of tumour
has been shown to mainly affect endogenous retro-transposons such as repetitive DNA sequences and
pericentromic satellite DNA, regions that are heavily methylated in normal cells. For example, LINEs that
are methylated in normal cells, become hypomethylated and activated in breast cancer cells and can
reposition themselves elsewhere in the genome, causing insertional mutagenesis, transcriptional

149,166,169

interference, and genomic instability . Also, satellite DNA sites were shown to be frequently

166,173,174

hypomethylated in human breast adenomas . Further to activating repetitive DNA sequences, DNA

hypomethylation might also contribute to translocations of these hypomethylated sequences, by loosening

chromatin packaging 166,175,176

To support global hypomethylation’s effects on the genome, a study in breast cancer cell lines has

177,178

correlated chromosomal instability events with the degree of global hypomethylation . In many

174,179

human tumours, areas that lack DNA methylation suffer chromosomal structural changes . In addition

to transposable element reactivation and chromosomal instability, hypomethylation can also contribute to

148180181 1) astly, hypomethylation in tumour tissue was shown to

carcinogenesis through loss of imprinting
appear early and precede mutation and deletion events in cancer **2. Hypomethylation can be associated
with tumour progression, as in the case of ovarian cancer, or it can be involved in early tumour

development, as in the case of breast cancer.

The cause of global hypomethylation is still debated but it is now understood that the process of
methylation is dynamic and complex and DNA methyltransferases (DNMTs) are involved both in the
addition and in the removal of methyl groups **2. There are three types of DNMTs: DNMT1 is involved in
maintenance of methylation through DNA replication, DNMT2 is involved mainly in tRNA methyltransferase
activity, and DNMT3A and DNMT3B which are mainly expressed in the embryo and are responsible for de
novo methylation. One proposed mechanism for DNA hypomethylation is passive demethylation when
DNMT1 is inhibited and methylation is not maintained through rounds of DNA replication183. DNMT1 may
be chemically inhibited or its expression might be reduced in cancer cells, due to deregulation of DNMT1

expression by tumour suppressor genes which are themselves deregulated .

However, active demethylation is also possible. One hypothesis is that active global hypomethylation is

8 Another

caused not by a decrease in DNMT "2 but by a global increase in demethylase activity
proposed mechanism is the removal of methyl groups through oxidation or hydrolytic attack . Yet
another hypothesis is that enzymatically inactive DNMT splice variants, compete with enzymatically active
forms for the same binding site, thus inhibiting DNA methylation'***®'® |t is also likely that DNA
demethylation involves the DNA repair machinery either through removal of the methylated base and
substitution by an unmethylated one, or by removing the entire DNA patch and then filling it in with new

183

nucleotides™. Lastly, Tet proteins may also mediate active DNA demethylation by hydrolysing methyl-
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cytosines to produce 5-hydroxymethyl-cytosine, blocking DNMTs and inducing chromatin remodelling

183,190,191

1.3.1.2 Gene Specific Hypermethylation

In addition to genome-wide hypomethylation, in cancer cells, CpG sites that are normally unmethylated in
non-cancer cells, may become methylated leading to the silencing of genes. As stated, this silencing of an
allele due to hypermethylation can be coupled to the genetic silencing of the other allele, leading to

|179,192,193

neoplasia through Knudson’s two hit mode . In fact, genes that are implicated in familial forms of

cancer when mutated in the germ line, have been shown to be hypermethylated and silenced in sporadic
cancers *’°. For example, mutations in the BRCA1 gene are of major importance in the aetiology of familial
breast cancer. However, it has also been shown that in the tumours of women with sporadic breast cancer,

d® % and the expression of hypermethylated BRCA1 in sporadic

BRCA1 gene is often hypermethylate
cancers is identical to the reduced expression in familial cancers where this gene is mutated'’***** It is
important to note that BRCA1 promoter hypermethylation is associated with a BRCA1 tumour phenotype
such as high grade, high mitotic count, little or no tubule formation, pushing margins, ER, PR and HER2

194,195

negativity . BRCA1 hypermethylation was also evident in the blood of some patients with BRCA1

hypermethylated promoter in the tumour ****%

. It is interesting to note that BRCA1 has been shown to bind
to the promoter region of DNMT1 and this binding is necessary for transcription of DNMT1. Loss of BRCA1
expression as a result of promoter hypermethylation, leads to reduced DNMT1 expression, which might be

the cause of the global hypomethylation also evident in cancer cells ***.

Any gene can be silenced through hypermethylation, but silencing of certain genes can greatly affect
carcinogenesis. These genes include tumour-suppresor genes such as p16 and cyclin dependent kinase
inhibitor 2B (CDKN2B) which regulate cell cycle®®'®*° genes that suppress tumour invasion and
metastasis, DNA repair genes such as O6-methylguanine DNA methyltranferase (MGMT)"**°** hormone

186,202,203
and

receptor genes, genes that inhibit angiogenesis, DNA damage response genes such as BRCA1
mismatch repair genes such as MutL homolog 1 (hMLH1) and DNA mismatch repair protein (hMSH2)'#**%,
Aberrant methylation of the promoters of these genes leads to a loss of function, providing selective
advantage to neoplastic cells *’°. Some tumours have the promoters of several of these genes methylated
concurrently, producing what is known as the CpG island methylator phenotype (CIMP) which can be used

as a marker for tumour progression .

The creators of PUBMETH, a database created in 2007, analysed the results of studies that investigated
gene promoter hypermethylation and breast cancer. For each gene promoter, the number of references
investigating the particular promoter and breast cancer, the number of samples analysed, and the average

percentage hypermethylation are reported in the database. In the same way, | conducted a similar review
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of the literature from 2007 up to May 2013 in order to identify any additional gene promoters, whose
hypermethylation was associated with breast cancer. The search was conducted in PUBMED using the
following search term: {“GENE PROMOTER HYPERMETHYLATION” OR “GENE PROMOTER
HYPOMETHYLATION” AND “BREAST CANCER”}. All the genes identified from PUBMETH and from the
literature review and the number of references in which each gene is investigated are listed in Appendix C.
As shown in Appendix C, combining the data from PUBMETH with data from an updated literature review
was crucial since a large number of genes has been investigated from 2007 onwards and thus were not
included in the database. In the majority of these studies, hypermethylation of a gene promoter correlated

with reduced expression of that gene.

One way in which methylation of promoter regions inhibits gene expression is that the usual transcription

205206 However, it has also been hypothesised

regulatory proteins cannot bind to the promoter sequence
that DNA methylation affects gene expression, by the recruitment of histone modifying proteins and a
subsequent change in chromatin conformation. Generally euchromatin — the state that encourages gene
transcription — is characterised by high levels of acetylation and trimethylated H3K4, H3K36 and H3K79
whereas heterochromatin — the state that is associated with gene repression — is characterised by low
levels of acetylation and high levels of histone H3 lysine 9 (H3K9), histone H3 lysine 27 (H3K27) and histone
H3 lysine 20 (H3K20) methylation **’. One mechanism by which DNA methylation affects chromatin
structure is that methyl binding proteins such as MeCP2 can recognize methylated regions on DNA and

149,151,154,206,208-212

recruit histone deacetylases (HDACs) or histone methylases to the site . Another possible

mechanism is that HDACs interact with DNMTs directly and participate in gene silencing with or without

151,179,213-216 \whichever the mechanism, the recruited HDACs remove acetyl

accompanying DNA methylation
groups from the e-amino groups of lysine residues at the N-termini of histones and the recruited histone
methylases, methylate histones at key amino acids. Histone deacetylation and methylation with the
subsequent histone modification, cause chromatin to take up the heterochromatin conformation, thus
obscuring access to transcription activating complexes, repressing transcriptional activity and silencing

certain genes.

However, there is evidence that supports another alternative hypothesis, namely that it is chromatin

149,186,217

structure and chemical modification of histones that defines DNA methylation . Data has suggested

that the pattern of methylation is dynamic, reversible, and dictated by chromatin structure. Firstly,
activation of chromatin has been shown to bring about active replication-independent DNA

178218 gecondly, inactivation of chromatin structure was shown to precede de novo methylation

methylation
of the tumour suppressor gene p16 in colorectal cancer cell lines’®*'°. It has been proposed that DNA
methylation in somatic cells is maintained by a balance in methylation and demethylation activities, and
this balance is determined by chromatin structure by recruiting DNMTs or gating accessibility to

178

demethylases ~**. According to this hypothesis, regional hypermethylation results from local changes in
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chromatin structure, which prevent access to demethylases *’® or chromatin repressive proteins, such as
Polycomb Group (PcG) proteins, which can mediate methylation of histones at specific regions such as

H3K27 and H3K9, thus marking target genes for DNA methylation and recruiting DNMTs and HDACs to the

149,151,215,218-222

region . At the same time, histone methyltransferases have been reported to direct DNA

207,223,224

methylation to specific targets by recruiting DNMTs These views explain how regional

hypermethylation can exist in the presence of global hypomethylation. On the other hand, methylation of

H3K4 inhibits recruitment of DNMT3A by DNMT3L thus preventing de novo DNA methylation at specific

sites???%,

Whichever the actual mechanism, epigenetic modifications have been shown to cause long-range gene

silencing, with the aberrantly methylated regions being non-randomly distributed but concentrating in

111,226

specific small genomic regions . In addition to gene silencing, hypermethylation can render a region

more unstable, thus predisposing to mutational events. Methylated cytosines are more prone to alterations

by endogenous or exogenous factors that can lead to mutations, therefore, mutation rates at CpG sites

111,156

have been estimated to be around 40 times higher than other transitional mutations . 5-methyl

Cytosine is more unstable than its unmethylated counterpart, since deamination of 5mC can lead to a G/T

227,228

mismatch and to a C to T transition mutation . In fact, one third of all known somatic and germ line

mutations are C to T transitions at CpG nucleotides '****°'!!

. As a result, in many human cancers sites of
DNA methylation are “mutational hotspots.” For example, 50% of inactivating point mutations in the coding
region of the tumour suppressor TP53 gene occur at methylated cytosines. Lastly, there is an association
between areas of epigenetically and/or genetically disrupted genome and chromosomal deletions .
These deletions can cause loss of heterozygosity (LOH). For example, RASSF1A and hypermethylated in
cancer-1 (HIC1) regions are characterized by frequent LOH in several tumours, and they are also found

hypermethylated in many human cancers such as lung, prostate, colon, and breast'’*?*%*%,

As already alluded to above, methylation is a non-random process. Research seems to suggest that the
genes that will be targeted for inactivation via hypermethylation, are encoded by intrinsic or extrinsic
factors. It is not by chance that distinct tumour types show hypermethylation in several common genes but
also in numerous different genes, displaying a unique profile of promoter methylation for each cancer

19153233 Also, some tumour types have more methylation of known CpG islands than other tumours —

type
those of the Gl tract being the most hypermethylated and ovarian cancers as well as sarcomas being the
least methylated *°. However, it is still not clear why some regions become hypermethylated while others
are not. One explanation, as outlined above, is that chromatin structure and chromatin remodelling
complexes, such as PcG proteins, direct methylation and demethylation activities to specific target regions.
Secondly, it is possible that inactivation of a particular gene confers a growth advantage and is thus

207

selected Thirdly it might be because, not all nucleotide sequences are equally prone to

hypermethylation. Instead, some sequences are more prone to hypermethylation while others are
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149,234

methylation resistant. Even CpG islands differ in their susceptibility to de novo methylation therefore,

some intrinsic factors direct methylation to specific target sequences. In fact studies suggest that there may

219219235 1t is also

be common sequence motifs in promoters that undergo CpG island hypermethylation
interesting to note, that most sequences prone to methylation are associated with CpG islands, whereas
methylation resistant sequences are scattered along the genome in CpG island and non-CpG island
DNA™9?*_ This explains why CpG islands in promoter regions are mostly hypermethylated in cancer, even
when other CpG islands and the whole genome become unmethylated. Lastly, there is the possibility of the
spreading of methylation from highly methylated sequences to their surroundings as suggested by Graff et

al., 1997 *>%’. Despite the many proposed hypotheses, our understanding of why only selected

genes/regions become hypermethylated and the mechanisms by which they become so is limited.

1.3.1.3 Gene/Region Specific Hypomethylation

On the other hand, independently and less frequently than regional hypermethylation, CpG dinucleotides in
other regions that are usually methylated may become unmethylated leading to poor repression of

111,149.238199 51 pro-metastatic genes %

transcription, and increased expression of genes such as oncogenes
Examples of pro-metastatic genes whose expression is regulated by DNA methylation in breast cancer are

MAGE™%* ypAYE20241 INUCLEIN y'7®*****, and multidrug resistance 1 gene (MDR1) **9**,

In addition, regional hypomethylation can lead to loss of imprinting. A principal example is the maternally
imprinted gene Insulin like Growth Factor-2 (IGF-2). In maternal imprinting, the maternal copy of the gene
is heavily methylated and thus not expressed, hence only the paternal copy is expressed. Consequently,
imprinted genes are particularly vulnerable to environmental exposures since a) there is only one good
copy expressed and mutations or expression changes on this copy could have detrimental effects on health

245

and b) expression of both copies by loss of imprinting could lead to deleterious outcomes “. In the case of

IGF2, loss of imprinting has been observed in many cancers including breast, colon, liver, and lung 2",

It would be expected that hypomethylation in the promoter region of a gene or in known enhancer
sequences would affect gene expression more than hypomethylation within the gene. However,
hypomethylation within gene regions might be coordinated with hypomethylation in upstream
transcription regulatory sequences thus having an activating effect'®. Lastly, hypomethylation of the
normally hypermethylated allele of an imprinted gene can occur, and this has been shown to occur for IGF2

153,238,247,248

in certain cancers . However, the extent to which this might affect allele specific expression

remains to be seen ¢,

Recently, it was suggested that methylation changes in CpG island shores may also be involved in

153,163,207,249,250

neoplasia since hypermethylation in these sites can also lead to transcriptional repression.
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These epigenetic changes not only lead to the development and/or progression of cancer, but they are also
implicated in the type of breast cancer and in development of drug resistance. In animal models it has been

shown that when undifferentiated breast cancer cells suffer prolonged exposure to oestrogen or

127,151

oestrogen-like compounds, they are more likely to become neoplastic or exhibit a cancer-like

151,251

methylome . This might be due to the hypomethylation and elevated expression of transcription factor

131252233 15 addition, the loss of ER

genes involved in stem cell function in undifferentiated breast cells
signalling in some cancers, and the associated increased aggressiveness of the tumour, have been linked to
epigenetic silencing of ER-a target genes, via recruitment of PcG proteins and HDACs followed by DNA

151,254

methylation in their promoter regions . Lastly, it has been demonstrated that the development of anti-

151,255
’

oestrogen resistance was associated with changes in methylation profiles of multiple genes and

resistance to tamoxifen was linked to epigenetic silencing of cyclin dependent kinase 10 (CDK10) *%,

Despite the wealth of knowledge gathered in the past few years regarding the epigenetic changes that
occur in cancer cells, many questions concerning the origin and reason of these changes remain
unanswered. However, several hypotheses regarding the cause of these epigenetic changes have been
made. Firstly, mutations in genes coding epigenetic machinery can be implicated in the disturbed
epigenome of cancer cells. To support this hypothesis, researchers have shown the presence of somatic

mutations in DNMT3a in acute myeloid leukaemia ***%*’

. Secondly, deregulation of DNMT expression —
overexpression or downregulation — either due to changes in DNMT genes or due to miRNAs which can
bind and deactivate the transcribed mRNA of DNMTs is possible 2°**. Lastly, anomalous expression or
activity of histone methyltransferases (HMTs) and histone demethylases (HDMs) due to chromosomal
translocations, amplification, deletion, overexpression or silencing, has also been reported as a possible

13 \Whichever the cause of the disturbed

cause of the epigenetic changes associated with cancer
epigenome, one needs to always bear in mind the complex interactions between the epigenetic machinery
as well as between the epigenetic changes. These interactions form what is best described as a complicated

web rather than a clear cut cascade of events.

Epigenetic changes and especially DNA methylation have been the focus of much attention not only
because it can help researchers understand more about the processes involved in carcinogenesis but also
because it constitutes an attractive candidate as a biomarker for early detection, therapy monitoring,

assessment of prognosis, prediction of therapy response and even treatment™®.
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1.3.2 Epigenetics as Biomarker for Early Detection/Diagnosis

Mammography screening has been used for the early detection and diagnosis of breast cancer but its
sensitivity and specificity are not perfect. The sensitivity varies due to variations in practitioners’ experience
and skill and it is reduced in younger women, women of Asian descent, women on HRT and those with

260-264

denser breasts . Also, specificity is not perfect as false positive results leading to unnecessary biopsies

264266 Hypermethylation of promoter regions can be a useful tool in improving

and anxiety are common
the detection of all types of breast cancer and separating invasive malignant tumours from benign breast
disease. Increased sensitivity and specificity would reduce false negative rates, helping to catch more
cancers at an early phase, but also false positive rates, helping to minimize the number of unnecessary

biopsies and reduce anxiety.

DNA methylation and more specifically DNA sites that are frequently hypermethylated in cancer but are
always unmethylated in normal cells have been proposed as a marker for early detection of breast cancer.
Methylation patterns either at the promoters of genes or at various methylation variable regions and CpG

dinucleotides along genes have been used for this purpose (reviewed in **%).

For example, Jeronimo et al. (2008) **” evidenced that a panel of four genes (CCND2, RASSF1A, APC, and
HIN1) from tissue DNA was able to distinguish between invasive carcinomas, fiboroadenomas, and normal
tissue. However, in general, the studies investigating promoter hypermethylation and its ability to
distinguish between benign breast disease (BBD) and malignant tumours have yielded mixed results.
Dulaimi et al. (2004)*®® have evidenced that promoter hypermethylation of three genes (APC, RASSF1A,
DAPK) was present in DNA from in situ and invasive carcinomas but absent from BBD patients and controls.
On the other hand, Parella et al.(2004)*° investigated several genes including BRCA1, p16INK4A, ESR-1,
GSTP1, TR61, HIC1, APC, CCND2 and CDH1, and found that promoter hypomethylation in fioroadenomas
was similar to that in invasive disease, with the exception of CDH1 which was more specific. Another panel
of 4 genes, namely RASSF1A, RARB2, APC, and CCNDZ2 , was used to evidence that breast tissue methylation
levels from patients with BBD were in between methylation levels in breast tumour tissue and methylation

270 Lastly, when investigating three genes (RASSF1A, RARB2

levels in healthy breast tissue from controls
and CCND2), Pu et al. (2003) found that the frequency of promoter methylation increased from benign, to
in situ carcinoma, and invasive carcinoma *’*. In addition, studies developed and tested panels of 3,4, and 9

151,272-274

genes with improved sensitivity to cytological analysis . These conflicting results indicate the need

for further research.

The need for more research is further enhanced by the promise held by initial results. For example,
promoter hypermethylation can also help improve the detection of Invasive Lobular Carcinoma (ILC) which

is not easily detected by mammography, and also distinguish ILC from Invasive Ductal Carcinoma (IDC)
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264271273275 The great promise held by promoter hypermethylation as a marker of carcinogenesis is

reviewed in Kelly et al. (2010) *® and Brooks et al. (2009) ***. One striking example is BRCA1 promoter

170,195,277

hypermethylation . Results of these studies suggest that BRCA1 and other genes’ promoter

hypermethylation in the tumour is usually also evident in peripheral blood. Despite the fact that not all

studies demonstrated that promoter hypermethylation of certain genes can distinguish blood from patients

170,195,277

and controls , other studies have identified distinct methylation patterns in the blood of cancer

patients compared to that of controls 7%,

281

Of great importance are the findings regarding methylation of the ATM gene. Brennan et al. (2012) " used

prediagnostic blood samples from three studies to analyse genomic DNA methylation of two ATM
intragenic loci. The results indicated that highest methylation at an intragenic locus on the ATM gene was
associated with an increased risk of breast cancer in women, and the blood of cases was collected on
average 18-65 months prior to diagnosis. Thus gene body hypermethylation®® as well as global
hypomethylation ’° in peripheral blood are promising and least invasive potential markers for early

diagnosis.

Circulating tumour DNA methylation holds also promise as a biomarker for early detection since the blood

151,199,283,284

of breast cancer patients contains detectable amounts of methylated DNA . Interestingly, 93% of

264,285

the circulating DNA is derived from the tumour and there is good concordance between tumour and

264

blood samples from the same patients ©". Methylated DNA is released early in the disease process, even

154,264 264,286

before the cancer becomes invasive , and methylation accumulates as the disease progresses
However, the sensitivity of gene panels obtained from circulating DNA is slightly lower than that of DNA

from tumours ™%,
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1.3.3 Epigenetics as Biomarker for Environmentally Induced Risk

Methylation in peripheral blood DNA can be a useful biomarker not only of the presence of disease but also
a marker of environmentally induced cancer risk. This is because blood is affected not only by internal
exposures but also by external exposures such as lifestyle choices like smoking, diet etc. In addition, given

the role of blood tissue in immune responses, investigation of blood DNA methylation might reflect

169

immune responses to external and internal stimuli . In fact, several environmental exposures have been

shown to impact on DNA methylation 2*” which can act as a reflection of certain exposures. For example,

folate and other one-carbon metabolism nutrient intake has been shown to impact on DNA methylation 2%*

% and smoking habits were recently evidenced to leave their mark on the methylation pattern of a cell **.

292

Alcohol drinking was also shown to be associated with peripheral blood methylation ~“. However, several

caveats need to be considered when investigating DNA methylation in peripheral blood. Firstly, blood is a

146,169,293

very heterogeneous tissue and DNA methylation is very tissue specific . Differential methylation in

the different blood cell types and the inevitable “averaging” when blood methylation is investigated may be

169292 |n addition, presence of

masking the epigenetic effects of cancer or environmental exposures
undetected or asymptomatic disease may be impacting on blood methylation. For example, disease may be
causing increased leukocyte proliferation which might lead to hypomethylation if there are reduced
substrate, energy, and machinery resources '*°. This issue is very difficult to resolve given the unknown

latency periods of many cancers.
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1.3.4 Epigenetics as Prognostic Tool for Response to Treatment

Epigenetics can be used not only as a marker for early detection but also as a prognostic tool for response
to treatment. This is because the drugs used for chemotherapy could target genes that are epigenetically

! For example, tumours that

silenced in tumour cells, conferring a survival advantage to the tumour cells
lack ER-a expression have been shown to be insensitive to endocrine therapy ““***** and CDK10
methylation can serve as a novel marker for determining a patient’s response to therapy as low levels of

153,2562% |y addition, paired

CDK10 expression are associated with early relapse under tamoxifen treatment
like homeodomein transcription factor 2 (PITX2) DNA methylation was validated for clinically relevant
outcome prediction in early breast cancer patients on tamoxifen 2*°. Given that methylation patterns are
reversible, demethylating agents can be potentially used to desensitise resistant cancer cells to

chemotherapy agents %’ but this requires further research and exploration (reviewed in**?).

On the other hand, DNA repair genes when active have the potential of repairing DNA damage induced by
many chemotherapy agents, generating chemoresistance. However, if hypermethylated and silenced then

29829 DNA repair genes that have the potential to be used as

chemotherapy is likely to be more effective
markers to the response to treatment include MLH1, BRCA1, GSTP1, and MGMT in the treatment of ovarian

cancer 2>*® and BRCA1 for PARP inhibitors treatment in breast cancer®*.

Understanding the available knowledge pool and the mechanisms involved in therapy response has led to
the identification of DNA methylation patterns associated with progression free survival in ovarian cancer

392 3nd the principle can be extended to other tumours, as well.

However, key in these investigations remains the need to determine those DNA methylation changes that
drive resistance in contrast to those changes that occur either as a result of chance or as a consequence of
the causative DNA methylation changes **. Only such discrimination will enable successful and efficient use

of epigenetics as biomarkers for response to treatment.
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1.3.5 Epigenetics as Potential Cancer Treatment

Due to the fact that in contrast to genetic alterations, epigenetic alterations are mostly reversible, they
have the potential to be manipulated as part of cancer treatment. In fact, two DNMT inhibitor drugs and
two Histone DeAcetylase Inhibitor Drugs have been approved for use by the Food and Drug Administration

in the US 3,

DNMTs inhibitors work by incorporating themselves into DNA at the place of cytosine residues during

151304305 ‘However, due to their lack of

replication from where they can covalently bind to and trap DNMTs
specificity they have toxic side effects. On the other hand, non-nucleotide DNMT inhibitors have the ability
to bind to the active sites of DNMTs and prevent successful interactions between the enzymes and their

target sites P12%°3%,
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1.4 DNA Methylation and Features Undergoing Secular Changes

It is established that much of the variation in epigenetic patterns is heritable and can be explained by
common genetic variation. This genetically determined epigenetic variation is termed obligatory
epigenomic variation®. Several studies have provided evidence for obligatory epigenomic variation and

310

are reviewed by French et al . However, there is also ample evidence that the heritability of DNA

methylation is not 100%, suggesting non-genetic influences®"

. In fact, numerous environmental exposures
have been implicated in contributing to epigenome variation **. Existing literature, although not always
consistent, demonstrates that, in addition to other environmental exposures, the factors exhibiting secular

trends may also leave their mark on DNA methylation.

1.4.1 Socioeconomic Status and DNA Methylation

Several studies have investigated the impact of social and economic conditions on the epigenome (Table 1).
These studies were identified as the most relevant from a systematic literature review up to May 1%, 2013,
using the following two search terms: 1. ("social class"[MeSH Terms] OR ("social"[All Fields] AND "class"[All
Fields]) OR "social class"[All Fields] OR ("socioeconomic"[All Fields] AND "status"[All Fields]) OR
"socioeconomic status"[All Fields]) AND ("dna"[MeSH Terms] OR "dna"[All Fields]) AND
("methylation"[MeSH Terms] OR "methylation"[All Fields]) and 2. ("education"[Subheading] OR
"education"[All Fields] OR "educational status"[MeSH Terms] OR ("educational"[All Fields] AND "status"[All
Fields]) OR "educational status"[All Fields] OR "education"[All Fields] OR "education"[MeSH Terms]) AND
("dna"[MeSH Terms] OR "dna"[All Fields]) AND ("methylation"[MeSH Terms] OR "methylation"[All Fields])
in PUBMED. The cited references of the identified studies were also searched for additional relevant
publications. Two hundred and sixty nine studies were retrieved, only 8 of which were relevant:
investigating measures of SES and DNA methylation in human subjects. These relevant studies are

presented in Table 1.

Most studies show that early life social conditions leave a mark on the epigenome. Early life socioeconomic
position (SEP), a variable reflecting a combination of father’s occupation and access to household

31

amenities, was shown to cause differential methylation of 1252 promoters *'2. Similarly, adult global

hypomethylation was evidenced in the most socioeconomically deprived at birth subjects of the pSoBid

cohort 3**

. As already discussed, epigenetic responses to early life conditions are time and stage-specific.
Heijmans et al. (2008) demonstrated that periconceptional — but not late gestational — exposure to famine
was associated with persistent hypomethylation of CpG loci in the IGF2 differentially methylated region **.
In the same study, late gestational — but not periconceptional — exposure to famine was associated with

lower birth weight. To further support the time-specificity of adult DNA methylation changes in response to
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early life conditions, the investigation of 15 candidate genes involved in metabolism, CVD, and growth in
subjects exposed and not exposed to famine, demonstrated that different genes were differentially

Y Lastly,

methylated depending on the timing of exposure (periconceptional vs. late gestational exposure)
Lam et al. (2012) **, demonstrated that the pattern of methylation in low early life SES individuals differed
from that expected by chance. However, only 3 CpGs had significantly different methylation between
different early life SES groups, and the difference between the groups was <5% thus with questionable
biological significance. Using expression data to support the influence of early life socio-economic

conditions on adult biology, Miller et al. (2009) *"

, evidenced up-regulation of genes involved in
inflammatory responses in adulthood, in subjects spending their early life in unfavourable socioeconomic

conditions, and this association was independent of adult SES, lifestyle practices, and perceived stress >*.

On the other hand, investigation of global DNA methylation in response to pre-natal nutrition, using
surrogate measures of global methylation such as LINE1 and Sat2 methylation, did not yield any significant
results *'°. Similarly, family socioeconomic status was not significantly associated with adult global DNA

methylation in a multi-ethnic birth cohort in New York *".

Adult SES was also shown to be associated with DNA methylation. Borghol et al. (2012) ** demonstrated
that mid-adulthood SEP was associated with aberrant methylation of 545 promoters investigated. In
another prospective investigation, household’s highest occupational position significantly influenced
methylation at probes associated with pro-inflammatory genes, with low SEP predicting lower methylation
B3l In a New-York based cohort, while income, education, and childhood SES did not predict LINE-1
methylation, a one standard deviation higher wealth was associated with 0.09% higher Alu and 0.15%
lower LINE-1 methylation, and the associations remained statistically significant after adjustments for age,
gender, and race/ethnicity *'®. However, these effect estimates are not likely to denote changes with

biological significance.

On the contrary, adult SES was not associated with methylation differences in a community based cohort,
however, adult total cortisol levels, a marker of adult stress, were associated with small methylation

314

differences in 5 CpGs **".Similarly, education was not associated with global DNA methylation in peripheral

blood in another investigation .
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Table 1 — Studies investigating the association between Socioeconomic Status and DNA methylation

First author, | Subjects, N Sample type Exposure Outcome Analysis and Effect Estimate P-value Confounders
year
Heijmans, Early life Peripheral Periconceptional IGFR2 DMR¥ Linear mixed model comparing
2008 famine Blood DNA exposure to famine, n=60 | methylation using a periconceptional exposure to no
exposed Late gestational mass spectrometry— | exposure. Effect estimates are relative
adults and exposure, n=62 based method change in the exposed:
same-sex Unexposed same sex Average IGFR2 DMR: -5.2% 5.9x10° Age
siblings, 244 siblings, n=122
Linear mixed model comparing late
gestational exposure to no exposure.
Effect estimates are relative change in
the exposed:
Average IGFR2 DMR: -0.9% 0.64 Age
Interaction between timing and
exposure 4.7x10°
Terry, Adult women, | Peripheral Family SES* (continuous) | Genomic DNA Linear regression — outcome: Prenatal smoke exposure,
2008°" 92 Blood DNA methylation using methylation, exposure: age at race, family SES, birth weight,
the [H3]—methyl menarche (continuous) birth length, age at menarche,
acceptance assay childhood passive smoke
B=-0.01 (-0.01-0.002) NAx exposure, smoking status,
parity, age at first birth
Tobi, Early life Peripheral Periconceptional Methylation of 15 Linear mixed model comparing Family relations, bisulphite
2009 famine Blood DNA exposure to famine, n=60 | loci involved in periconceptional exposure to no batch and age at blood draw
exposed Late pregnancy exposure, | metabolic and exposure. Effect estimates are within-
adults and n=62 cardiovascular pair differences divided by the
same-sex Unexposed same sex disease using a mass | standard deviation in the sibling
siblings, 244 siblings, n=122 spectrometry—based | controls.
method: INSIGF: -0.61 2.3x10”
GNASAS, GNAS A/B, IL10: 0.37 1.8x10°°
MEG3, KCNQ10T1, GNASAS: 0.24 3.1x10°
INSIGF, GRB10, LEP: 0.24 2.9x10°
IGFR2, IL10, TNF, MEG3:0.21 8.0x10™
ABCA1, APOCI1, FTO, | ABCAI1 meth:0.17 8.2x10™

LEP,
NR3C1 and CRH

Linear mixed model comparing late
pregnancy exposure to no exposure.
Effect estimates are within-pair
differences divided by the standard
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deviation in the sibling controls.

GNASAS: -0.26 1.1x10”
Borghol, Adults, 40 Peripheral Childhood SEP* and Methylation of For childhood SEP: association with NA NA
2011°" Blood DNA Adulthood SEP 223359 probes 1252 gene promoters enriched in the
(mapping to 20000 following functional categories: Extra-
genes and cellular signalling, Intra-cellular
400microRNAs) using | signalling, DNA signalling, and
Methylated DNA Metabolism
Immunoprecipitation
For adulthood SEP: association with
545 gene promoters
Lumey, Adults, 947 Peripheral Prenatal exposure to Genomic DNA Linear model comparing exposed to all
2011%" Blood DNA famine, n=350 methylation —LINE 1 | non-exposed. Effect estimates are
Unexposed time controls, | and Sat2 using relative change in the exposed:
n=290 pyrosequencing
Unexposed same-sex LUMA: 0.16 (-0.49 - 0.81) 0.63 Age at examination and within
siblings, n=307 Global DNA LINE-1: -0.05 (-0.33 - 0.22) 0.70 family clustering
methylation using Sat2:-0.51 (-7.38 — 6.36) 0.88
LUMA
McGuiness, | Subjects of Peripheral Deprivation group: Global DNA % difference in methylation predicted
2012°% the pSoBid Blood DNA affluent vs. deprived methylation using from linear regression models:
cohort, 239 Methylamp kit
Social class: manual vs. Deprived vs. affluent: -17.3 0.015 Income, diet, smoking
non manual
Manual vs. non-manual: -27.4 0.003 Age, gender, deprivation
Years of Education group, income, diet, smoking
Age, gender, deprivation
Years of education: 2.5 0.052 group, income, diet, smoking
Lam, Adults, 92 Peripheral Early-life SES: Genome-wide Early life SES: NA NA
2012°" Blood DNA Low SES (n=46) methylation at ~27k | 3 differentially methylated CpGs & a
vs. high SES (n=46) CpG sites using the non-random P-value distribution
Illumina
Current SES: HumanMethylation Current SES:
Low SES (n=46) 27 array platform 0 differentially methylated CpGs & a P-
vs. high SES (n=46) value distribution as expected by
chance
Subramanya | Adults, 987 Peripheral Income (continuous) Genomic DNA Mean differences in DNA methylation
m, 2013*"® Blood DNA Wealth (continuous) methylation —LINE 1 | per 1 SD change in the exposure

Education (continuous)

and Alu using

variable:
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Childhood SES
(continuous)

pyrosequencing

LINE-1:

Income: 0.02
Wealth: -0.12
Education: 0.04
Childhood SES: 0.04

Alu:

Income: -0.037
Wealth: 0.08
Education: 0.01
Childhood SES: 0.02

0.06
0.05
0.06
0.06

0.035
0.03
0.04
0.04

Age, gender, and race

«SES, socioeconomic status; SEP, socioeconomic position; DMR, differentially methylated region; NA, not available
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1.4.2 Nutrition and DNA methylation

The evidence regarding the impact of nutrition on DNA methylation is controversial depending on the aspect of
diet examined. Several studies, especially on folate, alcohol and other one carbon metabolism involved nutrients,
suggest that some dietary exposures can impact on DNA methylation. One-carbon metabolism is the pathway via
which methyl groups are generated and added to DNA/RNA to confer methylation or are used for the synthesis of

purines. Changes or inadequacies in this pathway have been linked to carcinogenesis *'%*%.

1.4.2.1 Folate, alcohol, one-carbon metabolism and DNA methylation
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Figure 11 — Folate in one-carbon metabolism.

MTHFR sits as a fulcrum between DNA methylation and DNA synthesis, balancing the two pathways to maintain normal homeostasis.

DHF: dihydrofolate; THF: tetrahydrofolate; MS: methionine synthase; MTHFR: Methylene tetrahydrofolate reductase; SAH: S-

adenosylhomocysteine; SAML S-adenosylmethionine; SHMT: serine hydroxymethyl transferase. Reproduced with permission from 20,

Folate in Nucleic acid Metabolism: Folate exists in many co-enzymatic forms in mammalian cells, but the role of
all of these forms is the transfer of one-carbon units. Figure 11 describes the pathway for this transfer and shows
how the various forms of folate are implicated. The key step in the transfer of one-carbon units is the methylation
of homocysteine to methionine. This transfer is catalysed by 5-methyltetrahydrofolate:homocysteine
methyltransferase, and Methyl Tetrahydrofolate (methylTHF) serves as the substrate, donating its methyl group
to homocysteine. Vitamin B12 is a necessary co-enzyme for the reaction. Methionine is then converted to S-
adenosylmethionine (SAdoMet) by methionine adenosyl transferase, and SAdoMet can donate its methyl group
which it derived from 5 methyITHF for biological methylation reactions and de novo deoxynucleotide triphosphate
synthesis. The transfer of the methyl group from SAdoMet to the 5 carbon of the cytosine ring is catalysed by

DNMT. In liver and kidney cells, methionine can also be produced in an alternative pathway that is not dependent
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on folate, the methylation of homocysteine by betaine. Despite the existence of this alternative pathway, folate
depletion can sufficiently diminish SAdoMet pools in the cell '*®?***° and result in diminished levels of

methylation **.

Depletion of folate not only affects methylation of biological molecules such as DNA and RNA, but it also
adversely affects DNA synthesis and repair. As stated, folate derived one carbon groups are essential in the de
novo synthesis of the pyrimidine, thymidylate, as well as the purines. The synthesis of thymidylate is a rate
limiting step for DNA synthesis and requires 5,10-methyleneTHF as a coenzyme. When folate levels are adequate
5-methyITHF is used as a substrate for the production of SAdoMet and 5,10-methyleneTHF is used for dNTP
synthesis. However, in folate depletion the mechanisms compete. If SAdoMet concentration in the cell decreases,
the cell increases the conversion of 5,10-methyleneTHF to 5-methylTHF by the enzyme
Methylenetetrahydrofolate reductase to compensate for the decrease, but this compromises the availability of
5,10-methyleneTHF for de novo dNTP synthesis. Since dNTPs are the immediate substrates for enzymes involved
in DNA replication and repair, the reliability of these processes depends on the correct balance and availability of
deoxynucleotides. Inadequate folate and an upset balance or unavailability of dNTPs will compromise these

processes 2252,

One proposed mechanism for folate associated carcinogenesis is altered DNA methylation via disturbances of the

one-carbon metabolism. DNA methylation is not aberrantly altered in healthy individuals with adequate folate ***-

34 However, folate depletion can cause genome-wide hypomethylation and it can cause both hyper and
hypomethylation of specific gene regions thus affecting carcinogenesis. Firstly, folate depletion and SAdoMet
decreased concentrations can lead to decreased methylation in the whole genome, and this is nearly always
observed in carcinogenesis *****. Such a decrease in genomic methylation appears early in carcinogenesis and
seems to precede mutation and deletion events®*. Different studies have reported diminished genomic DNA
methylation in individuals with folate depletion 2¥*° but most published evidence concerns colorectal cancer. In
addition it was shown that folate therapy restores DNA methylation in individuals whose cells are
hypomethylated 2872322 put daily folic acid supplementation for 12 weeks did not impact on methylation in

322,327

other studies on healthy individuals with normal folate status . Secondly, folate depletion has been shown

328329 el culture studies show

to induce hypomethylation of the coding regions of some genes, including TP53
that aberrant methylation within the coding regions of genes can initiate mutation **° and may induce breakage
of the DNA backbone **'. These breaks are due to increased uracil insertion, or deamination of unmethylated

cytosines which is most common when SAdoMet concentrations are low 22%33%33

. Hypomethylation of promoter
regions can also lead to increased proto-oncogene expression®>*. On the other hand, it has been shown in animals
that folate depletion associated hypomethylation can be followed by a rebound hypermethylation at a later time
330331334 |t is hypothesised that this is due to the damaging effects of folate deficiency which moves DNMT, also a
repair protein, to regions of folate deficiency induced damage and away from the DNA replication fork. This

would result to regional hypermethylation, despite the global hypomethylation **°. Despite these results in folate
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depleted individuals, the results in folate deficient individuals have been varying according to treatment regime,

tissue, and genes examined (reviewed by Kim Y-1*%%).

Alcohol in Nucleic acid Metabolism and Effects on Carcinogenesis: As already discussed, alcohol can also
adversely affect one-carbon metabolism and its effects could be exerted through the following pathways

(reviewed in **® and demonstrated in Figure 12):

Decreased folate bioavailability

337

Heavy alcohol drinkers have been shown to have inadequate folate in their diet **’. In addition, alcohol causes

malabsorption of folate due to loss of deconjugation — necessary activity at the brush border — and partial loss of

338,339

both folate binding proteins . Also, alcohol causes increased renal excretion of folate due to a reduction in

340

tubular reabsorption ™. Lastly, superoxide radicals produced during the oxidation of acetaldehyde (the major

metabolite of alcohol) can chemically destroy folate molecules in vitro ***

(Effects of ethanol in red.)
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Figure 12 — The predominant effect of ethanol on one-carbon metabolism appears to be the inhibition of methionine synthase.

DHF: Dihydrofolate; dmg: dimethylglycine; S-AdoHcyst: S-adenosylhomocysteine; S-AdoMet: S-adenosylmethionine; THF:
tetrahydrofolate; 1: methionine synthase; 2: betaine:homocysteine methyltransferase; 3: methylenetetrahydrofolate reductase; 4:

serine hydroxymethyltransferase; 5: cystathionine b-synthase. Reproduced with permission from 336

Adverse effects on folate dependent intermediary metabolism

One of the crucial effects of alcohol on the one-carbon metabolism is the inhibition of methionine synthase (MS)
34238 and thus obstruction of methylation of homocysteine to give methionine. One hypothesis for MS
inactivation is that acetaldehyde produces adducts with the MS protein. Also, alcohol can diminish serum Vitamin
B12 in postmenopausal women *** and B12 is an important co-factor for MS. Whichever the mechanism of MS
inactivation, there is reduced methionine and SAdoMet in the cell and increased homocysteine and S-

adenosylhomocysteine (homocysteine levels can rise only by a small percentage as some homocysteine can be
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converted to S-AdoHcyst directly in a reversible reaction) ***. Due to the decreased availability of SAdoMet, there
is reduced capacity for methylation of DNA, since it is SAdoMet that donates its labile group for methylation. Also

S-AdoHcyst is an inhibitor of all methyltransferases further reducing methylation capacity >*.

179

This may lead to global hypomethylation or altered methylation in specific genes or loci *”. Even though it seems

[ 346

paradoxical, alcohol and folate deficiency may cause hypermethylation as well **, since there seems to be a

compensatory up-regulation of DNA methyltransferase activity **' following extended periods of folate deficiency.

347

In fact, alcohol has been shown to decrease expression of E-Cadherin "/, and this effect could be through

hypermethylating its promoter since the E-Cadherin gene is frequently found to be hypermethylated in breast
cancer **. A case-control study has shown that higher alcohol intake is associated with hypermethylation of the
promoter of the E-cadherin gene in breast tumours and the effects are more pronounced for ER- tumours >%.
Lastly, it was shown that DNA methylation of E-Cadherin and p16 is associated with drinking intensity,

346

independently of total consumption **. In a different case control study on African American women, it was

shown that alcohol intake is associated with increased promoter methylation of the ERa gene in breast tumours
3 These results demonstrate that the timing and pattern of exposure are important in determining alcohol
intake’s effect on the epigenome, and alcohol is associated with both hypo- and hyper-methylation events.
Despite these promising finding, these case-control studies are lacking because one cannot discount any influence

of disease.

Another effect of alcohol induced MS inactivation is an accumulation of 5 methyltetrahydrofolate which cannot
be used for any other purpose, as opposed to other forms and this is termed as the methylfolate trap. Besides,
SAdoMet is an inhibitor of MTHFR and in its absence more 5,10-methyleneTHF is converted to 5methylTHF. When
a methylfolate trap develops there is loss of methylene- methenyl- and formyltetrahydrofolates leading to a
decrease in purine and thymidine synthesis. As a result, DNA synthesis is defective, there is mis-incorporation of

uridine in the place of thymidine, and attempts to correct the error leads to strand breaks>>°.

Alcohol can also decrease the transcription of several other enzymes in one-carbon metabolism like MTHFR,
methionine adenosyltransferase 1A, glycine N-methyltransferase, S-AdoHcyst hydrolase®?, further affecting the

maintenance of a healthy methylation state. However, these effects have only been evidenced in the liver®.

Alcohol might also increase serine synthesis since its inhibition of MS leads to an increase in homocysteine levels
and a decrease in methionine availability. Serine synthesis may be increased by up-regulation of the expression of
serine hydromethyltransferase enzyme. However, this would further deplete 5,10-methyleneTHF and would

further reduce thymidine synthesis. This has not been evidenced directly but supporting evidence exists **>.

However, there are some agents that might attenuate the adverse effects of ethanol on folate metabolism. An
alternative pathway exists for the remethylation of homocysteine that does not depend on folate or B12 and is
therefore not susceptible to alcohol inhibition. In this pathway, a methyl group is transferred from betaine to

homocysteine by betaine-homocysteine methyltransferases. This forms methionine and dimethylglycine. Betaine
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[ 353-355

supplementation in animals has helped attenuate the adverse effects of alcoho while choline has not been

as effective **¢, but again all these effects are evident in liver cells.

Given the dependency of the one-carbon metabolism on an adequate supply of folate and the aforementioned
effects of alcohol on the one-carbon metabolism, and given the crucial role of the one-carbon metabolism in DNA
methylation, it is not surprising that altered levels of involved nutrients due to the nutrition transition can result

in aberrant DNA methylation.

On the other hand, the impact of other foods/nutrients, shifting during the nutrition transition, such as fats and
sugars, on DNA methylation is not expected to be great since they are not involved in mechanisms influencing

DNA methylation.

An extensive literature review on the impact of dietary and alcohol intakes on DNA methylation in humans was
conducted in PUBMED to identify relevant publications up to May 1%, 2013. The following search term was used:
{DIET[Mesh] OR NUTRIENTS[Mesh] OR FOODS[Mesh] OR FOLATE[Mesh] AND METHYLATION[Mesh]} and the cited
references in identified publications were further searched for relevant studies. The publications investigating
methylation in human tissues were grouped according to outcome — GENE-SPECIFIC METHYLATION and GLOBAL
METHYLATION. The results of the literature search are presented in Figure 13.

“DIET” OR “NUTRIENTS” OR “FOOD” OR “FOLATE” OR “ALCOHOL”
AND “METHYLATION”

209 No relevant Exposure

179 No methylation outcome

74 Maternal/Fetal exposures

92 Animal / Cell line studies

11 Other (workshop proceedings etc)
2564 Irrelevant subject

Excluded (N =3372)
N =3420
243 Review/Perspective/Comment

Gene-specific
methylation

Global

methylation
N =22

N =26

Figure 13 — Literature review on dietary factors and DNA methylation: Flow Chart

The identified relevant papers for each outcome are presented in APPENDIX D:Tables 1-2, sorted by exposure of

interest and year of publication.
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The heterogeneity in study designs, exposures, platforms/techniques, and outcomes did not permit a formal
meta-analysis to be carried out. However, as expected, several, but not all, studies show that folate and alcohol
intakes impact on the epigenome — both on global and gene specific methylation. The studies investigating
measures of folate exposure — dietary intake or folate levels in biological samples, are diagrammatically presented
in Figure 14. Each box represents an association investigated in the study with the respective first author and
year of publication. The majority of investigations (n=15) show a positive association between measures of folate
exposure and global DNA methylation (indicated by the green colour). Still however, 13 investigations evidenced
non-significant associations (yellow colour) and three studies evidenced significant inverse associations between
folate exposure and global DNA methylation (Figure 14). The studies investigating B-vitamin and alcohol intake
did not evidence a significant effect on global DNA methylation but a few of the studies demonstrated
associations with gene specific methylation. Lastly, there is very little to no evidence on other nutritional

exposures such as caloric intake, micronutrients, fats and sugars (APPENDIX D).

From a careful examination, it becomes evident that several of the genes found to be aberrantly methylated in
response to dietary exposures (Table 1, Appendix D), were also found to be aberrantly methylated in breast
cancer (APPENDIX C). These genes include p16(INK4), RASSF1A, hMLH1, ESR1, RARB2, 06-MGMT, ERa, APC, TP53,
GSTP1, Socs1, SFRP1, Rassfla, CCND2, IGF2, RUNX3, EGFR, TIMP3 and ARF. This commonality lends support to the
hypothesis that nutritional changes can impact on breast cancer risk, through DNA methylation and suggests that

methylation might be a valid biomarker for the investigation of the relationship between diet and breast cancer.
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Figure 14 — Investigations in studies of the association between measures of folate exposure and global DNA methylation.

Each box represents an association. Some studies investigated more than one associations (different measures of exposure). Boxes in

green indicate significant positive associations. Boxes in red indicate significant inverse associations and yellow boxes signify non-

significant associations.
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1.4.3 Overweight/Obesity and DNA Methylation

Several studies have investigated the association between overweight/obesity and DNA methylation, using
various study designs and different variations of the exposure and outcome. To identify these studies, an
extensive literature review in PUBMED was conducted up to May 1%, 2013 using the search term:
(("overweight"[MeSH Terms] OR "overweight"[All Fields]) OR ("obesity"[MeSH Terms] OR "obesity"[All Fields]))
OR "bmi"[All Fields])) AND ("dna"[MeSH Terms] OR "dna"[All Fields]) AND ("methylation"[MeSH Terms] OR
"methylation"[All Fields]). Four hundred and sixty studies were retrieved, only some of which were considered
relevant: investigating the association between overweight/obesity and DNA methylation in human tissues. The
references of the relevant studies were searched to identify any additional publications on the subject matter. In

total, 19 relevant studies were identified and presented in Table 2.

Associations between overweight/obesity and DNA methylation have been demonstrated in infants, children,
adolescents, and adults. Newborns with low or high birth weight were shown to have significantly but modestly
lower cord-blood LINE-1 methylation compared to normal-weight infants, and this association remained even
after adjustment for relevant confounders such as gestational age, sex, maternal age at delivery and maternal

37 Methylation status of two CpG islands on the leptin-responsive gene

smoking during pregnancy
preproopiomelanocortin (POMC), which was previously shown to be associated with obesity, was investigated in
children’s peripheral blood DNA **%. One of the two CpG islands investigated was found to be hypermethylated in
obese compared to normal weight children®®. In adolescents, genome wide methylation analysis in fasting blood
samples revealed two CpG loci differentially methylated between obese and lean individuals. One CpG site on the
UBASH3A gene was hypermethylated in obese compared to lean subjects, whereas the second CpG site on the
TRIM3 gene was hypomethylated in obese adolescents®. Also in 17-year-olds, methylation at the IGF2/H19
imprinted region was shown to be significantly and positively correlated with skin fold thickness and
subcutaneous adiposity, but not with weight, height, BMI, waist circumference or visceral adiposity*®. In adults,
methylation analysis in white blood cells (WBC) DNA revealed significant hypermethylation in CpG sites of the
CLOCK and BMAL1 genes between normal-weight and overweight/obese individuals. CpG sites in PER2, a third

d*'. Melanin-concentrating hormone receptor 1

gene investigated, were not found to be differentially methylate
(MCHR1) plays a significant role in regulation of energy balance, and body weight and polymorphisms in this gene
were previously shown to influence obesity risk. Allele specific methylation on MCHR1 was investigated in adult
blood samples, and it was evidenced that DNA methylation is negatively associated with BMI for one of the alleles

examined %

. Elsewhere, women of childbearing age with higher BMI, waist circumference, or % body fat were
more likely to have lower LINE-1 methylation in peripheral blood 3%®. In addition, in an investigation of
methylation regions showing large inter-individual variability, methylation at four of these regions was shown to
covary with BMI at two separate time points. These regions were located in or near genes PM20D1, MMPS,

PRKG1, and RFC5 3%,
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On the other hand, one study investigating body composition measures and global genomic DNA methylation did
not evidence an association between methylation and any index of adiposity such as BMI, waist circumference,
subcutaneous and visceral fat, % fat mass, and fat-free mass **°. Similarly, in a multi-ethnic birth cohort in New
York City, adult BMI was not found to be associated with adult DNA methylation®"’, nor was BMI found to be
associated with peripheral blood global methylation among healthy controls or breast cancer cases in another
investigation *’*. In another New York cohort of cancer free patients, Interleukin-6 (IL6) promoter methylation was

also not associated with BMI *%.

In contrast to the conflicting findings on peripheral blood, overweight/obesity was found to be associated with

DNA methylation in tissue biopsies. Tao et al. (2011)**°

, studied promoter methylation for E-cadherin, p16, and
RAR-B82 in breast tumour biopsies, and even though individual gene methylation was not associated with BMI or
other adiposity measures, a greater waist-to-hip ratio was associated with increased promoter methylation of 1

**7 In normal autopsy kidney tissue, RASSF1A promoter

or more of the 3 genes in postmenopausal samples
methylation was increased with increased adiposity, and adiposity was identified as an independent predictor of
RASSF1A methylation®®. In another study on colon tumour biopsies, methylation status of 5 CpG island markers
(MINT1, MINT2, MINT31, p16 and hMLH1) was assessed to derive a CpG island methylator phenotype (CIMP). It
was found that obese individuals were more than 2 times more likely to have a CIMP-low tumour than normal

weight individuals *®.

Despite the indication that overweight/obesity is associated with DNA methylation, the studies above are not
informative on the temporality of the association, since in these studies the change in methylation could have
preceded obesity rather than be a consequence of it. The studies below investigated the temporal nature of the

association, and are thus more informative, suggesting a bi-directional relationship.

Three studies investigated methylation at birth and determined that at birth methylation influences weight in

children 37%372

. In one study, two differentially methylated regions on the IGF2 gene were analysed in cord blood
leukocytes and weight was assessed at age 1 year. Methylation at one of the two regions, referred to as H19 and
comprised of 4 CpG sites within a sequence motif to which zinc finger protein binds, was higher in infants with

370 Similarly, Godfrey

weight-for-age (WFA) in the highest 85% percentile compared to infants with a lower WFA
et al. (2011)*"* evidenced that methylation at genes retinoid X receptor-a (RXRA) and endothelial nitric oxide
synthase (eNOS) was associated with childhood fat mass at age 9 years, but replication in a second cohort only
supported the first association. Lastly, 29 differentially expressed genes, between children in the highest and
lowest tertiles of BMI, were analysed in cord blood samples. Five genes had methylation <1% or more than 99%
and were thus not analysed further. Of the remaining 24 genes, CDK1C and EPHA1 had CpG sites which
demonstrated consistent and positive associations with BMI and fat mass at age 9 years. In addition, associations
were observed between methylation at CASP10 and BMI, methylation at HLA-DOB and NID2 and fat mass, and
methylation at MMP9 and MPL and lean mass at age 9 years. However, given the multiple tests in this study,

larger studies are needed to validate the significance of these results. In addition to the studies investigating at

birth methylation, in another prospective study, Perng et al. (2013)*”?, evidenced that LINE-1 methylation in
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school aged boys was not associated with BMI or skinfold thickness changes in the follow-up years, however,
LINE-1 methylation significantly predicted central adiposity changes. In girls, none of the adiposity measures

examined were significantly associated with LINE-1 methylation *”>.

Studies on weight loss suggest that weight loss influences methylation and DNA methylation influences weight
loss capacity >"*’°. Milagro et al. (2011)*"*, compared high and low responders to an 8 week hypocaloric diet
intervention, with respect to their basal and endpoint DNA methylation patterns. They revealed several CpGs in
the ATP10A and CD44 genes statistically significantly methylated at baseline between the two responder groups
suggesting that these methylation differences could predict weight loss response. Also, in the high responders
groups, WNT1 promoter CpGs were found to be more methylated at endpoint suggesting that weight loss impacts
on WNT1 methylation. Perhaps more importantly, CpG methylation at ATPI0A and WNT1 was significantly

3% In another study on obese individuals undergoing gastric by-pass surgery,

modified as a result of weight loss
global cytosine methylation in skeletal muscle was not found to differ between obese and normal weight
individuals, or be altered by weight loss. Out of the 14 metabolic genes analysed, promoter methylation of 11
genes was normalised by weight loss to levels observed in healthy individuals. In addition, bisulphite sequencing
determined that the promoter DNA methylation pattern of the PGC-1a and PDK4 genes was restored to non-

373 Lastly, baseline differences in peripheral blood DNA

obese levels after gastric bypass associated weight loss
methylation were shown to determine weight loss response in an intervention program. Out of 27,000 CpG sites
examined, 5 regions in or near AQP9, DUSP22, HIPK3, TNNT1 and TNNI3 genes were differentially methylated
between high and low-responders, while a calculated methylation score based on the most differentially

methylated CpGs between the two responder groups, was also associated with changes in weight *’°.

Despite the heterogeneity in study designs, exposures and outcomes, the studies above support that

overweight/obesity can influence the epigenome.
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Table 2 - Studies investigating the association between overweight/obesity and DNA methylation

First author, | Subjects, N Sample type | Exposure Outcome Analysis and Effect Estimate P-value Confounders
year
Slattery, Colon tumours, | Colon BMI* categories: CIMP* low Logistic regression with low CIMP as Age, sex, energy intake,
2007°% 1154 tumour 0bese(BMI23Okg/m2, phenotype: 0 or 1 the outcome and BMI categories as activity, calcium density,
tissue n=337), Overweight (BMI | methylated CpGs out | exposure: smoking amount, fiber
25-29kg/m2, n=742), of 5 examined at density, NSAIDs and alcohol
Normal (BMI <25kg/m2, MINTI1, MINT2, Overweight vs. Normal:
n=674) MINT31, p16, and OR=1.3 (1.0-1.6)
hMLH1 genes using Obese vs. Normal:
methylation specific | OR=2.0 (1.5-2.6) NAx
PCR
Peters, Kidney normal Normal BMI categories: RASSF1A promoter Univariate analysis between
2007°% autopsy tissues, | autopsy Adiposity methylation using methylation % and BMI categories. 0.018 NA
78 kidney tissue | (BMI=30kg/m? n=17) bisulphite
Overweight sequencing
(BMI 25-30kg/m?, n=20)
Normal
(BMI 20-25kg/m”, n=30)
Terry, Adult women, Peripheral BMI: Genomic DNA Linear regression — outcome: Prenatal smoke exposure,
2008°" 92 Blood DNA 225 vs. <25kg/m2 methylation using methylation, exposure: BMI race, family SES, birth weight,
the [H3]-methyl birth length, age at menarche,
acceptance assay [=-0.21 (-0.48-0.05) NA childhood passive smoke
exposure, smoking status,
parity, age at first birth
Choi, Women with Peripheral BMI: Genomic Linear regression of methylation with Age and race
2009""* incident early- Blood DNA >30kg/m’, n=104 methylation BMI categories as continuous
stage breast 25—29kg/m2, n=106 measuring 5- variable:
cancer, n=179 <25kg/m2, n=99 methyldeoxycytosine | Among all subjects:
and cancer free (5-mdC) levels, [=0.009 0.717
women, n=180 Among controls:
B=0.012 0.730
Wang, Lean and Obese | Peripheral BMI: Pyrosequencing T-test on mean methylation values: Age
2010>*° subjects aged blood DNA Obese (n=46) vs. lean validating genome- UBASH3A:
14-18 years, 14 (n=46) subjects wide methylation obese mean - 45.1%
results lean mean - 41.8% 0.008
TRIM3:
obese mean - 8.76%
lean mean - 9.97% 0.001
Stepanow, Adults, 39 Peripheral BMI Methylation status at | Pearson Correlation between
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362

2010 blood DNA (continuous variable) MCHR1 using PCR methylation % and BMI:
and genotyping:
Allele GT
Allele AC r=-0.814 0.024
r=0.057 0.897 NA
Tao, 2011 | Adult women Breast BMI: Promoter Unconditional logistic regression: Age, race, education, age at
with breast tumour DNA 230kg/m2, n=214, 25- methylation at: E- menarche, age at first birth,
cancer, 803 30kg/m2, n=188, 20- cadherin, p16, and BMI >30 vs. <25kg/m2, age at menopause, family
25kg/m2, n=164 RAR-B2 using OR=1.02 (0.64-1.61) 0.98 history of breast cancer,
methylation specific history of benign breast
Waist-to-hip Ratio PCR: methylation of WHR >0.88 vs. <0.78 disease, energy intake, alcohol
(WHR) >1 of 3 genes OR=1.85(1.10-3.11) 0.02 drinking status, smoking
<0.78, n=122 status, and oestrogen
0.78-0.81, n=109 Weight Change >12.4kg vs. <4.1kgs receptor status
0.82-0.87, n=150 OR=0.91 (0.53-1.58) 0.83
>0.88, n=214
Lifetime weight change
<4.1kg, n=120
4.1-8.0kg, n=138
8.1-12.4kg, n=164
>12.4kg, n=144
Zhang, Healthy adults, Peripheral BMI (continuous), Waist | LINE1 methylation Linear regression: NA Adjusted for age, gender and
2011°% 161 blood DNA Circumference using BMiI(continuous): race/ethnicity
(continuous), pyrosequencing B=0.06 (-0.37, 0.50)
Total adipose tissue Waist Circumference (continuous):
(continuous) B=-0.20 (-0.64, 0.24)
Total adipose tissue (continuous):
B=-0.16 (-0.65, 0.32)
Godfrey, Cohort 1: Umbilical Total fat mass and Umbilical cord tissue | All effect estimates per SD change in
2011°"* Children age cord tissue Percentage fat mass at DNA methylation at CpG methylation:
9years, 78 DNA age 9 years 68CpG sites near Cohort 1
Cohort 2: (continuous) genes using a mass- eNOS chr7:150315553+:
Children age spectrometry b'ased 19% change ?n total fat mass 0.002 RXRA chr9:136355885+
9years, 239 method: retinoid X 11% change in percentage fat mass 0.009 methylation and sex
receptor-a (RXRA), RXRA chr9:136355885+:
endothelial nitric 23% change in total fat mass 0.001
oxide synthase 14% change in percentage fat mass 0.005

(eNOS), superoxide

eNOS chr7:150315553+
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dismutase-1 (SOD1),
interleukin-8 (IL8),
and
phosphoinositide-3-
kinase, catalytic, d-

Cohort 2

eNOS chr7:150315553+:

21% change in total fat mass

13% change in percentage fat mass
RXRA chr9:136355885+:

methylation and sex

polypeptide 6% change in total fat mass 0.002 birth weight
(PI3KCD) 4% change in percentage fat mass 0.002 and maternal age, smoking,
and BMI
Michels, Infants, 319 Cord Blood Birthweight: LINE-1 methylation Linear regression: Maternal age at delivery,
2011%7 High/Low (n=91) using low vs. normal weight 3 = -0,82 0.007 maternal ethnicity, maternal
Normal (n=227) pyrosequencing high vs. normal weight 8 =-0,43 0.036 smoking, sex of the child, pre-
term birth
Piyathilake, | Women of Peripheral BMI: Genomic LINE-1 Logistic regression — outcome:
2011°% child-bearing Blood DNA 225 vs. <25kg/m2 methylation using methylation < or > median, exposure:
age, 470 Waist Circumference: pyrosequencing BMI
>88cm vs. <88cm OR=2.0 for lower LINE-1 methylation | 0.003
% body fat: Waist Circumference:
>33% vs. <33% OR=1.9 for lower LINE-1 methylation | 0.005
% body fat:
OR=1.8 for lower LINE-1 methylation | 0.01
Milagro, Adult men with | Peripheral High responders — lost Genome-wide Baseline: comparison high vs. low NA
2011 excess body blood DNA >10% of initial weight methylation at ~27k | responders:
weight (n=6) CpG sites using the ATP10A and CD44 significantly more
participating in lllumina methylated in the responder group
an 8-wk energy- Low responders — lost HumanMethylation (separate effect estimates for each
restricted <5% of initial weight 27 array platform CpG)
diet treatment, (n=6) followed by
25 validation of End of treatment: comparison high
significant sites by vs. low responders:
microarray analysis WT1 significant hypermethylation in
in all 25 subjects the high responder group (separate
effect estimates for each CpG)
All subjects: Paired t-test before and
after treatment:
ATP10A CpG18 P<0.05
WT1 CpG21 P<0.05
differentially methylated
Milagro, Normal, over- Peripheral BMI: CLOCK gene T-test on mean methylation values: NA NA
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2012 weight and blood DNA Overweight+obese methylation
obese women (n=40) vs. normal weight Significant for CLOCK CpGs 1, 5-6 and
following a (n=20) BMALI gene 8
16wk weight methylation
reduction Significant for BMAL1 CpGs 6-7,8, 15
program, 60 PER2 gene and 16-17
methylation
using a mass-
spectrometry based
method
Kuehnen, Children, 107 Peripheral BMI: POMC exon3 CpG T-test of mean methylation between | <0.001 NA
2012°% blood DNA Obese (n=71) vs. Normal | island using obese and normal weight — exact
weight (n=36) methylation specific | means not available
PCR
Perkins, Children age 1 Umbilical Weight for Age (WFA) Umbilical cord Generalized regression model: WFA maternal cigarette smoking,
2012°"° year, 204 cord blood >85th per- methylation at two >85th percentile vs. WFA <85th breastfeeding, race, and
leukocytes centile vs. WFA <85th IGF2 differentially percentile: postnatal caloric intake.
percentile methylated regions H19DMR mean methylation fraction
using >75" percentile: OR=3.12 (1.13-8.60) | 0.03
pyrosequencing: 3
CpGs at the IGF2 IGF2DMR mean methylation fraction
DMR and 4 CpGs at <25" percentile: OR=1.19 (0.36-3.39) | 0.98
the
H19 DMR
Relton, Children age Cord blood BMI and fat mass at age | Cord blood All effect estimates per 1% increase
20127 9years, 178 DNA 9 years methylation of 29 in methylation:
(continuous) genes previously
identified as CDKN1C:
differentially 2.08% increase in BMI 0.031 age, sex, batch
expressed according | 5.16% increase in fat mass 0.037 age, sex, batch, height
to BMI using the EPHA1:
GoldenGate Assay Kit | 0.80% increase in BMI 0.048
1.84% increase in fat mass 0.036 age, sex, batch .
CASP10 P2: age, sex, batch, height
2.13% decrease in BMI 0.02
HLA DOB3: age, sex, batch
0.90% decrease in fat mass 0.039
NID1 P: age, sex, batch, height
1.19% decrease in fat mass 0.035

age, sex, batch, height
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Zhang, Adult cancer Peripheral Genomic (LINE-1) No association with BMI
2012°%° free subjects, Blood DNA and gene-specific (IL-
165 6) methylation using
pyrosequencing
Huang, Adolescents age | Peripheral Skinfold thickness, 12 CpG sites within ~5% increase in mean IGF2/H19 ICR NA
2012%%° 17 years, 315 blood DNA subcutaneous and the IGF2/H19 DNA methylation:
visceral adiposity, weight | imprinting control Skinfold thickness
(continuous) region (ICR) using a 0.24% standard deviations increase
mass-spectrometry (2.5 mm in boys and 2.0 mm in girls) <0.005
based method Subcutaneous adiposity
0.18% standard deviations increase
(1.9 mm in boys and 2.0mm in girls) <0.05
Perng, School-age Peripheral BMI-for-age Genomic LINE-1 Linear regression with the P-trend Age and socioeconomic status
20137 children, 335 blood DNA Waist Circumference methylation using anthropometric variable as the between
Skinfold thickness pyrosequencing outcome and LINE-1 as exposure. All | Quartiles
(boys, n=254; (Quartile 4 vs. effect estimates are Z-score
girls, n=299) Quartile 1) changes/year in the outcome
comparing Q4 vs. Q1 methylation:
Boys:
BMiI-for-age:
-0.06 (-0.12, 0.01) 0.21
Waist Circumference:
-0.09 (-0.17, -0.02) 0.02
Skinfold thickness:
-0.04 (-0.12, 0.03) 0.28
BMiI-for-age:
-0.01 (-0.07, 0.06) 0.65
Waist Circumference:
-0.01 (-0.08, 0.06) 0.99
Skinfold thickness:
0.00 (-0.07, 0.07) 0.85
Barres, Obese women Skeletal Weight loss after RYGB Methylation of 14 RYGB surgery weight loss restored NA Age
20137 undergoing muscle genes using the methylation of the following 11
gastric by-pass biopsies bisulphite genes to normal-weight levels (exact
surgery (RYGB) sequencing: values not given):
(n=8) and PDHA1, MYH2, PDHA1, MYH2, PPP1R3C, PTP4A3M,

normal weight
women (n=9)

PPP1R3C, PTP4A3M,
PDP1, SLC16A1,
PRKAA1, CKMT1B,
EXOC5, ACOX1,

PDP1, SLC16A1, PRKAA1, CKMT1B,
EXOC5, ACOX1, ACACB
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ACACB, INPP5J,
MRPL41, OXA1L

DNA

methylation pattern
of the PGC-1a and
PDK4 promoters on
proximal region
relative to the
transcription start
site

RYGB sur-

gery weight loss decreased PGC-1 a
promoter methylation

and increased PDK4 promoter
methylation to non-obese levels

Moleres,
2013%°

Overweight or
obese
adolescents
undergoing a
10wk

weight loss
intervention,
107

Peripheral
blood DNA

High responders:

losing >1.1 BMI-standard
deviation score (BMI-
SDS) (n=12)

Low responders:
Losing <0.4 BMI-SDS
after treatment (n=12)

Genome-wide
methylation at ~27k
CpG sites using the
lllumina
HumanMethylation
27 array platform
followed by
validation by
microarray analysis
in all 107 subjects of
significant sites
corresponding to
AQPSY, DUSP22,
HIPK3,TNNI3, TNNT1,
F12, and PTPRG
genes

Baseline: comparison high vs. low
responders:

TNNT1, AQP9Y, TNNI3, HIPK3, and
DUSP22 differentially methylated
(separate effect estimates for each
CpG)

Differences in basal DNA methylation
of several

CpGsin AQP9, DUSP22, HIPK3,
TNNI3, and TNNT1 genes were
significantly associated with changes
in body

weight, BMI-SDS, waist girth, and
body fat mass after

the intervention (separate effect
estimates for each CpG)

NA

NA

«BMI, body mass index; CIMP, CpG island methylator phenotype; NA, not available
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1.4.4 Age at Menarche/Menopause and DNA methylation

As above, a literature review of available published studies to May 1%, 2013 was conducted to identify studies
investigating the association between age at menarche and/or age at menopause and DNA methylation.
However, the literature on the relationship between these reproductive factors and DNA methylation is very

limited and the evidence is controversial (Table 3).

Terry et al. (2008)*" investigated factors that impact on breast cancer risk and evidenced that a greater birth
height, a later age at menarche, nulliparity, and a later age at first birth were associated with higher global DNA
methylation levels. On the contrary, in a study on healthy controls and breast cancer cases, age at menarche, age
at first birth, parity, menopausal status and age at menopause were not significantly associated with peripheral
blood global methylation **. In another study, published as an abstract, age at menarche was not associated with
differential methylation at any of the 27,578 methylation sites examined, but 1,452 CpGs were differentially

methylated in postmenopausal women compared to premenopausal women *”’.

Therefore, of the secular trends evaluated, age at menarche and age at menopause provide the least evidence
regarding an association with DNA methylation and more studies are needed to understand whether or not age at

menarche and/or age at menopause influence DNA methylation.
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Table 3 - Studies investigating the association between age at menarche and/or age at menopause and DNA methylation

First author, Subjects, N Sample type Exposure Outcome Analysis and Effect Estimate P-value Confounders
year
Terry, 2008>"" | Adult women, 92 Peripheral Age at menarche Genomic DNA Linear regression — outcome: Prenatal smoke exposure,
Blood DNA (continuous) methylation using methylation, exposure: age at race, family SES, birth weight,
the [H*]-methyl menarche (continuous) birth length, age at menarche,
acceptance assay childhood passive smoke
B=-0.07 (-0.13 - -0.004) NA= exposure, smoking status,
parity, age at first birth
Choi, 2009""* Women with Peripheral Age at Menarche: Genomic Linear regression of methylation with Age and race
incident early- Blood DNA <13, n=160 methylation exposure as continuous variable:
stage breast 213, n=155 measuring 5- Age at menarche
cancer, n=179 methyldeoxycytosine | Among all subjects:
and cancer free Age at Menopause: (5-mdC) levels B=-0.036 0.375
women, n=180 <50, n=91 Among controls:
250, n=90 B=-0.055 0.334
Age at menopause
Among all subjects:
B=-0.026 0.271
Among controls:
B=-0.042 0.220
Nichols, Women in the Peripheral Menopausal Status Genome-wide Post-menopausal vs. Pre-menopausal NA
2013”7 Sister Study, Blood DNA methylation at ~27k | women:
n=162 Age at menarche CpG sites using the 1452 CpG sites residing in 1220 CG
Illumina islands were differentially methylated FDR:
HumanMethylation between the two groups <0.05

27 array platform

No differentially methylated CpGs
according to age at menarche

«NA, not available
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1.4.5 Height and DNA methylation

An extensive and systematic literature search for publications investigating the association between height and
DNA methylation yielded only three studies, only one of which evidences a significant association (Table 4). In a
recent study, investigating 29 differentially expressed genes between children in the highest and lowest tertiles of
BMI, cord blood DNA methylation at alkaline phosphatase (ALPL) and Interferon regulatory factor 5 (IRF5) genes
was associated with height at age 9 years. The associations remained even after adjustment for age, sex, batch,
fat mass, and lean mass, and the association between methylation at ALPL and decreased height withstood

correction for multiple testing *’%.

However, among 17-year-olds, methylation at the /IGF2/H19 imprinted region in peripheral blood was not shown

360

to be significantly and positively correlated with height™". Similarly, in a prospective study among school aged

children, LINE-1 methylation did not significantly predict height changes during follow-up *”>.

Therefore, whether height influences DNA methylation cannot be safely concluded based upon the already

available literature.
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Table 4 — Studies investigating the association between height and DNA methylation

First author, Subjects, N Sample type Exposure Outcome Analysis and Effect Estimate P-value Confounders
year
Relton, Children age Cord blood Height at age 9 years Cord blood All effect estimates per 1% increase in
2012°7 9years, 178 DNA (continuous) methylation of 29 methylation:
genes previously
identified as ALPL_P:
differentially 0.15% decrease in height 0.0002 age, sex, batch
expressed according | IRF5_P:
to BMI* using the 0.42% decrease in height 0.022 age, sex, batch
GoldenGate Assay Kit | IRF5_E:
0.29% decrease in height 0.026 age, sex, batch
Huang, 2012°° | Adolescents age Peripheral Height 12 CpG sites within ~5% increase in mean IGF2/H19 ICR NAx
17 years, 315 blood DNA (continuous) the IGF2/H19 DNA methylation:
imprinting control Height
region (ICR) using a 0.05% standard deviations decrease
mass-spectrometry (0.365 cm in boys and 0.325 cm in >0.05
based method girls)
Perng, 2013%7 School-aged Peripheral Height-for-age Genomic LINE-1 Linear regression with height as the Age and socioeconomic status
children, 335 blood DNA methylation using outcome and LINE-1 as exposure.
pyrosequencing Effect estimate is Z-score change/year
(boys, n=254; (Quartile 4 vs. in height comparing Q4 vs. Q1
girls, n=299) Quartile 1) methylation:
Boys:
Height-for-age:
0.02 (-0.03, 0.08)
Girls: 0.55
Height-for-age:
0.02 (-0.04, 0.08)
0.54

«BMI, body mass index; NA, not available
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1.5 Hypothesis and Study Aims

Despite the limited number of available studies for some of the exposures examined, all exposures were shown to

be associated with methylation in at least 1 publication (Table 5).

Table 5 — Exposures undergoing secular trends and DNA methylation.

Number of studies investigating the association between the exposures of interest and DNA methylation and the number of these

studies that have evidenced at least one statistically significant association between exposure and DNA methylation

Exposure Studies investigating the Studies evidencing at least
association between one significant association
exposure and DNA between exposure and DNA
methylation methylation

Early life SES 8 6

Adult life SES 4 3

Nutrition 47 34

Overweight/Obesity 21 16

Age at Menarche 3 1

Age at Menopause 2 1

Height 3 1

Based on the discussed literature, it is hypothesised that factors undergoing secular changes, and more
specifically SES, nutrition, overweight/obesity, height and age at menarche as well as age at menopause leave
their mark on the epigenome, by influencing DNA methylation. DNA methylation is one way through which these
“exposures” can become biologically embedded and influence disease risk, and especially breast cancer risk. As
these factors continue to display secular trends, especially in low-middle income countries, such an investigation
is imperative so as to be able to better understand how and at what degree these secular trends will influence

disease prevalence.

A first descriptive approach of this hypothesis is carried out using global DNA methylation measures, using the
LUminometric Methylation Assay, on 396 individuals and using whole genome methylation data, covering more

than 450,000 CpGs in 670 subjects free of disease at time of blood collection.
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2 Subjects and Methods

The present investigation included both global methylation and whole genome methylation analyses.

2.1 Subjects and Methods for Global Methylation Analyses

2.1.1 Study Participants

Epidemiologic data and blood samples collected from the EPIC study were used for global methylation analyses.
EPIC is an on-going study designed to investigate diet, nutrition, lifestyle and environmental factors with respect
to cancer incidence. The cohort consists of 519,978 participants from 23 centres in 10 European countries -
Denmark, France, Germany, Greece, Italy, the Netherlands, Norway, Spain, Sweden and the United Kingdom.
Information on lifestyle, diet, anthropometric measures and environmental exposures was collected using
guestionnaires at recruitment and variables were standardised across the different participating centres. Blood

8 For this investigation, 300 female breast

was also collected from the majority of subjects at recruitment
cancer cases and 300 female matched controls from the EPIC cohort were chosen. Of these, 77 subjects were
initially excluded: 1 subject was a duplicate, there was not enough DNA for 24 subjects, and 52 samples produced
no or a weak signal. Of the remaining 523 subjects with reliable measurements, 376 women were investigated in
this specific study, who remained free of cancer for at least 5 years following blood collection. All participants

sighed an informed consent and the study protocol was approved by the ethical review boards of the

International Agency for Research on Cancer and by the local committees of the participating centres.

2.1.2 Methods for Global Methylation Measurement

LUminometric Methylation Assay (LUMA) was used to quantify global methylation levels *’°3%°

in Peripheral Blood
Leucocytes (PBLs) of subjects whose blood was collected at recruitment. Genomic DNA was extracted using
standard protocols. Genomic DNA was digested with Hpall+EcoRI or Mspl+EcoRl restriction enzymes in 2 separate
reactions, set up in a 96-well plate format. Polymerase extension assay by Pyrosequencing was employed to
determine cleavage. The LUMA method was validated using DNA controls of known DNA methylation status as

described in 3!

. In the assay, 5-Aza-dC treated and CpG methylated Jurkat genomic DNA (New England Biolabs,
Ipswich, MA) were used as methylated and unmethylated control samples, respectively. A measure of % global
methylation was calculated using the ratio of DNA cleavage by methylation sensitive (Hpall) and methylation

insensitive (Mspl) restriction enzymes based on the equation:

Genome wide Methylation (%) = [1-(Hpall/EcoRI)/(Mspl/EcoRI)*100
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2.1.2.1 LUminometric Methylation Assay

LUMA is a cytosine extension assay where DNA is digested by methylation sensitive restriction endonucleases
(Hpall). These enzymes cut DNA at CpG sites that have lost their methylation leaving 5'-CG overhangs. Cleavage is
followed by single nucleotide extension using either radiolabelled [*H]dCTP or biotinylated dCTP. Therefore
incorporation of the radiolabelled dinucleotides is directly related to the number of digested sites and thus
inversely associated with DNA methylation. In another reaction, DNA is digested by methylation insensitive
restriction endonucleases (Mspl), where DNA is cleaved at CpG sites, irrespective of DNA methylation. In addition
to Hpall or Mspl, EcoRl is added to both reactions and EcoRl cleavage acts as a normalisation reference for the
amount of DNA. EcoRl cleavage produces 5-AATT overhangs which are filled with dNTPs in a polymerase
extension assay. The addition of nucleotides triggers a cascade reaction involving ATP which creates a

proportional amount of light*”*>%°,

In LUMA, the results are presented in a luminometric output with different light peaks produced for each
nucleotide added in a sequential manner. The ratio of light intensity when dCTPs are added to the Hpall digested
DNA (proportional to Hpall cleavage) to the light intensity when dCTPs are added to the Mspl digested DNA
(proportional to Mspl cleavage) is used to determine % global methylation. The light intensities when dATPaS and
dTTP are added are used as a normalisation method as these nucleotides are incorporated to EcoRlI cleavage sites
and their light intensities (proportional to EcoRI cleavage) should be equal. Examples of the LUMA luminometric

output are presented in Figure 15.

Hpall digest ) Mspl digest
s EoRIA) o 5 EcoRI (A) =2-136
Bm s
£ 2
~ n2 < ;
: 3 A C+G T C+G
Step # 1 2 3 4

Figure 15 — Luminometric output

Hpall and Mspl digestion with EcoRlI followed by LUMA analysis in a Pyrosequencer. The graphs show the luminometric output from two
representative LUMA runs of human lymphocyte DNA, using Hpall + EcoRlI, and Mspl + EcoRI. The A and T peaks denote the additions of
dATPaS and dTTP, respectively, the nucleotides of which are substrates for filling in all EcoRl generated T and A overhangs. Reproduced

. .. 380
with permission from =,
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2.1.3 Statistical Analyses

The distribution of the variables under investigation across quartiles or medians of percent global methylation
was first explored. The quartile cut offs for global methylation were the 25", 50", and 75™ percentile global
methylation values in controls (subjects who remained free of cancer throughout the study’s follow-up period).
For continuous variables, the non-parametric equivalent of one-way analysis of variance (ANOVA), the Kruskal-
Wallis test, was used as genome-wide methylation was not normally distributed. For categorical variables, chi-

square test was performed.

Further investigation of the variables under study was performed using logistic models because the resulting
profile of global methylation distribution was skewed and several commonly used transformations failed to
normalise it. In addition, various Generalized Linear Models (GLMs) investigated failed to adequately describe the
outcome distribution. In order to perform unconditional logistic regression, the methylation outcome was
dichotomised to above and below median methylation. For the purposes of simplicity, for this analysis, below
median methylation will be referred to as “hypomethylation” whereas above median methylation will be referred
to as “hypermethylation”. Investigated variables were included in separate regression models as continuous and
categorical exposures when relevant, as described in more detail in the following sections. Based on the available
literature, all logistic regression models were adjusted for centre, plate number, case-control status, age at blood
collection and smoking status. Even though all women were healthy at blood collection, and even though all
diagnoses within 5 years of blood collection were excluded, adjusting for case/control status was thought as
imperative given the unknown latency periods of the different forms of breast cancer. Depending on the variable
under investigation, additional confounders were considered. All confounders were entered into the model as
continuous variables with the exception of smoking status which was treated as categorical — past, never, present.
All subjects with LUMA measurements were women, therefore adjustment for sex was not necessary. For each
logistic regression model built, regression diagnostics were performed to examine multi-collinearity (collin),

significance of the model (linktest), and goodness of fit (Irtest, fitstat).

All analyses and diagnostic tests were performed using STATA (Release 11; College Station, TX: StataCorp LP).

2.1.3.1 Socioeconomic Status and Global Methylation

The available variable that could be used as a proxy for the investigation of adult socioeconomic status and global

methylation was highest level of education attained.

Highest level of education attained was treated as a categorical variable in the logistic regression model: none
(reference), primary school, technical/professional school, secondary school, and university. Given the

associations between education and weight as well as dietary choices, and given the associations of these
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variables with DNA methylation in the literature, models investigating SES were further adjusted for BMI, and

daily alcohol and folate intakes.

As a proxy for early life socio-economic conditions, the year of birth of subjects was investigated. Individuals born
during World War Il (WWII), 1939-1944, were assumed to have been exposed to stressful conditions of less than
optimal hygiene and nutrition availability. Whether birth during the war is associated with adult global DNA

methylation was investigated adjusting for the baseline covariates.

2.1.3.2 Nutrition and Global Methylation

Several aspects of nutrition were investigated for their influence on global DNA methylation.

At first, total caloric intake as well as each food group and each nutrient variable was independently assessed for
its influence on DNA methylation, by comparing the distribution of the variable across the two methylation
groups (hypo- and hyper-methylation). Folate and alcohol, because of their key roles in the one-carbon
metabolism which influences methylation, as well as total caloric intake were also investigated in unconditional
logistic regression models. All three variables were treated as categorical (quartiles of intake) since unit increases
are too small to have any biological effect. All models were adjusted for centre, plate number, case-control status,
age at blood collection and smoking status as well as for education, BMI and physical activity as these factors
have been shown to influence both diet and methylation. The models with alcohol and folate intake were further
adjusted for total caloric intake, and the model on total caloric intake was also adjusted for folate and alcohol
intakes. Lastly, an interaction term between alcohol and folate was tested in the same model used to investigate

alcohol and/or folate.

Next,food group intakes were used to calculate each person’s adherence to the Mediterranean diet pattern.
Adherence was assessed using the Trichopoulou score described elsewhere °*. Briefly, median intakes of the
following food groups were calculated for all subjects: vegetables, legumes, fruit/nuts/seeds, cereals, fish,
polyunsaturated to saturated fatty acid ratio, dairy, meat, and alcohol. For the beneficial components of the
Mediterranean diet, namely vegetables, legumes, fruit/nuts/seeds, cereals, fish, and polyunsaturated to
saturated fatty acid ratio, a subject received a score of +1 if their intake was above median. For the detrimental
components, namely dairy, meat, and alcohol a subject received a score of 0 if their intake was above median. In
contrast to previous publications, where moderate consumption of alcohol (5-25g/day) received a score of +1,
here, because any alcohol consumption is detrimental to cancer risk, all women with below median consumption
(2.69g/day) received a score of +1. Adherence to the Mediterranean diet was assessed for its impact on DNA
methylation by treating the adherence score as a continuous and as a categorical variable in separate logistic
regression models again adjusting for centre, plate number, case-control status, age at blood collection and
smoking status as well as for education, total caloric intake, BMI and physical activity. The score categories

analysed were 0-3: low, 4-6: moderate, and 7-9: high adherence to the Mediterranean Dietary pattern.
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In addition, a methyl intake score was calculated for each subject. Intakes of those nutrients with key roles in the
one-carbon metabolism were used to obtain a total methyl intake score. It is understood that the most important
dietary sources of methyl groups, second to folate, are choline and methionine. Unfortunately the last two intake
values were not available. Therefore the score was based on intakes of folate, alcohol and the B vitamins, most of
which are thought of as epigenetically active because they have key roles in the metabolism of carbon units. As
presented in Table 6, Vitamin B1, B2, B6, B12 and folate intakes above median received a score of +1, whereas
alcohol intake above median received a score of 0 due to its negative effect on the bioavailability of methyl
groups. The methyl intake dietary score was assessed for its impact on DNA methylation by treating the score as a
continuous and as a categorical variable in separate logistic regression models again adjusting for centre, plate
number, case-control status, age at blood collection and smoking status as well as for education, total caloric
intake, BMI and physical activity. The score categories analysed were 0: no, 1-2: low, 3-4: moderate, and 5-6: high

methyl intake.

Table 6 — Calculation of a methyl intake dietary score

Median derived from the distribution among the 376 subjects

Nutrient Score if intake is above the median*
Thiamin — Vitamin B1 (mg/day) +1
Riboflavin — Vitamin B2 (mg/day)  +1
Vitamin B6 (mg/day) +1
Cobalamin — Vitamin B12 (ug/day) +1

Folate (ug/day) +1
Alcohol (g/day) 0
Total Score: 0-6

2.1.3.3 Anthropometric measurements and Global methylation

Overweight/obesity and height were investigated together for their effect on global methylation due to the
dependence of weight on height. At first, both height and weight variables were entered together into a logistic
regression model, adjusting for centre, plate number, case-control status, age at blood collection and smoking
status. For this model, further adjustment for total caloric energy intake, percent energy intake from fat and sex-
adjusted total physical activity was essential given their known effect on height and weight as well as their
suspected influence on DNA methylation. Both height and weight were treated as categorical variables (in

quartiles) because unit changes in either variable are not likely to have an effect on global methylation.

Next, given the significant correlation between height and weight, two separate models were built. One model
included BMI, a measure of overweight/obesity that accounts for height’s effect on weight, and the other model
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included height. In the “bmi-model” BMI was treated as a categorical variable (normal: <25kg/m?, overweight:
>25 and <30 kg/m?, obese: >30kg/m?) and was adjusted as previously described for centre, plate number, case-
control status, age at blood collection, smoking status, total caloric energy intake, percent energy intake from fat
and sex-adjusted total physical activity. The “height-model” was only adjusted for centre, plate number, case-
control status, age at blood collection, smoking status and total caloric energy intake since physical activity and
adult fat intake do not impact on height. Height was divided into quartiles and entered into the model as a
categorical exposure, since a unit change (1 cm) is not likely to manifest a biological response (change in

methylation).

Following, other measures of adiposity such as waist-to-hip ratio and waist circumference were investigated for
their impact on DNA methylation. Adjusting for the same confounders as in the “bmi-model”, both variables were
investigated as categorical (in quartiles), again because a unit change would be too small to be biologically

significant.

2.1.3.4 Age at Menarche, Menopausal Status, Age at Menopause and Global methylation

Age at menarche and age at menopause were investigated for their influence on global DNA methylation in
logistic regression models adjusting for centre, plate number, case-control status, age at blood collection and
smoking status. In addition, given height’s and weight’s influence on age at menarche, and given that pubertal
height and weight are often correlated with adult body and weight, the model on age at menarche was also
adjusted for height and BMI. Both reproductive variables were treated first as continuous and then as categorical
outcomes. The categories selected for age at menarche were <11 years, 12-14 years, and 215 years to signify
early, normal, and late age at menarche. Age at menopause was categorised to above and below the median
menopausal age which was 50 years of age. Menopausal status was also investigated adjusting for baseline

covariates, similar to the model investigating age at menopause.

Given that much research points to the fact that the biological effect of the ages of menarche and menopause

depends on the cumulative exposure to ovarian cycles throughout life *®

, @ new variable was computed to
investigate cumulative oestrogen exposure at the point of blood collection. The variable was named Estimated
Lifetime oEstrogen Exposure (ELEE) and crudely reflects the length of a woman’s reproductive period in years.
For post-menopausal women, ELEE was calculated by subtracting age at menarche from age at woman’s last
period. For pre-menopausal women, ELEE up to the point of blood collection was calculated by subtracting age at
menarche from age at blood collection. This variable was investigated both as categorical and as continuous,

adjusting for the same confounders as in the models for age at menarche.
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2.2 Subjects and Methods for Genome Wide Methylation Analyses

2.2.1 Study Participants:

For the genome-wide methylation analyses, subjects from the EPIC Italy sub-cohort were used. The EPIC Italy sub-
cohort consists of 47,745 subjects - 32,577 female and 15,168 male — recruited from 5 different centres — Varese,
Turin, Florence, Naples, and Ragusa. From this sub-cohort 670 subjects, 335 cancer cases and 335 controls,
matched on date of birth (x 5 years), seasonality of blood draw, and date of recruitment, were selected. The 670
subjects consisted of 166 breast cancer cases and their 166 matched controls, as well as of 169 colon cancer cases

and their 169 matched controls.

Since the goal of this thesis was to investigate factors undergoing secular changes, we have included all 670
subjects who were healthy at recruitment, irrespective of their cancer status in the follow up, and we have

included the cancer status (yes/no) as a covariate in each analysis.

However, given the long latency period of neoplasia, for each exposure, a second analysis was carried out, where
only subjects who remained healthy for at least 5 years following recruitment and blood collection (n=504) were

analysed.

2.2.2 Methods for Genome wide Methylation measurement

DNA was extracted from buffy coats or blood cell fractions using the QlAsymphony DNA Midi Kit (Qiagen,
Crawley, UK). 500 ng of DNA was bisulphite-converted with the EZ-96 DNA Methylation-Gold™ Kit, used according
to the manufacturer’s protocol (Zymo Research, Orange, CA, USA). Next, the 450K DNA methylation array by
lumina (Infinium HumanMethylation 450 BeadChip) was performed on 4 pl of bisulphite-converted DNA,
following the Illumina Infinium HD Methylation protocol. Briefly, a whole genome amplification step was
followed by enzymatic end-point fragmentation and hybridization to HumanMethylation 450 BeadChips at 48°C
for 17 h, followed by single nucleotide extension. The incorporated nucleotides were labelled with biotin (ddCTP
and ddGTP) and 2,4-dinitrophenol (DNP) (ddATP and ddTTP). After the extension step and staining, the
BeadChip was washed and scanned using the Illumina HiScan SQ scanner. The intensities of the images
were extracted using the GenomeStudio (v.2011.1) Methylation module (1.9.0) software, which normalizes
within-array data using different internal controls that are present on the HumanMethylation 450 BeadChip
and internal background probes. Information on bisulphite batch, DNA amplification and fragmentation batch, as
well as hybridization and extraction batch was recorded for each sample. Replicates of some DNA samples across
different combinations of the above mentioned batches were used to test the quality of the method and to
ensure that these processes did not significantly alter the methylation results. In addition, control beads present
on the chip were used to evaluate the quality of the bisuphide conversion for each sample. Lastly, presence of any

signal was used as a marker that whole genome amplification was successful.
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2.2.2.1 HumanMethylation 450 BeadChip

The lllumina Infinium technology was first utilised on the Infinium HumanMethylation27 (27k) BeadChip and
more recently the coverage of Illumina’s array was increased to cover 485,577 CpG sites on the Infinium
HumanMethylation450 (450k) BeadChip. On the 450k BeadChip emphasis was placed on gene (99% coverage)
and CpG Island regions (96% coverage).

In order to be used on this chip, DNA needs to undergo bisulphite treatment to convert unmethylated cytosines

to uracil. If previously methylated, cytosines remain unconverted. The DNA is then amplified.

The 450K BeadChip contains probes with two different designs — Infinium | (also called type I) and Infinium Il (also
called type Il). Infinium | design interrogates mostly CpGs in CpG dense regions and consists of 2 probes per CpG
locus — one “methylated” and one “unmethylated” probe. The 3’ terminus of the “methylated” probe is designed
to match the unconverted cytosine whereas the 3’ terminus of the “unmethylated” probe is designed to match
the converted thymine. Each probe is 50 bp long. CpG sites in this 50bp region — other than the target CpG — were
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assumed to have the same methylation status as the target CpG™“. The assumption that methylation would be

regionally correlated was supported by other studies that found ~90% of CpG sites within 50 bases to have the

383

same methylation status™”. Infinium | probes can include up to 8 CpG sites other than the target locus.

Infinium Il design consists of a single probe per interrogated locus. Infinium Il mostly interrogates CpG sites in
areas with low CpG density. The 3’ terminus of the probe compliments the base directly upstream of the query
site and the addition of a labelled G base (for methylated/unconverted) or a labelled A base (for converted
unmethylated cytosines to uracil) signifies the methylation status. Probes are also 50 bp long. Infinium |l probes
can have up to a maximum of three non-target CpG sites. However, on the probe, these non-target sites are
represented by a “degenerate” R-base allowing multiple combinations of oligos to attach to the bead. Thus no
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assumptions are made regarding the methylation status of neighbouring CpGs®-. The two probe designs are

shown in Figure 16.

91



A

G—@
G—@ T—e
Unmethylated _. Unmethylated c—@
bead type bead type A—@

s U_/m ‘v _/mrm::]ﬁ&[\
CpG Iocus CpG locus 5

Bisulfita converted DNA Bisulfite converted DNA
G—@
Methylated TC .. Methylated TC_.
bead t bead t ;
ead type —® ...ea . ype A_.
w W &
CpG locus 5 CpG I;\\\ 5'
EBisulfite corverted DNA Bisulfite converted DNA
Unmethylated locus Methylated locus
B
. T-
T—e e
c—e . A—@
Infinium 1l Infinium I
beadtype bead type G—®
S .ﬂ_-rmq -’ m@g
CpG locus 5 CpG |® 5
Bisulfite convertad DMA Bisulfite converted DNA

Unmethylated locus Methylated locus
Figure 16 — Infinium Methylation Assay scheme.

1A. Infinium | assay. Two bead types correspond to each CpG locus: one bead type — to methylated (C), another bead type — to
unmethylated (T) state of the CpG site. Probe design assumes same methylation status for adjacent CpG sites. Both bead types for the
same CpG locus will incorporate the same type of labelled nucleotide, determined by the base preceding the interrogated “C” in the CpG
locus, and therefore will be detected in the same colour channel.1B. Infinium Il assay. One bead type corresponds to each CpG locus.
Probe can contain up to 3 underlying CpG sites, with degenerate R base corresponding to C in the CpG position. Methylation state is
detected by single-base extension. Each locus will be detected in two colours. In the current version of the Infinium Il methylation assay

design, labelled “A” is always incorporated at unmethylated query site (“T”), and “G” is incorporated at methylated query site (“C”).

Reproduced with permission from 8,

The HumanMethylation450 (450k) BeadChip array includes 485,577 cytosine positions inthe human genome:
482,421 (99.4%) are part of a CpG, 3091 are non-CpG sites and 65 are random SNPs. Hereafter the term CpG will

be used to refer to all of these, unless otherwise specified.

The array covers 21,231 out of 21,474 UCSC RefGenes (98.9%) with an average of 17.2 probes per gene region.
Transcripts of the RefGenes are also included. Promoter regions are divided into two different categories — the
TSS200 which covers 200bp and the TSS1500 which covers 1500 bp upstream of the transcription start site. The 5’

and 3’ un-translated regions, the first exon and the gene bodies are also targeted **°.

Lastly, ninety six percent of CpG islands from the UCSC database (26,658 CpG islands) are covered by the array
with an average of 5.63 sites per island. In addition, upstream and downstream regions immediately outside the
CpG islands are also covered and these regions are called north and south shores respectively. Similarly, 2 kb
regions upstream (north) and downstream (south) of the CpG islands — called shelves — are also targeted by the

array.
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2.2.3 Statistical Analyses

2.2.3.1 Pre-processing

2.2.3.1.1 Quality Control

Methylated and unmethylated intensities for each probe were provided by GenomeStudio software. In addition
to the methylation value for each probe, corresponding detection P-values were also provided by GenomeStudio
software (lllumina). The detection values indicate the confidence that can be placed on a methylation reading
value. As a first step, all readings with a P-value>0.05 were considered as non-detected and replaced with ‘NA’.
Probes that were not detected in more than 20% of all samples and samples with <95% detected probes were
excluded so as to not influence downstream pre-processing and analyses. The remaining ‘NA’ readings were
imputed using KNN (k-nearest neighbours) method once, implemented in knn.impute function from R-CRAN,

because several analyses and normalization methods cannot handle missing data.

Background noise correction was then performed as background fluorescence can contribute an additive error to
each signal intensity leading to a reduced dynamic range for the methylation reading. Background correction can
be performed using a simple background subtraction, where the intensities of the control probes are subtracted
from the methylated and unmethylated probe intensities. However, given that signal intensities can be red or
green, and given the technical variation in fluorescent signal depending on the intensity colour, dye bias also had
to be taken into account using a method similar to the one described by Triche et al.*®*. This method equalises the
intensities in the green and red channels to the average intensity across the two colours as measured by
normalisation control probes present on the BeadChip. The analysis of other classical quality control measures
(such as staining, extension, hybridization, or bisulphite conversion) provided by GenomeStudio did not reveal

any major quality issues. These steps were performed by the bioinformatician of the group, Gianluca Campanella.

The methylated and unmethylated intensities provided by GenomeStudio were then used to calculate

methylation B-values based on the equation:

Beta (B)= max (M,0)
Max(M,0) + Max(U,0) + 100

where M is the intensity of the methylated signal and U the intensity of the unmethylated signal at each probe.
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2.2.3.1.2 Normalisation

Various normalisation methods have been proposed as essential pre-processing steps for the Infinium
HumanMethylation 450 BeadChip. Whole genome methylation data need to be pre-processed in order to correct
for and account for a) within and between sample technical variation, b) the different design of type | and type I

probes, and c) batch effects.

It is known that non-biological factors can contribute to the variability of high throughput data, such as whole
genome methylation data. These non-biological factors can include variation in sample preparation, array

production, and array processing >*>

. However, in order to compare samples between arrays and delineate true
biological variation in contrast to technical variation, differences of non-biological origin should be minimised, and
most researchers agree that this is achieved through normalisation methods. The most widely used method of
normalisation, which was originally developed for expression microarray studies, is quantile normalisation (QN).
QN can be applied on signal intensities or on B-values and assumes that there is an underlying common
distribution of intensities/methylation across chips and makes the distribution of probe intensities/methylation

the same for every chip. The normalisation distribution is the distribution formed by averaging probe

intensities/methylation at each quantile across chips **.

In addition to random technical variation, differential design for type | and type Il probes on the Infinium
HumanMethylation 450 BeadChip calls for further correction. This is because Dedeuwaerder et al. ** show that
the two probe types give a different distribution of B-values, and that type Il probes give B-values that are less

accurate and less reproducible.
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Figure 17 — Peak-based correction method for improving Infinium Il (type 1) data which are less accurate and reproducible than Infinium
I (type I) data.

(A) Bar plots indicating the range of b-values generated for a given sample with the Infinium I and Infinium Il assays. (B) Density plots of
the b-values for the two Infinium assay types considered (blue: Infinium I; red: Infinium Il) for a given sample. (C) Box plots of
probe-wise variance between the three replicates of a given sample for the Infinium | and Infinium Il probes (outliers not drawn). On
the left part of the figure, b-values have undergone no correction (raw data); on the right part, they have been subjected to the

peak-based correction. Reproduced with permission from 386,

The divergent B value distributions preclude analysis of all probes together and indicate that these two types of
probes should be considered separately in any analyses. However, several methods have been proposed for
dealing with this probe design bias in order to enable analyses of the two probe designs together. The first
method proposed was Peak Based Correction (PBC)**. PBC rescales the distribution of methylation values from
type Il probes on the basis of the distribution of methylation values from type | probes using the peaks of the
bimodal distribution of methylation. This rescaling moves the methylation values corresponding to the

unmethylated state closer to zero and the values corresponding to the methylated state more towards 1 **.

PBC does not use B-values as methylation values but M-values. M-values are the log2 ratio of the intensities of

methylated probe versus unmethylated probe, and are calculated using the equation:

M =log, [(max (M,0)+ a)/(max (U,0) + a)]
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where M is the intensity of the methylated signal, U the intensity of the unmethylated signal at each probe and a

37 An M value close

an offset value (default a=1) to prevent small estimation errors translating into big changes
to 0 shows that the methylated and unmethylated intensities are similar, therefore the CpG site has a
methylation 50%. Positive M values show that more molecules are methylated than unmethylated (M>U), while
negative values mean that the unmethylated intensity is stronger than the methylated intensity (U>M). PBC and
other processing methods for the Infinium HumanMethylation 450 BeadChip make use of M-values instead of B-
values because a) B-values are severely compressed at the extremes when compared with M-values, therefore
the bimodal distribution is less obvious and b) B-values have significant heteroscedasticity at the extremes of the

methylation distribution, whereas M-values are approximately homoscedastic making them more appropriate for

the assumptions of the majority of statistical models used for microarray analysis **’.

However, PBC has been questioned for several reasons. The first is that it seeks to re-scale type Il probe
intensity/methylation distribution to match the distribution of type | probes. However, the different distributions
might not be a performance issue but instead a consequence of the fact that the two probe designs measure
different positions on the genome while making different assumptions. For example, type | probe design assumes
that all CpGs on the probe body have the same methylation as the target CpG, whereas type Il probe design
makes no assumption about the methylation of the CpGs on the probe body (uses degenerate R bases
corresponding to the C of each CpG). Also type Il probe bodies can contain up to 3 CpG sites (the majority less
than 3) whereas most type | probes contain 3 or more CpG sites. Lastly, due to their higher CpG content, type |
probes are more likely to map to CpG dense regions such as CpG islands (57%) in contrast to type Il probes only
21% of which are located in CpG islands. Given all these it is likely that the difference in methylation distributions

388

between type | and type Il probes is a true biological effect rather than a technical artefact **° and PBC results in

overcorrection or suppression of type Il probe methylation values possibly masking biologically significant

signals®®.

A second limitation of PBC is that it has been shown to break down when methylation does not exhibit a well-
defined bimodal distribution, because PBC uses the peaks of the bimodal distribution to re-scale type Il probe to
type | probe methylation distribution **. This is especially true when measuring the methylation of tumour tissues
since the aberrant methylation pattern observed in cancer will most likely violate both the expected bimodal
distribution and the assumption of type | probes, namely that CpGs on the probe body will have the same
methylation as the target CpG. If the latter assumption does not hold then the methylation of CpGs mapping to

390, Lastly, as

type | probes might be incorrectly assessed and normalization to type | probes will add further bias
PBC tries to force the type Il probe distribution on the type | probe distribution, it causes an “artificial expulsion”
of data from the intermediate methylation region to the extremes of the distribution — both the methylated and

the unmethylated extremes **°.

To satisfy the need for normalisation and to deal with the issue of differential probe design without the
limitations of PBC, Subset Quantile Normalisation (SQN) and Subset-quantile Within Array Normalisation (SWAN)

were proposed. Both methods are applied on signal intensities and then the normalised signal intensities are used
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to calculate B-values. Also both methods are within sample/array normalisation methods, meaning that each
sample is normalised independently. SQN uses type | probes as anchor probes and rank equivalence to normalise
type |l probes. First, type | and type Il probes are ranked separately, and the non-anchor probes at the qth
percentile are made to have the same value as the anchor probes at that same percentile. The normalisation is
performed separately for each probe category with respect to the “relation to CpGs” (S shore, S shelf, N shore, N
shelf and distant) and the “relation to gene sequence” (body, 5’UTR, 3'UTR, 1 exon, intergenic, multiple
annotations, TSS200, and TSS1500) to account for the difference in CpG content and mapping of the two probe
designs ***. Despite being a within sample normalisation method, SQN also corrects for between sample variation

(batch effects).

SWAN uses probes with a similar CpG content to define an average quantile distribution, as it assumes that
probes with the same CpG content will produce similar intensity distributions reflecting their similar methylation
due to their similar position in the genome. These probes can be a random sample of both type | and type Il
probes as long as the probe bodies contain the same number of CpG sites. Subsequent processing is performed
independently on both methylated and unmethylated channels. For each random sample of probes with n CpG
sites, type | and type Il probes are separately sorted by increasing signal intensity and the mean intensity of the
two probe types for each quantile is calculated. Then, the intensities of the remaining probes (type | and type Il
treated separately) are adjusted by interpolation of the distribution of the subset probes. This means that even

though subset distributions are identical, the intensity distributions of type | and type Il are not %,

More recently, another method to normalise type | and type Il probes has been developed that unlike PBC does
not depend on a bimodal distribution of methylation and unlike SQN and SWAN makes no assumptions about
methylation’s dependence on probe CpG density and genome position. Beta Mixture Quantile Normalisation
(BMIQ) adjusts the B-values of type Il probes into a statistical distribution similar to that of type | probe B-values,
by applying a beta mixture three-state methylation model. This model separates type | and type Il probes
independently into unmethylated (<20% methylation), hemi-methylated (20-80% methylation) and methylated
(>80% methylation) probes. For type Il probes within each group, the probability of belonging to that methylation
group is converted into quantiles using the inverse of the cumulative beta distribution, with beta parameters
estimated from the type | probes of the same methylation group **°. Thus type Il probes retain their proportions
of un/hemi/methylated probes after normalization. In this way, BMIQ manages to respect the biological
variability of type | and type Il probes, it reduces the bias that comes from matching the density distributions of
the two probe types at the unmethylated and methylated extremes, and it allows beta values of type Il probes to

retain their ranking **°.

2.2.3.1.3 Batch Effect Correction

Probably the last issue with Infinium HumanMethylation 450 BeadChip data that needs to be addressed before

processing is the issue of batch effects. Batch effects describe any form of intra-experiment variation, usually time
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and place-dependent, in experiments involving processing of several microarrays *2. Leek et al., *** demonstrate
that batch effects in array data such as the 450K ILLUMINA can be substantial and these effects are not always
removed by normalisation and can have severe consequences in the produced results. Uncorrected batch effects
can lead to increased variability and decreased power to detect real biological signals, or if the sources of
technical variation correlate with biological effects they can generate false positives. Thus it is important to look

for and correct for batch effects in whole genome methylation statistical analyses.

If variation is caused by known simple surrogates, such as chip, time, and date of processing, then these variables

33 However, when analyses do not involve statistical

can be entered in the statistical models as confounders
models, batch effects from known simple surrogates can be corrected for using ComBat, an empirical Bayes
method. ComBat utilises Location and Scale (L/S) adjustments. L/S adjustments were popular for adjustment of
batch effects even before ComBat and they assumed a model for the location (mean) and/or scale (variance) of
data (each probe separately) within batches and then each batch is adjusted to meet this model specifications ***.
In other words, the mean and/or variance of each probe are standardised across batches in order to model out
batch effects. In ComBat, model parameters that characterise the batch effects are estimated “by pooling
information across [probes] in each batch to shrink the batch effect parameter estimates towards the overall
mean of the batch effect estimates (across [probes]). These estimates are then used to adjust the data for batch

7394

effects””™". By pooling data across probes, ComBat does not require large sample sizes as it is robust to outliers
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If, however, the known surrogates are not enough to explain all technical variability and sources of batch effects
are unknown, methods such as Surrogate Variable Analysis (SVA) can be used. SVA estimates the sources of batch
variability directly from the data and generates surrogate variables that best capture batch effects using a Single
Value Decomposition (SVD) algorithm. The SVA surrogate variables, which are linearly uncorrelated, can then be
incorporated into statistical models as confounding variables 3**. A variation of SVA, Independent Surrogate
Variable Analysis (ISVA) has been also proposed which models the surrogate variable as statistically independent
and not just linearly uncorrelated, using Independent Component Analysis (ICA). ISVA has been shown to perform

396

better, especially in larger datasets . However, it is important to note that SVD and ISVA require many samples

per batch (>25) to be implemented successfully ***.

The choice of pre-processing steps has been one of the most challenging parts of this thesis, as a variety of
methods seems to perform equally well on this data and since the literature on which methods might be more
appropriate is growing exponentially. As a result, a publication that compared pre-processing methods in order to
derive the best performing combination of dye bias, normalisation and batch effect methods, was used to guide

this analysis.

Marabita et al. 3

performed an evaluation of analysis pipelines, specifically using the Illlumina
HumanMethylation450 BeadChip platform. The metrics assessed were a) reduction of technical variability during

normalisation using replicates, b) removal of probe design bias using degree of matching of methylation
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distributions between probe types as well as reduction in methylation variability between adjacent probes with
differential design, c) efficacy on removing batch effects using Principal Component Analysis (PCA) and clustering
techniques, and d) ability to detect differentially methylated sites. Six different combinations of pre-processing
steps were investigated. Overall, after probe and sample filtering, the most effective combination of

normalization methods was shown to be:

- Dye/Colour bias adjustment
- QN on signal intensities
- BMIQ normalization

- ComBat.

| 3. Given these results,

However, it was also shown that the same pipeline without QN performed equally wel
the same combination of pre-processing methods was decided to be used on the data, without QN on signal

intensities.

Dye bias correction was performed by the bioinformatician of the group, Gianluca Campanella, as previously
mentioned. BMIQ was performed on each sample in the dataset using the BMIQ command in the wateRmelon
package. Dye bias correction and BMIQ are within-sample normalization methods therefore they were applied to
the whole dataset. ComBat was performed next, using the combat command in package CH;, an R package
created by the bioinformatician of the group. The input was a matrix of dye bias adjusted and BMIQ normalized B-
values, but the command itself transforms B-values into M-values in order to correct for batch effects. The largest
variation in this dataset was observed across chips, therefore, for ComBat, each chip was considered as a
different batch. Since ComBat is a between array normalization method, it was performed first on the entire
dataset and then independently on a smaller subset of the dataset including only female subjects, the “females
only” dataset. This was because the entire dataset was used to investigate exposures common to males and

females whereas the smaller subset was used for the investigation of those exposures only relevant to women.
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2.2.3.1.4 Probe Exclusions

Lastly, for whole genome methylation and clustering analyses, several compromising probes had to be removed
because their design was imperfect and could have confounded methylation readings and hence analyses results.
To begin with, probes interrogating 50 bp regions containing Single Nucleotide Polymorphisms (SNPs) were
excluded from the analysis because SNPs in the probe body could affect hybridization and hence methylation
measurements. In addition, expanded biological annotation of the array revealed that 4.3% of the probes had a
CpG target site which was a documented SNP and 32.5% of these were not labelled as containing a SNP in the

398

array annotation files™. These probes allow sample genotype to confound the methylation measurement, hence

they were also excluded. Furthermore, 8.6% of probes mapped to multiple locations of the genome — between

two and five — as assessed in silico **

. The majority of these were intended to target autosomal loci but mapped
to sex chromosomes as well, whereas a small number were intended to bind to sex loci and also mapped to
autosomal chromosomes. Still a large percentage of these cross-hybridizing probes contained a sequence of base
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pairs that in its entirety matched and could bind to repetitive regions of the genome . Probes containing SNPs

in their body or target site as well as cross-hybridizing probes were identified and excluded from the analyses
based on the additional annotation files made public on NCBI Gene Expression Omnibus (GEO) by Price et al. **,

under the title “lllumina HumanMethylation450 BeadChip [UBC enhanced annotation v1.0]” Platfrom GPL16304.

The SNP containing probes were excluded mainly because of the observed increased variation in B-value between
individuals for probes with a SNP either in their probe body or on their target CpG compared to probes without
SNPs*®3%° Given the small per probe methylation differences observed between individuals the increased
variability of the SNP containing probes could identify these probes as most influential and they would heavily
influence clustering and other “probe-grouping” analyses. The same possibility stands for cross-hybridizing probes
since even if only a few probes displayed erroneous methylation readings because of cross-hybridization, this
would be enough to significantly bias clustering and other analyses involving grouping of probes. Furthermore,
probes matching to the sex chromosomes were excluded from whole genome and clustering analyses since they

would inevitably be differentially methylated between males and females and this could lead to gender bias.

Lastly, the importance of taking the type of different WBCs into account when analysing DNA methylation in

400401 However, WBC differentials were not

whole blood has been emphasized in a number of publications
available for the samples analysed here. In order to address this issue of tissue heterogeneity, 450K BeadChip
methylation data obtained from purified CD4 T-cells, CD8 T-cells, CD19 B-cells, monocytes, natural killer (NK)
cells, neutrophils, eosinophils and whole peripheral blood mononuclear cells (PBMCs) in an independent
investigation®® were used. The data was analysed by a colleague, Dr. James Flanagan, to identify probes whose
methylation differed significantly between each individual cell type and PBMC (linear regression using B values,
p<le-07 and delta-B >0.05). This identified n=11,196 unique probes, which were removed from the whole

genome methylation and clustering analyses, assuming that blood composition only marginally affected

methylation patterns at other sites (remaining probes).
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However, given the large number of probes that were removed based on the additional annotation, XY position,
and differential WBC methylation, in order to avoid blindly excluding a large portion of this dataset, all these
probes were retained in the locus by locus analyses and the significantly differentially methylated probes
between groups were checked to ensure that the variation was a true biological difference and not an artefact of
imperfect probe design, gender bias, or tissue heterogeneity. In addition, as a further safeguard, all locus by locus

analyses were also performed without these probes to ensure that the results did not differ.
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2.2.3.2 Whole Genome Methylation analysis

In order to replicate the results observed with LUMA, the median beta value across all probes was calculated per
individual to derive a measure of whole genome methylation per subject. Similarly, in order to determine which
probes contribute most to differential methylation between exposure groups, the median beta values across
probes in different Functional Genomic Distribution (FGD) and CpG island (CGI) and neighbourhood contexts,
were calculated per individual. More specifically the following FGD and CGI context categories were used to
calculate probe type specific median methylation values per subject: Promoter (including probes in regions
TSS200, TSS1500, 5’UTR, and 1% Exon), gene body, 3’UTR, intergenic, CPG Island, CGI shore, CGI shelf and other
(“open sea”) as described by Sandoval et al. “%. Lastly, probes that accidentally matched to repetitive elements
(and were excluded from the above-mentioned categories, as previously described) were separately grouped
together per individual to get a very rough and debatable estimate of repetitive element methylation per subject.
Linear regression was used to examine whether whole genome methylation and methylation at each of these
probe category specific groups was significantly different between subjects in different exposure categories. The
variables examined for each exposure of interest are presented in Table 7 and the confounding variables entered
into each regression model are the same as those used for the locus by locus analyses (Table 8). For each variable
examined, tests were carried out twice — once on all subjects (Npoth sexes=667 aNd Nsemates only=485) and once on only
those subjects that remained healthy for at least five years following blood collection (Nyeth sexes=504 and Neemates

only=357)-

Table 7 — Variables examined for each exposure of interest

Exposure of Interest Subjects Variables Variable Categories

Adult SES ALL (n=670) | Education 4 categories University
Secondary School
Technical / Professional School

Primary School or no education

Education 2 categories

College

Lower than College

House Density

<1 room/person

>rooms / person

Household's highest
occupational position

High (white collar occupation)

Middle (retailers, craftsmen)

Low (blue collar workers and farmers)

Childhood SES ALL (n=670) | Father's occupational position Manual
Non-manual
Birth during WWII No (<1939 and >1944)
Yes (1939 — 1944)
When household first had fridge | <1954
1955-1964
>1964
Nutrition ALL (n=670) | ltalian Mediterranean Diet Index | Score categories:

0-3 = Low adherence
4-6 = Moderate adherence
7-10 = High adherence

Total Caloric Intake

Intake in quartiles:
Q1 =<1713.7/day
Q2 =>1713.7 - £2104.2/day
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Q3 =>2104.2 - <2539.7/day
Q4 =>2539.7/day

Alcohol intake Intake in quartiles:

Q1 =<0.30g/day

Q2 =>0.30 - <5.65g/day
Q3 = >5.65 - <22.7g/day
Q4 =>22.7g/day

Folate intake Intake in quartiles:

Q1 =<216.3 pg/day

Q2 =>216.3 - <268.5 pg/day
Q3 =>268.5 - <325.4 ug/day
Q4 =>325.4 ug/day

Methyl Intake Score Score categories:

0: no

1-2: low

3-4: moderate

5-6: high methyl intake.

Overweight / Obesity ALL (n=670) | BMI Categories:
<25 kg/m’
25-30 kg/m’
>30 kg/m2

Height ALL (n=670) | Height Height Quartiles:

Q1 =<156cm

Q2 =>151-<161cm
Q3 =>161-<167.5cm

Q4 =>167.5cm
Cumulative oestrogen exposure | Women Age at menarche Categories:

only <11 years
(n=488) 12-14 years

215 years
Women Menopausal Status Categories:
only Pre-menopausal
(n=488) Post-menopausal
Post- Age at menopause Categories:
menopausal <50 years
women >50 years
(n=307)
Women Estimated Lifetime oEstrogen ELEE Quartiles:
only Exposure (ELEE) Q1 =<32 years
(n=488) Q2 =>32 - <36 years

Q3 =>36 - <39 years
Q4 =>39 years
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2.2.3.3 Genome wide locus by locus Methylation analysis

Locus by locus analysis of methylation was performed using a linear regression model. In order to satisfy the
normality assumptions of a linear regression model, beta methylation values were converted to M-values as
described above and entered into the model as a continuous outcome. Each exposure of interest was
investigated using the variables in Table 8 as categorical and/or continuous. All models were adjusted for age at
blood collection, case-control status and position on the chip which in this dataset was shown to confer a bias on
the methylation measurement. Additional confounders such as gender, smoking status, BMI, total caloric intake
and folate and alcohol intakes were entered into the models where relevant as shown in Table 8. All confounders
were entered into the models as continuous variables with the exception of chip position and smoking status.
Analyses were performed first on all relevant subjects (Npoth sexes=667 and Ngemates ony=485) and then repeated only
on the subjects that remained healthy for at least five years following recruitment (Npoth sexes=504 and Neemales
ony=357). For the reproductive variables, all of which have been consistently shown to be strongly associated with
breast cancer, analyses were also performed on only the female subjects who remained free of cancer for the

entire length of follow-up which was several years (Nfemate controls only=243).

Q-values, measuring the maximum False Discovery Rate (FDR) from the Benjamini and Hochberg method were
derived for each probe analysis, and overall Type | error was controlled for by conservatively applying Bonferroni
multiple testing correction. The per-test significance Bonferroni corrected threshold was set to 1.00x10” with a
corresponding FDR cut off of 0.05. For each probe investigated, given the available sample size, a significance
level of 0.05 and a power of 80%, only methylation differences >28% between exposure groups can be considered

with confidence.

Even though a candidate gene approach would minimize the problem of multiple testing, given the limited
available knowledge about the effects of such exposures on the epigenome and the lack of knowledge regarding
locations of exposure relevant variation*®, it was decided to maintain a genome wide rather than a gene-specific

approach in this exploratory investigation.

Table 8 — Variables examined and confounders adjusted for in linear regression models with methylation as continuous outcome

Exposure of Variables Variable Categories Confounders adjusted for in
Interest addition to age at blood
collection, case-control status,
and position on the chip

Adult SES

Education 4 categories

University

Secondary School

Technical / Professional School

Primary School or no education

Gender, smoking status, BMI,
and daily alcohol and folate
intakes

Education 2 categories

College

Lower than College

Gender, smoking status, BMI,
and daily alcohol and folate
intakes

House Density

<1 room/person

> rooms / person

Household's highest

High (white collar occupation)

Gender, smoking Status, BMI,
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occupational position

Middle (retailers, craftsmen)

Low (blue collar workers and farmers)

and daily alcohol and folate
intakes

Childhood SES Father's occupational position | Manual Gender
Non-manual
Birth during WWII No (<1939 and >1944) Gender
Yes (1939 - 1944)
When household first had <1954 Gender
fridge 1955-1964
>1964
Nutrition Italian Mediterranean Diet Score - Continuous Gender, education, total caloric
Index Score categories: energy intake, BMI, and
0-3 = Low adherence physical activity
4-6 = Moderate adherence
7-10 = High adherence
Total Caloric Intake Intake in quartiles: Gender, education, BMI,
Ql = /day physical activity, folate and
Q2 = /day alcohol intakes
Q3 = /day
Q4 = /day
Alcohol intake Intake in quartiles: Gender, education, total caloric
Q1 =<0.30 g/day energy intake, folate intake,
Q2 =>0.30 - £5.65g/day BMI, and physical activity
Q3 =>5.65 - £22.7g/day
Q4 =>22.7g/day
Folate intake Intake in quartiles: Gender, education, total caloric
Q1 =<216.3 pg/day energy intake, alcohol intake,
Q2 =>216.3 - €268.5 pg/day BMI, and physical activity
Q3 =>268.5 - £325.4 pg/day
Q4 =>325.4 pug/day
Methyl Intake Score Score categories: Gender, education, total caloric
0: no energy intake, BMI, and
1-2: low physical activity
3-4: moderate
5-6: high methyl intake
Overweight / BMI Continuous Gender, total caloric energy
Obesity Categories: intake, percent energy intake
<25 kg/m2 from fat and sex adjusted total
25-30 kg/m’ physical activity
>30 kg/m2
Height Height Height Quartiles: Gender, total caloric energy
Ql =<156cm intake
Q2=>151-<161cm
Q3 =>161-<167.5cm
Q4 =>167.5cm
Cumulative Age at menarche Continuous BMI
oestrogen Categories:
exposure <11 years
12-14 years
>15 years
Menopausal Status Categories:

Pre-menopausal
Post-menopausal

Age at menopause Continuous
Categories:
<50 years
>50 years

Estimated Lifetime Continuous

oEestrogen Exposure (ELEE)

ELEE Quartiles:
Q1 = <32 years
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Q2 =>32 - <36 years
Q3 =>36 - <39 years
Q4 = >39 years
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2.2.3.4 C(Clustering

Clustering was also performed to further investigate whether exposure variables have a widespread influence on
methylation patterns and not just single loci. The goal of clustering was to assign subjects to classes/groups on
the basis of methylation measurements so that subjects in a group/class have a similar methylation pattern with
respect to the probes used for clustering. Then, whether the clusters formed were related to the exposure of

interest was examined.

For each dataset — all subjects and “females only” — the 1000 most variable probes were used to cluster subjects
based on their methylation profile. Variability was assessed by calculating the standard deviation for each probe.
For clustering, the 1000 most variable probes were identified after exclusion of SNP containing probes, probes
with compromised design, and XY probes, since these probes would inevitably be amongst the most variable and

would bias clustering.

Initially, for each examined exposure unsupervised hierarchical clustering (HC) of subjects was performed based
on methylation of the most variable probes using Euclidean distance and average linkage for the separation of
clusters. Hierarchical clustering “builds clusters by repeatedly joining and merging those objects separated by the
shortest distance. After the two closest objects are merged, the distance matrix is updated and the process is

repeated to merge all objects” **

. HC results are displayed in a dendrogram where distance on the y-axis
represents distance between clusters and observations. In contrast to partitioning cluster methods, in HC there is
no need to define a-priori the number of clusters to be produced. However, in order to carry out clustering,
distance and linkage need to be defined. Distance is a metric of the degree of similarity or dissimilarity between
subjects within a cluster. Linkage defines the between-cluster dissimilarity and it is used when deciding the
distance between groups of observations i.e. from which point in a cluster to measure the inter-cluster difference
% Euclidean distance is the most commonly used distance and creates sphere shaped clusters. Average linkage
uses the mean distance between subjects in different clusters. Hierarchical clustering of subjects based on
methylation of the most variable probes was visually displayed in heatmaps created using the package ggplots2 in
R. Using the heatmaps, whether different exposure groups differed in their methylation profile was visually

examined.

Despite HC based on Euclidean distance with average linkage being the most popular clustering method, the
results of a recent comparison of HC and partitioning clustering methods by Clifford et al. on simulated data led

us to also investigate other clustering methods ***

. The analysis determined that in large datasets where a large
proportion of probes used are not differentially methylated between groups — conditions that are true in this case
— the best metric to separate clusters seems to be Manhattan distance with a k-means method ***. K-means is
not a hierarchical but a partitioning clustering method that re-allocates observations to clusters so that each
observation is added to the cluster with the nearest mean. Manhattan distance creates clusters with diamond

shapes and has been shown to be more robust to outliers ***.
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In order to investigate this method of clustering, Consensus Clustering (CC) was performed using the package
concensusClusterPlus in R. Consensus clustering is also an unsupervised class discovery tool, and its aim is to
detect classes of items similar with respect to particular intrinsic features *®, in this case DNA methylation. CC
runs a clustering algorithm multiple times and provides evidence which allows the user to determine the most
robust number of clusters (k) and to assess the stability of the clusters formed. The multiple runs can also have
different random starting points since the basic assumption is that different samples drown from the same sub-

population, should induce a similar cluster arrangement®.

The algorithm used by CC can be specified by the user depending on the needs of each analysis. In this

investigation, based on the results of Clifford et al.,**

a k-means algorithm was used with Manhattan as the
distance metric. The maximum number of clusters was specified as 10 and the clustering algorithm was re-run on
100 different, randomly selected subsets, each consisting of 80% of the samples in a dataset. The advantage of CC
was that in contrast to other partitioning clustering methods, the number of clusters did not need to be pre-
specified. Instead, results of clustering of multiple sub-samples, for each different number of resulting clusters (k),
were graphically visualized, enabling decisions to be made concerning the most appropriate cluster number and

405

cluster membership . As a general rule, more confidence was placed on cluster structures that were robust to

sampling variability **°.

In order to determine robustness of clustering results, the proportion of clustering runs in which two observations
were grouped together, termed as pairwise consensus values, were stored in a consensus matrix and imaged as
heatmaps. One heat map was produced for each resulting number of clusters, for example 1 heatmap for k=2,
another for k=3, another for k=4 and so forth until k=10. These heat maps were used to determine the stability of
clustering for each k, by identifying the cleanest cluster partition where there is almost complete concordance
between sub-sample clustering runs— meaning that subjects are either always clustered together (dark blue
colour) or are always not clustered together (white colour). In addition, empirical cumulative distribution function
(CDF) plots for each k, estimated from histograms of 100 bins, were used to determine at which k the distribution
approaches maximum, which indicates maximum stability *“*. The membership of each subject in the final
consensus clusters for each k was determined using agglomerative hierarchical consensus clustering using a
distance of 1-pairwise consensus values*®. As an example, for a given k, if the proportion of times two subjects
were grouped in the same cluster was high, then they would have a high pairwise consensus value, so that in

clustering using a distance of 1-pairwise consensus values they would be close together in the same cluster.

Once the most robust number of clusters based on the 1000 most variable probes was determined, the
association between cluster membership and the exposure variables of interest was investigated using chi-square

tests.

108



2.2.3.5 Principal Component Analysis

In order to characterize the main features distinguishing participants included in this study and to determine
which features explain most of the methylation variance in our data, principal component analysis (PCA) was
performed on the samples. The input for the PCA was a matrix with the samples/subjects as columns and the
methylation across all 444,278 probes as rows. Principal Component Analysis was performed once on the entire
dataset including all subjects (n=667) and the resulting principal components (PCs) were regressed against
variables relevant to both genders, namely education (in 4 and 2 categories), household density, highest
combined household occupational position, father’s occupation, date at which house first had a fridge, birth
during the war, IMI score, caloric intake, alcohol intake, folate intake, dietary methyl intake, height, and BMI. The
association of these components with chip, age, gender and case-control status was also investigated. PCA was
then also run on the “females-only” dataset (n=485), and the resulting PCs were regressed against age at
menarche, menopausal status, age at menopause, ELEE, chip, age, and case-control status. All categorical
exposure variables were treated as continuous in the regression models, attempting to examine the effect of

change in exposure category on the PC.

The first PC obtained from PCA on all subjects explained 99.06% of the variance in methylation, while the first
component from PCA on the female subjects explained 99.16% of the variance in methylation. This suggests that
heterogeneity in the study population can be accurately summarized using a single axis. However, for the sake of
completeness the two subsequent principal components were alse described and regressed against the exposures

of interest.
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2.2.3.6 Single Enrichment Analysis

For those exposures suspected to have a widespread influence on methylation, Single Enrichment Analysis (SEA)
was performed on probes which were found to be differentially expressed between exposure categories, at the
1.0x10” significance cut off point. Single Enrichment Analysis was performed to identify whether there was an
over-representation of genes with specific functional annotations in the selected gene lists. SEA was performed

using the DAVID software as described in the associated protocols ****%

. According to the recommendations in
the protocols, only exposures with at least 100 differentially methylated probes at the pre-set threshold were
examined. However, given the relaxed threshold used (1.0x10” vs. 1.0x10”) SEA was performed as an exploratory

tool rather than a discovery tool.

Gene functional classification, as well as functional annotation clustering, were performed using the highest
stringency for the fuzzy algorithms and only clusters with an enrichment score >1.3 were deemed as significant.
For functional annotation, biological terms were considered only if their P-value was below the Benjamini

threshold of 0.05.
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3 Results

3.1 Global Methylation (LUMA)

Demographic, anthropometric, lifestyle, and reproductive characteristics for subjects with LUMA global
methylation measurements are presented in Table 9. The median genome-wide methylation in these subjects
was 71.7% and the standard deviation was 5.7%. Of all the anthropometric measures and lifestyle variables
examined, only age at menarche was found to significantly differ across quartiles of percent global methylation.
Higher genome wide methylation was associated with a younger age at menarche (Kruskal-Wallis P-value=0.002),
and this association was significant even after Bonferroni correction for multiple testing (Table 9). Age at blood
collection, height, weight, BMI, physical activity, smoking status, daily alcohol, folate consumption,
Mediterranean diet adherence score, age at FFTP, menopausal status, age at menopause, ELEE, parity,
breastfeeding, oral contraceptive (OC) use, hormone replacement therapy (HRT) use and highest level of

education achieved did not significantly differ between subjects in methylation quartiles (Table 10).

Table 9 — Demographic, anthropometric, lifestyle, and reproductive characteristics for subjects with LUMA measurements

Covariate No. Subjects with
available
information

Age Range 33.4-75.6

Median 52.7
Mean (sd) 52.9 (9.4) 376
Birth during the WWII:
- No n (%) 324 (86.2)
- Yes n (%) 52(13.8) 376
Highest Educational Level
- None n (%) 29 (8.0)
- Primary n (%) 157 (43.1)
- Technical/Professional n (%)
school 62 (17.0)
- Secondary n (%) 67 (18.4)
- University n (%) 49 (13.5) 364
Height Range 136.8-185
Median 160
Mean (sd) 160.1 (6.7) 376
Weight Range 39.6-110.2
Median 64.5
Mean (sd) 66.2 (11.2) 376
BMI*
- <25kg/m’ n (%) 182 (48.4)
- 25-30 kg/m’ n (%) 141 (37.5)
- 230kg/m’ n (%) 53 (14.1) 376

Waist-to-hip ratio Range 0.65-0.99

Median 0.79

Mean (sd) 0.79 (0.06) 376
Waist Circumference Range 61-120.5

Median 80
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Mean (sd) 81.2 (10.8) 376
Physical Activity
- Inactive n (%) 34 (9.0)
- Moderately Inactive n (%) 85 (22.6)
- Moderately Active n (%) 210 (55.9)
- Active n (%) 45 (12.0)
- Missing n (%) 2 (0.5) 376
Smoking Status
- Current Smoker n (%) 79 (21.1)
- Former Smoker n (%) 65 (17.4)
- Never n (%) 230 (61.5) 376
Daily energy intake (calories/day) Range 950.4 -4112.3
Median 1876.7
Mean (sd) 1947.1 (537.0) 376
Daily alcohol consumption (g/day) Range 0-51.2
Median 3.5
Mean (sd) 6.5 (8.4) 362
Daily folate consumption (ug/day) Range 90.4-1113.0
Median 268.5
Mean (sd) 291.5 (107.9) 376
Mediterranean Adherence Score Range 0-9
Median 4
Mean (sd) 4.2 (1.8) 376
Methyl Intake Score Range 0-6
Median 3
Mean (sd) 3.0(1.8) 376
Age at Menarche
- S11yrs n (%) 72 (19.4)
- 12-14yrs n (%) 242 (65.2)
- 215yrs n (%) 57 (15.4) 371
Age at FFTP*
- <25yrs n (%) 147 (45.6)
- 25-30yrs n (%) 131 (40.7)
- 230yrs n (%) 44 (13.7) 322
Parous
- No n (%) 45 (12.0)
- Yes n (%) 330 (88.0) 375
Breastfeeding
- No n(%) 109 (30.0)
- Yes n(%) 255 (70.0) 364
Menopausal Status
- Premenopausal n (%) 175 (46.5)
- Postmenopausal n (%) 201 (53.5) 376
Age at menopause
- <50vyears n (%) 123 (63.7)
- >50vyears n (%) 70 (36.3) 193
ELEE Range 16 -49
Median 34
Mean (sd) 33.8 (5.1) 365
HRT" use
- Ever n (%) 29 (7.8)
- Never n (%) 343 (92.2) 372
OC" use
- Ever n (%) 176 (46.9)
- Never n (%) 199 (53.1) 375

112




+ BMI: Body Mass Index, FFTP: First Full Term Pregnancy, HRT: Hormone Replacement Therapy, OC: Oral Contraceptive

Table 10 — Anthropometric and lifestyle variables in healthy subjects with respect to LUMA methylation quartiles

Variable Methylation Quartile: Cut-offs
1: 2: 3: 4:
Units 23.0-68.4 % 68.5-71.7 % 71.8-74.0 % 74.1-80.0 % P-value®
(n=103) (n=91) (n=93) (n=89)
Age at blood collection Mean + SD 52.9+8.5 52.2+£85 53.1+£10.0 53.6 +10.7 0.863
Birth during WWII* N, (%)

- No 85 (82.5) 76 (83.5) 84 (90.3) 79 (88.8)

- Yes 18 (17.5) 15 (16.5) 9(9.7) 10 (11.2) 0.316
Height Mean = SD 159.0+6.1 160.7+t6.4 160.8 £ 6.7 160.0+7.5 0.424
Weight Mean = SD 66.0+£12.3 66.5+10.5 64.8+11.3 67.7+10.4 0.316
BMI * Mean = SD 26.2+5.1 25.8+t4.1 25.1t4.4 265t4.4 0.112
Waist-to-hip ratio Mean + SD 0.80 £ 0.06 0.78 £0.06 0.79 £0.06 0.80 £ 0.06 0.514
Waist circumference Mean + SD 81.7+115 80.3 +10.6 79.9 £10.6 82.8+10.2 0.439
Physical Activity N, (%)

- Inactive 4(3.9) 9(9.9) 11(11.8) 10 (11.2)

- Moderately Inactive 29 (28.2) 22 (24.2) 16 (17.2) 18 (20.3)

- Moderately Active 60 (58.3) 45 (49.4) 54 (58.1) 51(57.3)

- Active 9(8.7) 15 (16.5) 11 (11.8) 10 (11.2)

- Missing 1(0.9) 0(0.0) 1(1.1) 0(0.0) 0.404
Smoking Status N, (%)

- Never 58 (56.3) 59 (64.8) 49 (52.7) 47 (52.9)

- Former 23(22.3) 12 (13.2) 20(21.5) 22 (24.7)

- Smoker 22 (21.4) 20 (22.0) 23(24.7) 19 (21.3)

- Unknown 0(0.0) 0(0.0) 1(1.1) 1(1.1) 0.596
Daily energy intake
(calories/day) Mean + SD 1985.2 (588.6) 1990.6 (535.7) 1929.6 (534.0) 1876.7 (476.2) 0.545
Alcohol consumption -
lifetime average (g/day) Mean + SD 7.0%8.6 6.9+9.7 5.416.4 6.7 8.6 0.822
Dietary folate intake (g/day) | Mean+SD 294.6+121.9 276.9 +96.7 293.1+104.2 301.0 + 105.3 0.386
Mediterranean Adherence
Score Mean # SD 4.07 (1.8) 4.35 (1.7) 4.30 (2.0) 3.96 (1.9) 0.406
Methyl Intake Score Mean + SD 3.0(1.9) 2.8(1.9) 3.0(1.8) 3.2(1.7) 0.513
Age at menarche Mean = SD 13.2+1.7 13.3+1.7 125+14 12.8+1.7 0.002*
Age at FFTP* Mean + SD 253+35 26.2+3.9 24.8+4.0 25.0+3.7 0.132
Menopausal Status

- Pre N, (%) 42 (40.8) 47 (51.6) 46 (49.5) 40 (44.9)

- Post 60 (58.3) 43 (47.3) 45 (48.4) 49 (55.1)

- Surgical Post 1(0.9) 1(1.1) 2(2.1) 0(0.0) 0.545
Age at Menopause Mean + SD 48.8 (4.6) 49.2 (4.3) 48.8 (5.1) 47.6 (5.7) 0.672
ELEE Mean + SD 33.9(4.6) 33.8 (4.6) 34.2(5.3) 33(5.9) 0.760
Parous N, (%)

- No 12 (11.7) 7(7.7) 13 (14.0) 19 (21.3)

- Yes 90 (87.4) 84 (92.3) 79 (84.9) 70 (78.7)

- Unknown 1(0.9) 0(0.0) 1(1.1) 0(0.0) 0.075
Breastfeeding N, (%)

- No 30(29.1) 19 (20.9) 26 (28.0) 34 (38.2)

- Yes 70 (68.0) 70 (76.9) 62 (66.7) 53 (59.6)

- Unknown 3(2.9) 2(2.2) 5(5.3) 2(2.2) 0.086
oC* use N, (%)

- No 50 (48.5) 53 (58.2) 47 (50.5) 49 (55.1)

- Yes 53 (51.5) 38 (41.8) 46 (49.5) 39 (43.8)

- Unknown 0(0.0) 0(0.0) 0(0.0) 1(1.1) 0.512
HRT" use N, (%)

- No 93 (90.3) 84 (92.3) 81 (87.1) 85 (95.5)

- Yes 3(2.9) 6 (6.6) 10 (10.7) 4 (4.5)

- Unknown 7 (6.8) 1(1.1) 2(2.2) 0(0.0) 0.399
Highest Education N, (%)

- None 10 (9.6) 6 (6.6) 7(7.4) 6(6.8)

- Primary 45 (43.7) 41 (45.1) 36 (38.7) 35(39.3)

- Technical/
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Professional 15 (14.6) 9(9.9) 18 (19.4) 20 (22.5)
- Secondary 12 (11.7) 21(23.1) 17 (18.3) 17 (19.1)
- University 12 (11.7) 13 (14.3) 14 (15.1) 10(11.2)
- Unspecified 9(8.7) 1(1.0) 1(1.1) 1(1.1) 0.264

® For continuous variables, P-value was derived from Kruskal-Wallis test. For categorical variables, P-value was derived from a chi square

test, with the exclusion of “Unknown” categories due to their small cell counts. Both reflect the association between quartiles of

methylation and the investigated variables.

*Significant at the Bonferroni-corrected significance cut off (P=0.003) for multiple comparisons

* WWII: World War I, BMI: Body Mass Index, FFTP: First Full Term Pregnancy, HRT: Hormone Replacement Therapy, OC: Oral Contraceptive
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3.1.1.1 Socioeconomic Status
Highest level of education attained was not associated with global DNA methylation, despite adjustment for other
relevant confounders such as centre, plate, case/control status, age at blood collection, smoking status, BMI, and

folate and alcohol daily intakes (Table 11).

Table 11 — Association of highest level of education attained and birth during WWII with above/below median global methylation in a

logistic regression model

N (%) Mean Odds Ratio | 95% Confidence
Methylation (SD) | (OR)" Interval

Highest Level of Education Attained

None 29 (8.0) 69.9(4.9) 1.00

Primary School 157 (43.1) | 70.1(6.7) 1.04 0.45-2.38
Technical / Professional school | 62 (17.0) 71.9 (4.4) 0.58 0.22-1.50
Secondary school 67 (18.4) 71.7 (3.7) 0.80 0.32-2.03
University 49(13.5) | 70.3(6.3) 0.92 0.34-2.47

Birth during World War Il

No 324 (86.2) | 70.7 (5.8) 1.00

Yes 52 (13.8) 70.0 (5.2) 1.81 0.99-3.94

" OR in a logistic regression model with above and below median methylation as the outcome, adjusting for centre, plate, case/control

status, age at blood collection, smoking status, BMI, and folate and alcohol intakes.

Dividing subjects in two educational groups, those with and those without university education did not evidence
significant results (ORuniversity vs. no university education: 1.29, 95%Cl: 0.69-2.40). Similarly comparing those with any
education against those with no education did not produce any association with global methylation (OR,ny egucation

vs. no education: 0.96, 95%Cl: 0.43-2.17).

Despite the non-significant results on adult SES, birth during the war was borderline significantly associated with
global hypomethylation (OR: 1.81 95%Cl: 0.99 — 3.94, P=0.059) when adjusting for centre, plate, case/control
status, age at blood collection, smoking status as well as BMI. It is important to note here that only a small
number of subjects were born during WWII and the power of the analysis might not have been sufficient to

produce a significant association.
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3.1.1.2 Nutrition

Examination of the distribution of each food group (Table 12) and food nutrient (Table 13) between hypo- and
hyper- methylated subjects indicated that intakes of single food groups or nutrients did not significantly differ
between methylation groups, before adjusting for confounders.

Table 12 — Median and inter quartile range of daily intakes of specific food groups by percent global methylation group. P-values for

Mann-Whitney Test.

Percent Global Methylation Mann-
Food Group (g/day) Whitney
Below Median (N=194) Above Median (N=182) P-value
Intake Intake
Median (IQR) Median (IQR)
Potatoes 55.72 (72.45) 55.84 (67.46) 0.843
Vegetables 161.32 (116.70) 166.32 (145.53) 0.476
Legumes 10.80 (16.08) 10.00 (19.33) 0.893
Fruit 275.66 (211.61) 252.85 (250.83) 0.628
Dairy 286.26 (217.81) 301.21 (295.30) 0.867
Cereal 172.84 (113.99) 163.80(128.47) 0.442
Meat & Meat Products 90.07 (61.13) 89.25 (54.69) 0.749
Fish 22.46 (31.21) 22.05 (32.11) 0.160
Sugar & Sweets 32.86 (36.64) 30.35(30.68) 0.189
Olive Oil 9.05 (23.02) 3.86 (20.44) 0.115
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Table 13 — Median and inter quartile range of daily intakes of specific nutrients and energy by percent global methylation group. P-

values for Mann-Whitney Test.

Percent Global Methylation Mann-
Food Group (g/day) Whitney

Below Median (N=194) Above Median (N=182) P-value

Intake Intake

Median (IQR) Median (IQR)
Proteins (g) 82.98 (28.19) 81.41(29.12) 0.336
Carbohydrates (g) 210.76 (80.15) 203.36 (75.78) 0.412
Fat (g) 73.60 (31.54) 71.22 (31.57) 0.312
Alcohol (g) 3.19 (11.77) 1.99 (10.59) 0.419
Cholesterol (g) 292.75 (164.60) 273.35(172.45) 0.180
Fibre (g) 21.11(9.22) 20.83 (8.88) 0.952
Vitamin C (mg) 124.37 (84.29) 123.62 (84.53) 0.823
Beta-carotene (pg) 2506.05 (1772.33) 2495.84 (2060.64) 0.978
Vitamin E (mg) 10.67 (5.91) 10.90 (6.97) 0.305
Potassium (mg) 3348.27 (1172.05) 3416.46 (1139.36) 0.372
Calcium (mg) 957.53 (481.17) 953.45 (440.15) 0.563
Phosphorus (mg) 1353.79 (552.42) 1389.17 (505.49) 0.916
Iron (mg) 11.57 (4.50) 12.09 (4.49) 0.851
Magnesium (mg) 291.90 (102.04) 301.24 (94.87) 0.468
Sugar (g) 98.10 (51.19) 94.97 (51.42) 0.414
Retinol (pg) 486.72 (559.28) 478.78 (562.12) 0.841
Riboflavin (mg) 1.55 (0.60) 1.58 (0.79) 0.341
Thiamin (mg) 1.05 (0.48) 1.06 (0.54) 0.456
Cobalamin (pug) 5.28 (3.49) 5.30(3.79) 0.888
Vitamin B6 (mg) 1.60 (0.61) 1.61 (0.70) 0.343
Vitamin D (ug) 2.81(1.80) 2.90(2.10) 0.529
Folate (pg) 266.83 (104.86) 271.40 (119.96) 0.281
Energy (kcal) 1890.53 (635.34) 1864.79 (632.96) 0.228

Similar to the non-parametric tests above, when analysed in a logistic model adjusting for relevant confounders,
daily intakes of alcohol were not significantly associated with global DNA methylation (ORqa vs. q1: 1.05, 95%Cl:
0.57 — 1.92) (Table 14). Inclusion of an interaction term between folate and alcohol in the model did not yield any

significant results.

However, contrary to the non-parametric tests above that do not account for confounding, in a logistic regression
model adjusting for relevant confounders, highest folate intake was significantly associated with lower probability
of hypomethylation (as defined in this thesis) when compared to lowest folate intake (ORg4 s, o1t 0.37, 95%Cl: 0.18
— 0.76) (Table 14). Inclusion of an interaction term between folate and alcohol in the model did not alter the

results.
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Lastly, highest daily caloric intake significantly increased risk of hypomethylation (ORg4 vs. q1: 2.50, 95%Cl: 1.20 —
5.18) in a logistic regression model adjusting for centre, plate, case/control status, age at blood collection,

smoking status, BMI, physical activity, education, and folate and alcohol intakes (Table 14).

Table 14 - Associations between alcohol, folate and energy daily intakes with percent global methylation in a logistic regression model

adjusting for relevant confounders

Daily Intake N (%) Mean Odds Ratio | 95% Confidence
Methylation (SD) (OR)" Interval

Alcohol

Ql = <0.24 g/day 91 (24.2) 70.8 (6.3) 1.00

Q2 = >0.24 - <2.69 g/day 98 (26.1) 70.9 (5.7) 0.72 0.39-1.32

Q3 = >2.69- <11.18 g/day 87(23.1) 69.9 (6.3) 1.15 0.62-2.13

Q4 =>11.18 g/day 100 (26.6) 70.8 (4.7) 1.05 0.57-1.92

Folate

Q1 = £225.4 ug/day 99 (26.3) 70.2 (5.4) 1.00

Q2 = >225.4 - <268.5 pg/day 89 (23.7) 71.5 (4.0) 0.57 0.31-1.06

Q3 = >268.5 - <335.8 ug/day 96 (25.5) 69.9 (7.1) 0.76 0.40-1.44

Q4 = >335.8 pg/day 92 (24.5) 70.9 (5.9) 0.37 0.18-0.76

Calories

Q1 = <1582.529 /day 94 (25.0) 71.2 (5.0) 1.00

Q2 =>1582.529 - <1876.68 /day 94 (25.0) 70.2 (5.3) 1.73 0.93-3.20

Q3 =>1876.68 - <2215.177 /day 94 (25.0) 70.9 (5.1) 1.64 0.85-3.14

Q4 = >2215.177 /day 94 (25.0) 70.0 (6.4) 2.50 1.20-5.18

" OR in a logistic regression model with above and below median methylation as the outcome, adjusting for centre, plate, case/control
status, age at blood collection, smoking status, BMI, physical activity, total caloric intake and education. For Caloric intake, OR was adjusted
for centre, plate, case/control status, age at blood collection, smoking status, BMI, physical activity, education, and folate and alcohol

intakes.

Given that no food group was differentially consumed between the two methylation groups, it was not surprising
that adherence to the Mediterranean diet, measured with a score based on food group intakes, was also not
associated with percent global methylation whether treated as a continuous (OR it increase in score: 0-98, 95%Cl: 0.86

—1.13) or as a categorical variable (ORcore7-9 vs. scoreo-3: 0.75, 95%Cl: 0.33 — 1.73) (Table 15).

Table 15 — Association between adherence to the Mediterranean diet and above/below median global methylation in a logistic

regression model

Adherence to Mediterranean N (%) Mean Odds Ratio 95% Confidence
Diet - Score Methylation (SD) (OR) ™ Interval
Score — Continuous 0.98 0.86—-1.13
Score — Categorical

0-3 139 (37.0) 70.3 (6.6) 1.00

4-6 202 (53.7) 70.8 (5.2) 0.80 0.49-1.31
7-9 35(9.3) 70.7 (5.2) 0.75 0.33-1.73

" OR in a logistic regression model with above and below median methylation as the outcome, adjusting for centre, plate, case/control

status, age at blood collection, smoking status, BMI, total caloric intake, physical activity and education.

In contrast to the Mediterranean diet score, the dietary methyl intake score did evidence a significant association
with percent global methylation (Table 16). When compared to a score of 0, any non-zero value of the methyl

intake score was associated with decreased likelihood of hypomethylation. This association remained even after

118



adjustment for relevant confounders such as centre, plate number, age at blood collection, smoking status, BMI,
total caloric intake, physical activity and education. It is important to note here the small number of subjects in
the reference category (score=0) and the fact that these subjects - with below median intakes of folate and
vitamins B1, B2, B6 and B12 in combination with above median consumption of alcohol - are most likely severely

deprived of methyl groups.

Table 16 — Association between dietary methyl intake and above/below median global methylation in a logistic regression model

Dietary Methyl Intake - Score N (%) Mean Odds Ratio 95% Confidence
Methylation (SD) (OR)* Interval
Score — Continuous 0.86 0.84-0.99

Score — Categorical

0 28 (7.4) 67.6 (6.0) 1.00

1-2 130 (34.6) 71.2 (4.6) 0.16 0.05-0.46
3-4 119 (31.7) 71.0 (5.9) 0.14 0.05-0.43
5-6 99 (26.3) 70.2 (6.6) 0.14 0.04 — 0.44

" OR in a logistic regression model with above and below median methylation as the outcome, adjusting for centre, plate, case/control

status, age at blood collection, smoking status, BMI, total caloric intake, physical activity and education.
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3.1.1.3 Anthropometry

Entering both height and weight as categorical variables in a logistic regression model, adjusting for relevant
confounders, did not produce any significant associations. Neither height nor weight were statistically
significantly associated with percent global methylation (Height: ORq4s. 01: 0.75 95%Cl: 0.39 — 1.45, Weight: ORq4
vs.q1: 0.98 95%Cl: 0.82 — 1.85).

However, in this model the regression constant was high because of the significant correlation between height
and weight, even when treated as categories. Therefore two separate models were built, one examining BMI and
the second examining height. BM| was treated as categorical variable (normal: <25kg/m?®, overweight: >25 and
<30 kg/mz, obese: >30kg/m2) and this model was adjusted for centre, plate number, case-control status, age at
blood collection, smoking status, total caloric energy intake, percent energy intake from fat and sex adjusted total
physical activity. BMI was not significantly associated with percent global methylation in this model (OR:30 kg/m2 vs.
<25 kg/m2: 1.31, 95%Cl: 0.69 — 2.50) (Table 17). Height was also treated as a categorical variable — in quartiles — and
the model was adjusted for centre, plate number, case-control status, age at blood collection, smoking status and
total caloric energy intake. In this model, subjects with height >161 - <167.5 cm vs. subjects with height <156 cm
had a statistically significant increased risk of hypomethylation (OR: 2.20, 95% Cl: 1.20-4.06) but the increased risk
was not observed for subjects with height >167.5cm (OR: 0.75, 95% Cl: 0.39-1.43) (Table 17).

Similarly, neither waist-to-hip ratio nor waist circumference were significantly associated with global methylation

in logistic regression models adjusting for relevant confounders (Table 17).

Table 17 — Anthropometric variables and association with global methylation in a logistic regression model

Anthropometric Variable N (%) Mean Odds Ratio 95% Confidence
Methylation (SD) (OR) Interval

BMI - Categorical”

<25 kg/m’ 182 (48.4) 70.6 (6.1) 1.00

25-30 kg/m”’ 141 (37.5) 70.8 (5.1) 1.08 0.68-1.71

>30 kg/m’ 53 (14.1) 70.1(6.1) 1.31 0.69 —2.50

Height — Categorical *

Q1 =<155.5cm 90 (23.9) 71.3 (4.1) 1.00

Q2 =>155.5-<160cm 105 (27.9) 70.2 (5.8) 1.20 0.67-2.12

Q3 =>160-<165cm 96 (25.5) 69.3 (7.4) 2.20 1.20-4.06

Q4 =>165 cm 85 (22.6) 71.9 (4.6) 0.75 0.39-1.43

Waist-to-hip ratio — Categorical *

Q1 =<0.75 111 (29.5) 70.5 (6.5) 1.00

Q2 =>0.75-<0.79 75 (20.0) 70.2 (5.5) 0.72 0.40-1.32

Q3=>0.79-<0.84 115 (30.5) 70.7 (5.9) 0.77 0.45-1.32

Q4 =>0.84 75 (20.0) 71.1 (4.4) 0.74 0.40-1.38

Waist Circumference -

Categorical *

Ql=<73.25cm 94 (25.0) 79.9 (6.6) 1.00

Q2 =>73.25-<80.00 cm 98 (26.1) 71.1(5.3) 0.81 0.45-1.45

Q3 =>80.00 - <87.65 cm 90 (23.9) 70.8 (5.6) 0.68 0.37-1.26

Q4 = >87.65 cm 94 (25.0) 70.6 (5.3) 0.86 0.46 — 1.60

8 Adjusted for centre, plate number, case-control status, age at blood collection, smoking status, total caloric energy intake, percent energy
intake from fat and sex adjusted total physical activity
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# Adjusted for centre, plate number, case-control status, age at blood collection, smoking status and total caloric energy intake
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3.1.1.4 Age at Menarche - Menopausal Status - Age at Menopause - ELEE

From separate regression models, it became evident that age at menarche — whether treated as continuous or
categorical — was significantly associated with global methylation (Table 18). For each year later that menarche
occurred, there was a 32% increased risk of hypomethylation (OR et 1.32 95%Cl: 1.15 — 1.53). When treated as a
categorical variable, ages at menarche 12-14 and 215, increased risk of hypomethylation by 76 and 354%
respectively when compared to an age at menarche of <11 years (OR15-14 years vs. <11 years: 1.76 95%Cl: 1.00 — 3.11 and
OR 315years vs. <11 years: 4.54 95%Cl: 2.02 — 10.19). On the other hand, menopausal status, age at menopause and ELEE
were not significantly associated with percent global methylation, whether treated as continuous or categorical
variables (Menopausal status: OR postmenopausal vs. premenopausal: 1.99 95%Cl: 0.92 — 4.29, Age at menopause: ORsoyears vs.
<soyears: 0.73 95%Cl: 0.39 — 1.35, ELEE: ORqa vs. q1: 0.75 95%Cl: 0.39 — 1.43) (Table 18). In a model entering both age
at menarche and ELEE, age at menarche retained its significance. ELEE and age at menopause could not be

examined in the same model due to high collinearity between the two variables (r=0.9495, p<0.0001).

Table 18 — Reproductive variables and association with global methylation in a logistic regression model

Reproductive Variable N (%) Mean Odds Ratio 95% Confidence
Methylation (SD) (OR) Interval

Age at Menarche - Continuous * 1.32 1.15-1.53

Age at Menarche — Categorical

<11 years 72 (19.4) 71.5 (4.5) 1.00

12-14 years 242 (65.2) 70.5 (5.9) 1.76 1.00-3.11

>15 years 57 (15.4) 69.5 (6.3) 4.54 2.02-10.19

Menopausal Status — Categorical*

Premenopausal 175 70.9 (5.2) 1.00

Postmenopausal 201 70.4 (6.2) 1.99 0.92-4.29

Age at Menopause — Continuous* 1.05 0.99-1.11

Age at Menopause — Categorical *

<50 years 123 (63.7) 70.2 (5.8) 1.00

>50 years 70 (36.3) 70.7 (6.9) 0.73 0.39-1.35

ELEE® — Continuous ™ 1.01 0.96 -1.06

ELEE — Categorical *

Ql = <31 years 120 (32.9) 71.1(4.7) 1.00

Q2 =>31- <34 years 78 (21.4) 70.2 (6.3) 1.00 0.55-1.83

Q3 = >34 - <37years 79 (21.6) 69.9 (5.3) 1.50 0.80-2.80

Q4 = >37 years 88 (24.1) 70.7 (6.9) 0.75 0.39-1.43

* Adjusted for centre, plate number, case-control status, age at blood collection, smoking status, height and weight
* Adjusted for centre, plate number, case-control status, age at blood collection and smoking status

¥ ELEE = Estimated Lifetime Oestrogen Exposure
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3.2 Genome Wide Methylation (Illumina 450K BeadChip)

3.2.1 Normalisation and Pre-processing

After exclusion of all probes which failed in more than 20% of samples, 444,278 probes out of the 485,577
remained. In addition, three subjects — all female — were excluded because they contained less than 95% detected
probe readings. After these subjects’ exclusion, the complete dataset consisted of 667 subjects with reliable

methylation measurements and the dataset which included only females consisted of 485 subjects.

Demographic, anthropometric, lifestyle, and reproductive characteristics for these remaining subjects are

presented in Table 19.

Table 19 - Demographic, anthropometric, lifestyle, and reproductive characteristics for subjects with Genome-Wide Methylation

measurements
Covariate No. Subjects with
available
information
Gender
- Male n (%) 182 (27.3)
- Female n (%) 485 (72.7) 667
Age Range 34-72
Median 55
Mean (sd) 53.6 (7.0) 667
Birth during the WWII:
- No n (%) 461 (69.1)
- Yes n (%) 206 (30.9) 667
Highest Educational Level
- University n (%) 60 (9.2)
- Secondary School n (%) 143 (22.0)
- Technical/Professional
school n (%) 86 (13.2)
- Primary School or no
education n (%) 361 (55.6) 650
Height Range 137.5-187.8
Median 161
Mean (sd) 162.0 (8.3) 667
Weight Range 42.8-115.0
Median 65.8
Mean (sd) 67.8 (12.6) 667
BMI*
- <25kg/m’ n (%) 311 (46.6)
- 25-30 kg/m’ n (%) 257 (38.5)
- 230 kg/m’ n (%) 99 (14.9) 667
Waist-to-hip ratio Range 0.6-1.3
Median 0.8
Mean (sd) 0.8 (0.1) 667
Waist Circumference Range 61-119.5
Median 83.0
Mean (sd) 83.9(11.8) 667
Physical Activity (hrs/week) Range 0-29.5
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Median 8.5
Mean (sd) 8.9 (4.5) 667
Smoking Status
- Current Smoker n (%) 142 (21.8)
- Former Smoker n (%) 169 (26.0)
- Never n (%) 340 (52.2) 651
Daily energy intake (calories/day) Range 506.5 — 5465.9
Median 2084.1
Mean (sd) 2162.7 (641.4) 650
Daily alcohol consumption (g/day) Range 0-118.8
Median 6.6
Mean (sd) 14.2 (18.8) 650
Daily folate consumption (ug/day) Range 453-771.6
Median 236.4
Mean (sd) 249.5 (83.2) 650
Italian Mediterranean Diet Index Range 0-10
Median 4
Mean (sd) 4.0 (2.0) 649
Methyl Intake Score Range 0-6.0
Median 3.0
Mean (sd) 3.0(2.0) 650
Age at Menarche
- S11yrs n (%) 80 (16.8)
- 12-14yrs n (%) 346 (72.7)
- 215yrs n (%) 50 (10.5) 476
Age at FFTP*
- <25yrs n (%) 172 (41.2)
- 25-30yrs n (%) 171 (40.9)
- 230yrs n (%) 75 (17.9) 418
Parous
- No n (%) 17 (3.9)
- Yes n (%) 418 (96.1) 435
Breastfeeding
- No n(%) 169 (34.8)
- Yes n(%) 316 (65.2) 485
Menopausal Status
- Premenopausal n (%) 172 (35.9)
- Postmenopausal n (%) 307 (64.1) 479
Age at menopause
- <50vyears n (%) 192 (64.4)
- >50vyears n (%) 106 (35.6) 298
ELEE Range 20-52
Median 36
Mean (sd) 35.1(5.1) 476
HRT" use
- Ever n (%) 80 (16.8)
- Never n (%) 395 (83.2) 475
OC” use
- Ever n (%) 185 (38.8)
- Never n (%) 292 (61.2) 477

+ BMI: Body Mass Index, FFTP: First Full Term Pregnancy, HRT: Hormone Replacement Therapy, OC: Oral Contraceptive

The complete dataset successfully underwent background subtraction and dye bias correction as shown in Figure

18.
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Figure 18 — Diagnostic plot for dye bias correction following background subtraction.

Following background subtraction and dye-bias correction, the mean and interquartile range of methylation B-values for both colour

intensities were standardized. Figure kindly provided by Gianluca Campanella.

In addition, BMIQ successfully normalised type | and type Il probe methylation values. As indicatively shown for
one sample (subject #100) in Figure 19, BMIQ moved the type 2-BMIQ peaks towards the extremes of the
distribution and more in line with the peaks of type 1 probes. In addition, the areas under the type 2-BMIQ curve
at methylation B-values of <20 and >80 were the same as the respective areas under the type 2 curve. This
indicates that, after BMIQ normalization, type Il probes retained their proportions of unmethylated, hemi-

methylated and methylated probes, as expected.
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Figure 19 — Plot showing BMIQ normalization of type 1 (type I) and type 2 (type Il) probes for a random sample (subject #100).

The x-axis denotes methylation B-values and the y-axis the density of readings at each B-value. Three curves are shown: red — type |

probes, black — type Il probes before normalization, and blue — type Il probes after BMIQ normalization.
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Lastly, ComBat successfully removed batch effects by normalising the median and standard deviation of the
methylation of all probes in each chip as presented in Figure 20 for the entire dataset and in Figure 21 for the

“females only” dataset.
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Figure 20 — Removal of batch effects in the entire dataset (n=667, 57 chips) using ComBat.

Panel A: shows the methylation densities of all probes in each chip before (left) and after (right) Combat. Each chip is represented by a
differently coloured line. Methylation densities converge after ComBat. Panel B: Boxplots of median and interquartile B-value
methylation of each chip before Combat. Panel C: Boxplots of median and interquartile methylation of each chip after Combat —

medians and interquartile ranges were standardised across chips.
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Figure 21 — Removal of batch effects in the “females only” dataset (n=485, 53 chips) using ComBat.

Panel A: shows the methylation densities of all probes in each chip before (left) and after (right) Combat. Each chip is represented by a
differently coloured line. Methylation densities converge after ComBat. Panel B: Boxplots of median and interquartile B-value
methylation of each chip before Combat. Panel C: Boxplots of median and interquartile methylation of each chip after Combat —

medians and interquartile ranges were standardised across chips.
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3.2.2 Whole Genome Methylation analysis

Following pre-processing and normalisation and before whole genome methylation and clustering analyses,

1.>%® or because

several additional probes were removed because of their imperfect design, according to Price et a
they were sex chromosome loci that could lead to gender bias, or because they were found to be differentially
methylated in WBCs. Table 20 shows the number of probes retained for whole genome methylation and
clustering analyses, following exclusion of these probes. Figure 22 summarizes the genomic environments of
these probes, classifying them according to functional genomic distribution (FGD), CpG island context and

chromosomal position.

Table 20 — Number of probes retained for whole genome methylation and clustering analyses, following removal of compromising

probes
Step No. of Probes
retained
Initial 485,577
Exclusion of probes with >20% failed samples (for all analyses) 444,278
Exclusion of probes with at least 1 SNP in their probe body 362,516
Exclusion of probes with at least 1 SNP at the target CpG 357,292
Exclusion of autosomal probes cross-hybridizing to XY loci/chromosomes 348,216
Exclusion of XY probes cross-hybridizing to autosomal loci/chromosomes 327,587
Exclusion of probes whose entire body mapped to repetitive elements 309,751
Exclusion of probes located on X or Y chromosomes 301,822
Exclusion of probes differentially methylated in WBCs 293,873

All 293,873 probes were combined for each subject to get an estimate for whole genome methylation, by
calculating the median. In addition, probes in each FGD class and CpG Island context class were combined to get
median probe category specific methylation measurements for each individual. Independently, 32,873 probes
were found to match to repetitive elements of the genome and were combined to get an estimate of repetitive
element methylation. The results of the investigation on whether these probe category specific methylation
values were significantly different between subjects in different exposure categories are presented in Table 21.
Table 21 only presents P-values from analyses on all subjects (Npoth sexes=667 and Neemales ony=485) because results
from analyses on only those subjects that remained healthy for at least five years following blood collection (nye

sexes=504 and Neemates ony=357) did not differ significantly.
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Figure 22 — Description of the 293,873 retained probes for whole genome methylation analyses.

A) Number of probes classified according to functional genomic distribution (FGD): promoter, body, 3’UTR, Intergenic. B) Number
of probes classified according to CpG Island context: island, shore, shelf, other. C) Number of probes classified according to

chromosomal position.

To replicate the results observed with LUMA, median methylation across all probes per subject was examined
between different exposure categories. In addition, to investigate which probes contribute most to the difference
in methylation between exposure categories, median methylation across different groups of probes based on
location or function were examined against the exposures of interest. Reassuringly, as expected from previous

408

reports ", CpG island shores were found to be among the most variable genomic regions .

As shown in Table 21, whole genome methylation (all probes) was significantly different between highest
combined household occupational status, caloric intake, folate intake, and dietary methyl intake categories (P-
values: 0.047, 0.020, 0.022, and 0.026 respectively). The difference in whole genome methylation between
subjects with different highest combined household occupational position is mostly attributed to differential gene
promoter, island and shore probe methylation (P-values: 0.018, 0.016 and 0.029 respectively). Similarly, caloric
intake and folate intake differential whole genome methylation was mostly explained by methylation changes in

shore probes (P-values c,ories: 0.023 respectively & P-values rqae: 0.037). No single probe category could explain
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the difference in whole genome methylation between different dietary methyl intake categories, suggesting that
methylation changes are spread throughout the genome and not localized. On the other hand, even though
whole genome methylation did not differ, CpG Island shore methylation was significantly different between
subjects in the four educational categories (P-value: 0.037). Similarly, subjects in different household density
categories significantly differed in their gene promoter and island methylation (P-values: 0.029 and 0.044,
respectively). However, given the multiple associations examined, the Bonferroni-corrected threshold of

significance (P<0.0003) was not exceeded by any of the above mentioned associations (Table 21).
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Table 21 — Associations between each exposure variable and average methylation across different functional genomic distribution and CpG Island context probe classes.

P-values are from linear regression tests with methylation as a continuous outcome and the exposure as a categorical variable, adjusting for relevant confounders as outlined in Table 8. Yellow boxes highlight

significant associations (P<0.05) whereas Blue boxes highlight associations that remain significant even after Bonferroni correction for multiple testing (Pgonserroni < 0-0003).
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Average Methylation across:
All probes 0.064 | 0.449 | 0.741 0.047 0.116 | 0.614 | 0.602 0.215 | 0.020 | 0.677 | 0.022 | 0.026 | 0.734 | 0.933 | 0.321 | 0.138 | 0.593 | 0.447

Gene promoter 0.240 | 0.199 | 0.029 0.018 0.996 | 0.635 | 0.259 | 0.418 | 0.522 | 0.835 | 0.482 | 0.768 | 0.391 | 0.833 | 0.755 | 0.652 | 0.176 | 0.687

probes

Gene body 0.717 | 0.999 | 0.179 0.153 0.559 | 0.333 | 0.251 | 0.937 | 0.378 | 0.861 | 0.452 | 0.176 | 0.968 | 0.720 | 0.954 | 0.465 | 0.204 | 0.444
probes

3’UTR probes 0.689 | 0.590 | 0.715 0.153 0.426 | 0.313 | 0.254 | 0.998 | 0.120 | 0.854 | 0.240 | 0.186 | 0.349 | 0.897 | 0.565 | 0.230 | 0.360 | 0.509

Intergenic probes | 0.447 | 0.625 | 0.066 0.627 0.402 | 0.690 | 0.317 | 0.928 | 0.274 | 0.812 | 0.390 | 0.138 | 0.630 | 0.315 | 0.671 | 0.607 | 0.154 | 0.485

Island probes 0.372 | 0.289 | 0.044 0.016 0.932 | 0.643 | 0.279 | 0.481 | 0.768 | 0.798 | 0.622 | 0.874 | 0.259 | 0.928 | 0.957 | 0.442 | 0.222 | 0.643
Shore probes 0.037 | 0.399 | 0.279 0.029 0.190 | 0.739 | 0.319 | 0.181 | 0.023 | 0.791 | 0.037 | 0.090 | 0.915 | 0.467 | 0.234 | 0.177 | 0.255 | 0.610
Shelf probes 0.953 | 0.833 | 0.439 0.128 0.348 | 0.340 | 0.262 | 0.976 | 0.169 | 0.909 | 0.304 | 0.195 | 0.379 | 0.691 | 0.808 | 0.265 | 0.321 | 0.577

Other / Open Sea | 0.414 | 0.625 | 0.095 0.130 0.554 | 0.240 | 0.198 | 0.995 | 0.217 | 0.806 | 0.406 | 0.258 | 0.910 | 0.623 | 0.798 | 0.555 | 0.204 | 0.539

probes
Repetitive 0.729 | 0.922 | 0.071 0.160 0.416 | 0.443 | 0.198 | 0.900 | 0.402 | 0.667 | 0.676 | 0.457 | 0.888 | 0.781 | 0.824 | 0.177 | 0.220 | 0.681

element probes
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3.2.3 Genome Wide locus by locus Methylation Analyses

For locus by locus analyses, after exclusion of probes which failed in more than 20% of samples, all 444,278
probes were retained. Figure 23 summarises the genomic environments of these probes, classifying them
according to FGD, CpG island context and chromosomal position. The percentages of probes in each FGD class did
not differ from the corresponding percentages for the 301,822 probes. However, the percentages of probes in

different CpG Contexts did differ, with more open sea probes and fewer shore and island probes.

FGD CpGs Subgroup  CpGs B CpG Context CpGs
A. TSS200 44265 * Island 130268
TS51500 63533
Shore 105895
Promoter 106302 S'UTR 38311
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Body 149063 Other / Open Sea 164063
3'UTR 16014

Intergenic 112898
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Figure 23 — Description of the 444,278 retained probes for locus by locus analyses.

A) Number of probes classified according to functional genomic distribution: promoter, body, 3’UTR, Intergenic. B) Number of probes

classified according to CpG Island context: island, shore, shelf, other. C) Number of probes classified according to chromosomal position.

The results of locus by locus analyses on all subjects and on only those subjects that remained healthy for at least
five years following blood collection (n=504 for analyses on both sexes and n=357 for the “females only”
analyses), did not differ significantly. Therefore, the results presented below are from analyses on all subjects,
unless otherwise stated. In addition, when locus-by-locus analyses were run without the probes excluded for the
whole genome analyses, results did not vary. Therefore, results from analyses including all 444, 278 probes are

presented.
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3.2.3.1 Socioeconomic Status

3.2.3.1.1 Early life Socioeconomic Status

Exposures used as proxies for childhood SES, namely father’s occupation, when household first had fridge, and
birth during WWII, were not found to be significantly associated with methylation at any of the 444,278 CpG sites
investigated (Figure 24).
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Figure 24 — Volcano plots illustrating the negative logarithm of the P-value from the regression analysis of each probe against the

difference in medians between early life socioeconomic status exposure groups for that probe.

When the exposure is categorised in more than two groups, the difference in medians between the two groups at the extremes of the
exposure distribution is calculated. A: Volcano plot of P-values from the linear regression analysis with methylation as a continuous
outcome and father’s occupation as a categorical variable (non-manual vs. manual). B: Volcano plot of P-values from the linear
regression analysis with methylation as a continuous outcome and when household first had fridge as a categorical variable (>1964 vs.
<1954). C: Volcano plot of P-values from the linear regression analysis with methylation as a continuous outcome and birth during WWII
as a categorical variable (yes vs. no). No plot demonstrated significantly (P<1x107) differentially methylated CpG sites between

exposure groups.

Similarly, the P-value density distributions from locus by locus analyses for each variable, did not show an
enrichment of CpG sites with very small P-values indicating no enrichment of statistically significant CpGs (Figure
25). In these plots, an almost flat density line is what would be expected by chance if methylation and exposure
were completely independent, whereras a negatively skewed density distribution might indicate a more diffuse

but not necessarily significant effect of the exposure on methylation.
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Figure 25 — Graphical representations of P-value density distributions in locus by locus analyses of early life socioeconomic status

variables.

When the exposure is categorised in more than two groups, values for the comparison between the most dissimilar exposure groups are
reported. An almost horizontal density line represents the uniform distribution expected by chance. A: Density distribution of P-values
from the linear regression analysis with methylation as a continuous outcome and father’s occupation as a categorical variable (non-
manual vs. manual). B: Density distribution of P-values from the linear regression analysis with methylation as a continuous outcome
and when household first had fridge as a categorical variable (>1964 vs. <1954). C: Density distribution of P-values from the linear

regression analysis with methylation as a continuous outcome and birth during WWII as a categorical variable (yes vs. no).
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3.2.3.1.2 Adult Socioeconomic Status

Analyses of variables indicative of adult socioeconomic circumstances, namely education, household density, and
household’s highest occupational position, were not significantly associated with methylation at any of the

444,278 CpG sites examined, using the strict thresholds established (Figure 26).
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Figure 26 — Volcano plots illustrating the negative logarithm of the P-value from the regression analysis of each CpG site against the

difference in medians between adult socioeconomic status exposure groups for that probe.

When the exposure is categorised in more than two groups, the difference in medians between the two groups at the extremes of the
exposure distribution is calculated. A: Volcano plot of P-values from the linear regression analysis with methylation as a continuous
outcome and education as a categorical variable — 4 categories (University vs. Primary school or No education). B: Volcano plot of P-
values from the linear regression analysis with methylation as a continuous outcome and education as a categorical variable — 2
categories (College vs. lower than College). C: Volcano plot of P-values from the linear regression analysis with methylation as a
continuous outcome and household density as a categorical variable (21 vs. <1 rooms/person). D: Volcano plot of P-values from the
linear regression analysis with methylation as a continuous outcome and household’s highest occupational position as a categorical
variable (High — white collar occupation vs. Low — blue collar workers and farmers). No plot demonstrated significantly (P<1x107)

differentially methylated CpG sites between exposure groups.

However, the skewed distributions of P-values obtained from locus by locus regression analyses, with an
enrichment of CpG sites with relatively small P-values, suggest that education, whether examined in 4 categories

orin 2, as well as household density may have a widespread influence on methylation (Figure 27).
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A. Education — 4 categories B. Education — 2 categories
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Figure 27 — Graphical representations of P-value distributions in locus by locus analyses of adult socioeconomic status variables.

When the exposure is categorised in more than two groups, values for the comparison between the most dissimilar exposure groups are
reported. An almost horizontal line represents the uniform distribution expected by chance. A: Density distribution of P-values from the
linear regression analysis with methylation as a continuous outcome and education as a categorical variable — 4 categories (University
vs. Primary school or No education). B: Density distribution of P-values from the linear regression analysis with methylation as a
continuous outcome and education as a categorical variable — 2 categories (College vs. lower than College). C: Density distribution of P-
values from the linear regression analysis with methylation as a continuous outcome and household density as a categorical variable (21
vs. <1 rooms/person). D: Density distribution of P-values from the linear regression analysis with methylation as a continuous outcome
and household’s highest occupational position as a categorical variable (High — white collar occupation vs. Low — blue collar workers and

farmers).
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3.2.3.2 Anthropometry

None of the CpGs examined demonstrated statistically significant differential methylation between BMI or
between height groups. Both anthropometric variables’ analyses produced volcano plots without significant hits
above the 1x10” threshold and the P-value distribution for height also indicated no effect on DNA methylation.
However, the P-value distribution of BMI indicates an enrichment of relatively small but not quite significant P-

values which may signify a more widespread effect on methylation (Figure 28).
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Figure 28 — A. Volcano plots illustrating the negative logarithm of the P-value from the regression analysis of each CpG site against the
difference in medians between anthropometric variable exposure groups for that probe. B. Graphical representations of P-value

distributions in locus by locus analyses of anthropometric variables.

When the exposure is categorised in more than two groups, the difference in medians between the two groups at the extremes of the
exposure distribution is calculated. Ai: Volcano plot of P-values from the linear regression analysis with methylation as a continuous
outcome and BMI as a categorical variable (230 vs. <25kg/m2). Aii: Volcano plot of P-values from the linear regression analysis with
methylation as a continuous outcome and height as a categorical variable (Quartile 4 vs. Quartile 1). No volcano plot demonstrated
significantly (P<1x107) differentially methylated CpG sites between exposure groups. Bi: Density distribution of P-values from the linear
regression analysis with methylation as a continuous outcome and BMI as a categorical variable (230 vs. <25kg/m2) Primary school or No
education). Bii: Density distribution of P-values from the linear regression analysis with methylation as a continuous outcome and

height as a categorical variable (Quartile 4 vs. Quartile 1).
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3.2.3.3 Nutrition

Similar to the anthropometric variables examined, none of the nutritional exposures under investigation

produced significantly differentially methylated CpGs. As shown by the volcano plots in Figure 29, neither

adherence to the Mediterranean Diet, nor total caloric

intake, nor alcohol or folate or dietary methyl intakes

significantly altered methylation at any of the 444,278 CpG loci examined.
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Figure 29 — Volcano plots illustrating the negative logarithm of the P-value from the regression analysis of each CpG site against the

difference in medians between dietary variable exposure groups for that probe.

When the exposure is categorised in more than two groups, the difference in medians between the two groups at the extremes of the

exposure distribution is calculated. A: Volcano plot of P-values from the linear regression analysis with methylation as a continuous
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outcome and Italian Mediterranean Index as a categorical variable (score 7-10 vs. score 0-3). B: Volcano plot of P-values from the linear
regression analysis with methylation as a continuous outcome and total caloric intake as a categorical variable (Quartile 4 vs. Quartile
1). C. Volcano plot of P-values from the linear regression analysis with methylation as a continuous outcome and alcohol consumption
as a categorical variable (Quartile 4 vs. Quartile 1). D: Volcano plot of P-values from the linear regression analysis with methylation as a
continuous outcome and folate intake as a categorical variable (Quartile 4 vs. Quartile 1). E: Volcano plot of P-values from the linear
regression analysis with methylation as a continuous outcome and dietary methyl intake score as a categorical variable (Score 5-6 vs.

Score 0). No plot demonstrated significantly (P51x10'7) differentially methylated CpG sites between exposure groups.

The P-value distributions in Figure 30(B, C, D, E), which do not show an enrichment of relatively small P-values,
support that total caloric intake, alcohol consumption, dietary folate intake, and dietary methyl intake score are
not associated with DNA methylation. However, the negatively skewed distribution observed for adherence to
the Mediterranean Diet, with an enrichment of CpG sites with small P-values, seems to suggest that Italian

Mediterranean Index score may influence methylation (Figure 30A).
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Figure 30 — Graphical representations of P-value distributions in locus by locus analyses of nutritional variables.

When the exposure is categorised in more than two groups, values for the comparison between the most dissimilar exposure groups are
reported. An almost horizontal line represents the uniform distribution expected by chance. A: Density distribution of P-values from the
linear regression analysis with methylation as a continuous outcome and Italian Mediterranean Index as a categorical variable (score 7-
10 vs. score 0-3). B: Density distribution of P-values from the linear regression analysis with methylation as a continuous outcome and
total caloric intake as a categorical variable (Quartile 4 vs. Quartile 1). C. Density distribution of P-values from the linear regression
analysis with methylation as a continuous outcome and alcohol consumption as a categorical variable (Quartile 4 vs. Quartile 1). D:
Density distribution of P-values from the linear regression analysis with methylation as a continuous outcome and folate intake as a
categorical variable (Quartile 4 vs. Quartile 1). E: Density distribution of P-values from the linear regression analysis with methylation as

a continuous outcome and dietary methyl intake score as a categorical variable (Score 5-6 vs. Score 0).
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3.2.3.4 Age at Menarche - Menopausal Status - Age at Menopause - ELEE

The locus by locus analyses of the relationships between reproductive variables and probe methylation revealed
only 3 significantly differentially methylated CpG sites between exposure categories (Figure 31). A menarcheal
age of 215 vs. <11 years was significantly associated with methylation at two probes: cg27483455, which targets a
CpG site in an Island in the body of the ACCN2 gene and ¢g10903132, which targets a CpG site located in the
south shelf of a CpG island. However, the probe body of cg10903132 completely matches to repetitive elements

in the genome®*®

therefore whether this methylation value represents the true methylation of the target CpG site
is unknown. Nevertheless, for both sites, an older menarcheal age was associated with 1% increase in
methylation, an effect estimate that is unlikely to have any true biological effect (Table 22). Similarly, ELEE in the
highest quartile compared to ELEE in the lowest quartile was associated with a slight increase in methylation at a

CpG site (cg 01781745) located in a CpG island in the 1° Exon of the KLF9 gene (Table 22).

Not only are the differences in methylation between exposure groups too small to have a biological effect, they
are also well below the 28% difference threshold which can be detected with confidence given the present

sample size, significance cut off and 80% power.

It is also important to note that these significantly differentially methylated CpGs did not retain their significance

when the models were run on only the females who remained healthy for the entire length of follow-up.

Table 22 - Significantly differentially methylated CpGs between age at menarche and Estimated Lifetime Oestrogen Exposure (ELEE)

categories
a :9: S € ° g o c 8 3 c 8¢
5 c138| 5| 3% S| zlsee sElggs
) s | &g g S| E & 8 |GE o 25 g8 T
& 3|28 4| o¢ | Clgg® ez 82¢
s | xoO s = fs) - 0
Menarcheal Menarcheal
Age <llyears | Age 215years
2.51E- chr12:50474869
cg27483455 | 0.980 (0.011) | 0.989 (0.011) | 1.034 09 | 0.001 | 12 50475360 | ACCN2 | Body -50475445 Island
126081404
1.01E- chr10:126077405-
cg10903132 | 0.964 (0.008) | 0.968 (0.008) | 0.333 07 | 0.023 | 10 126078075 S_Shelf
ELEE Q1 ELEE Q4
(<32 years) (>39 years)
7.02E- chr9:73027330-
cg01781745 | 0.009 (0.005) | 0.013(0.006) | 0.721 08 | 0.031 9 73029065 | KLF9 1stExon | 73029184 Island
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Figure 31 — Volcano plots illustrating the negative logarithm of the P-value from the regression analysis of each CpG site against the

difference in medians between reproductive variable exposure groups for that probe.

When the exposure is categorised in more than two groups, the difference in medians between the two groups at the extremes of the
exposure distribution is calculated. A: Volcano plot of P-values from the linear regression analysis with methylation as a continuous
outcome and age at menarche as a categorical variable (215 vs. <11 years), showing two CpG sites with significant (P<1x107) but minor
methylation differences between exposure groups. B: Volcano plot of P-values from the linear regression analysis with methylation as a
continuous outcome and menopausal status as a categorical variable (post- vs. pre-menopausal). C: Volcano plot of P-values from the
linear regression analysis with methylation as a continuous outcome and age at menopause as a categorical variable (>50 vs. <50 years).
D: Volcano plot of P-values from the linear regression analysis with methylation as a continuous outcome and estimated lifetime
oestrogen exposure as a categorical variable (Quartile 4 vs. Quartile 1), showing one CpG site with significant (P<1x10”) but minor

methylation differences between exposure groups.

On the other hand, the distributions of P-values obtained from locus by locus regression analyses for each
reproductive variable seem to tell a different story. The skewed distributions with an enrichment of CpG sites
with small P-values suggest that menopausal status, age at menopause and ELEE may be associated with diffuse

DNA methylation changes, but age at menarche is not (Figure 32).
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Figure 32 — Graphical representations of P-value distributions in locus by locus analyses of reproductive variables.

When the exposure is categorised in more than two groups, values for the comparison between the most dissimilar exposure groups are
reported. An almost horizontal line represents the uniform distribution expected by chance. A: Density distribution of P-values from the
linear regression analysis with methylation as a continuous outcome and age at menarche as a categorical variable (215 vs. <11 years).
B: Density distribution of P-values from the linear regression analysis with methylation as a continuous outcome and menopausal status
as a categorical variable (post- vs. pre-menopausal). C: Density distribution of P-values from the linear regression analysis with
methylation as a continuous outcome and age at menopause as a categorical variable (>50 vs. <50 years). D: Density distribution of P-
values from the linear regression analysis with methylation as a continuous outcome and estimated lifetime oestrogen exposure as a

categorical variable (Quartile 4 vs. Quartile 1).
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3.2.4 Clustering

Hierarchical Clustering based on Euclidean distance with average linkage failed to cluster subjects in a meaningful
way, according to the exposures examined. Figure 33 shows an indicative collection of heatmaps which
demonstrate that HC of the 1000 most variable probes did not cluster subjects in a way that was associated with
the exposures of interest. This was evident by the lack of grouping together of similar colours on the coloured
column bar. A similar observation was made for all the exposures examined, even though not all heatmaps are

displayed.

A. Italian Mediterranean Index B. Household Density C. Birth during WWII
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Figure 33 — Heatmaps displaying hierarchical clustering of subjects based on the 1000 most variable probes, using Euclidean distance

with average linkage.

Samples are in columns (n=670) and CpG loci are in rows (n=1000). In the heatmap, blue indicates methylated and yellow indicates
unmethylated CpGs. Failure to cluster subjects according to exposure is evident by the lack of clustering of colours on the column side

bar where each colour indicates the exposure category to which the subject belongs.

Consensus clustering with a k-means algorithm and Manhattan as the distance metric was also used to cluster
subjects, both for the whole as well as for the ‘females only’ dataset. For all subjects, male and female, the most

robust number of clusters was identified as 2. Firstly, the heatmap produced with pairwise consensus values for
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k=2 indicated a high stability of clustering since there was almost complete concordance between sub-sample
clustering runs — subjects either always cluster together (deep blue colour) or are always not clustered together
(white colour) (Figure 34A). Secondly, the empirical CDF plot indicated that for k=2 the CDF approaches the ideal
step function with a step around 0 and then a second step at 1. The ideal CDF is that which is expected for perfect
consensus where the histogram would have two bins, one centred at 0 (subjects that never cluster together) and
the other at 1 (subjects that always cluster together) with an almost flat line in between (Figure 34B). Lastly, when

k=2, cluster consensus for both clusters approached unity (Figure 34C).
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Figure 34 — Consensus clustering output graphics for the entire dataset (male and female subjects).

A. Consensus matrix heatmap indicating that when k=2 subjects either always cluster together between clustering runs (deep blue
colour) or are never clustered together between clustering runs (white colour). B. Empirical Cumulative Distribution Function from a
histogram with 100 bins displaying two steps for k=2, one at 0 and one at 1 with an almost flat line between. This is very similar to the
CDF expected for perfect consensus. C. Cluster Consensus plot displaying the average pairwise consensus value of items in each cluster

which, for k=2, is at unity for both clusters.

As evident in Figure 35, two was also the most robust number of clusters for the ‘females only’ dataset. The
consensus matrix heatmap for k=2 had the cleanest cluster partition where there was almost complete
concordance between sub-sample clustering runs. In addition, for k=2 the empirical CDF was closest to the ideal

step function and when k=2, cluster consensus for both clusters approached unity.
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Figure 35 — Consensus clustering output graphics for the ‘females only’ dataset.

A. Consensus matrix heatmap indicating that when k=2 subjects either always cluster together between clustering runs (deep blue
colour) or are never clustered together between clustering runs (white colour). B. Empirical Cumulative Distribution Function from a
histogram with 100 bins displaying two large steps for k=2, one at 0 and one at 1 with a slightly upward line between. This is the closest
empirical CDF to that expected for perfect consensus. C. Cluster Consensus plot displaying the average pairwise consensus value of

items in each cluster which, for k=2, is at unity for both clusters.

However, similar to HC, the clusters derived from CC were not associated with any of the exposure variables
examined, whether the exposure was relevant to all subjects or to female subjects only. Table 23 lists the P-value
from a chi square test between cluster membership (whether the subject belonged to cluster 1 or 2) and
exposure category, for each of the exposures of interest. Neither SES, nor anthropometry, nor nutrition, nor
reproductive variables were shown to be significantly associated with cluster membership and thus overall

methylation pattern.
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Table 23 — Association between Consensus Clustering derived clusters and exposure category for each exposure variable of interest

Exposure variable Association with CC cluster membership
P-value®
Education (4 categories) 0.501
Education (2 categories) 0.451
Household Density 0.144
Household’s highest occupational position 0.407
Father’s occupational position 0.802
When household first had fridge 0.347
Birth during WWII 0.101
Italian Mediterranean Diet index 0.557
Total Caloric Intake 0.815
Alcohol Intake 0.996
Folate Intake 0.755
Methyl Intake Score 0.358
BMI 0.235
Height 0.478
Age at menarche”™ 0.607
Menopausal Status™ 0.550
Age at menopause” 0.119
Estimated Lifetime Oestrogen Exposure”™ 0.192

5 P-value derived from a chi square test between cluster membership (Consensus Clustering derived class 1 or 2) and exposure category,
for each of the exposures of interest

“ The clusters used in this test were derived from consensus clustering of the ‘females only’ dataset
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3.2.5 Principal Component Analysis

As illustrated in Table 24, the first PC from the PCA on the entire dataset was explaining 99.06% of the variance in
our methylation data. This suggests that heterogeneity in the study population can be accurately summarized
using a single axis. This first PC was found significantly associated with age, gender, dietary methyl intake, and
caloric intake, in order of decreasing significance (P-values: <0.0001, 0.005, 0.046 and 0.050 respectively). For
completeness, Table 24 also describes the two subsequent PCs (each explaining less than 0.1% of the variance).
The second PC was significantly associated with gender, education, alcohol intake, height, and IMI score, in order
of decreasing significance (P-values: <0.0001, 0.013, 0.019, 0.028 and 0.037 respectively). The third PC, was
shown to be associated with age, gender, caloric intake, alcohol intake, height, year when family first had fridge
and BMI (P-values: <0.0001, <0.0001, <0.0001, <0.0001, <0.0001, 0.002, and 0.009 respectively). Of the PCs
illustrated in Table 24, only the third PC, which explains only 0.052% of the variance, evidenced an association

with chip, reassuringly showing no significant technical variation (Table 24).

Similarly, the first PC derived from the PCA on the female subjects, explained 99.16% of the variance in the
methylation data, whereas the second PC explained 0.068% and the third PC 0.019% of the variance. Same as
above, none of these PCs was associated with chip. On the contrary, all three PCs were associated with age (P-
values: 0.004, 0.008 and <0.0001 respectively) and menopausal status (0.024, 0.002, and 0.033 respectively). In
addition, the third PC was also significantly associated with ELEE (P-value: 0.010) (Table 24).

Only the third PC from the PCA on the entirety of samples was found to be associated with chip. However, this PC
explains only 0.052% of the variance in the dataset, and this shows that ComBat successfully corrected the vast

majority of technical variance associated with batch effects.

Surprisingly, none of the PCs on either dataset was found to be associated with case-control status, suggesting
that in these pre-diagnostic samples, age, gender and some of the risk factors for cancer, such as menopausal
status, calories, and dietary methyl intake, might have more of an effect on methylation than future case-control

status.
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Table 24 — Associations between Principal Components and Subject Variables

PCA on entire dataset (n=667)

P-values from regression analysis

First PC Second PC Third PC
% of variance explained 99.06% 0.067% 0.052%
P-value for chip 0.466 0.124 <0.0001*
Variables:
Age <0.0001* 0.084 <0.0001*
Gender 0.005* <0.0001* <0.0001*
Case-Control status 0.461 0.924 0.546
Education (4 categories) 0.527 0.013* 0.503
Education (2 categories) 0.655 0.169 0.242
Household Density 0.267 0.484 0.548
Household’s highest occupational position 0.283 0.193 0.070
Father’s occupational position 0.665 0.691 0.822
When household first had fridge 0.757 0.307 0.002*
Birth during WWII 0.437 0.318 0.121
Italian Mediterranean Diet index 0.448 0.037* 0.210
Total Caloric Intake 0.050* 0.636 <0.0001*
Alcohol Intake 0.663 0.019* <0.0001*
Folate Intake 0.883 0.392 0.418
Methyl Intake Score 0.046* 0.877 0.373
Height 0.763 0.028* <0.0001*
BMI 0.095 0.643 0.009*

PCA on females-only dataset (n=485)
P-values from regression analysis

First PC Second PC Third PC
% of variance explained 99.16% 0.068% 0.019%
P-value for chip 0.160 0.504 0.608
Variables:
Age 0.004* 0.008* <0.0001*
Case-Control status 0.403 0.645 0.438
Age at menarche 0.548 0.209 0.077
Menopausal Status 0.024* 0.002* 0.033*
Age at menopause 0.887 0.057 0.563
Estimated Lifetime Oestrogen Exposure 0.106 0.128 0.010*

*P-value significant at the 0.05 threshold
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3.2.6 Single Enrichment Analysis

Education (whether in 4 or 2 categories), household density, BMI, IMI, menopausal status, age at menopause, and
ELEE were the exposures that produced negatively skewed P-value distributions suggesting a widespread effect

on DNA methylation.

Of these exposures, only household density and ELEE produced at least 100 differentially methylated probes at

the 1.0x10” threshold during locus by locus analyses and could thus be investigated with SEA.

Household density produced 152 differentially methylated probes with this relaxed cut off which corresponded to
110 unique genes. Functional classification of these genes produced only one cluster with an enrichment score

>1.3, containing 8 genes relating to kinase structure and activity (Figure 36).

Gene Group 1 Enrschment Score: 1.38 RG B
1 MYLK3 mwvagin light chan kinage 3
2 IGFiR ingulin-like growth fackar 1 receptor
3 RORL recaptor tyroging kinpse-like grphan recepbor |
4 FLT= fmg-relat rgsing kin =
5 PREDI protein kingse D
] NUAK MUAK family, SNEL-like kingsea. 1
7 KDR kin. ingert domain F r byroging kinggs)
8 MST1R macroph. imylating 1 r bor {c-met-ralak roging kinasel

Figure 36 — Functional classification of genes differentially methylated between household density exposure categories.

Highest stringency produced one cluster with enrichment score 21.3. Eight genes were included in this cluster all related to kinase

structure and activity.

Functional annotation of the 110 genes revealed three biological terms that were significantly enriched at the
Benjamini multiple-testing corrected P-value (<0.05). These were a. transmembrane receptor protein tyrosine
kinase activity, containing 6 genes — CRIM1, FLT4, IGFIR, KDR, MST1 and ROR1 (Benjamini P-value: 0.013); b.
tyrosine specific protein kinase , containing 5 genes - FLT4, IGF1R, KDR, MST1 and ROR1 (Benjamini P-value:
0.026); and c. Immunoglobin I-set, containing 7 genes — FLT4, FSTL5, KDR, LSAMP, NFASC, PTPRS and ROR1

(Benjamini P-value: 0.044).

Lastly, functional annotation clustering produced 8 clusters with an enrichment score 21.3. The clusters are
displayed in Figure 37. Cluster 1 encompasses biological terms that relate to tyrosine activity, cluster 2 to neuron
development and cell morphogenesis, cluster 3 includes homeobox domains, cluster 4 relates to immunoglobulin
structure, cluster 5 to protein kinase activity, cluster 6 to protein binding domains, and clusters 7 and 8 to Ig-like
C2 domains. However, of all the biological annotations included in these 8 clusters only one, relating to tyrosine
activity, had a significant P-value at the Benjamini corrected P-value cut off, casting doubt on the biological

significance of the clustering results (Figure 37).
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Figure 37 — Functional annotation clustering of genes differentially methylated between household density exposure categories.

Eight clusters with an enrichment score 21.3 were produced. However, the Benjamini P-value for individual biological annotations was

only significant for one annotation.

Estimated lifetime estrogen exposure locus by locus analyses produced 115 differentially methylated probes with
the 1x10~ cut off which corresponded to 97 unique genes. Functional classification of these genes produced only
one cluster containing 7 genes but the enrichment score of this cluster was 0.42 and was thus regarded as non-

significant (Figure 38).
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Figure 38 — Functional classification of genes differentially methylated between estimated lifetime estrogen exposure categories.

Highest stringency produced one cluster containing 7 genes with an enrichment score 0.42, which was regarded as non-significant.

Similarly, functional annotation of the 97 genes differentially methylated between ELEE categories did not reveal

any biological terms that were significantly enriched at the Benjamini multiple-testing corrected P-value (<0.05).

Lastly, functional annotation clustering produced 4 clusters with an enrichment score >1.3 (Figure 39). Cluster 1
encompasses biological terms that relate to amino acid and fatty acid metabolism, cluster 2 to cell motion and
migration, cluster 3 includes homeobox domains, and cluster 4 relates to hormone and endogenous stimuli
response. However, similar to household density annotation clustering, none of the biological annotations
included in these clusters had a significant P-value at the Benjamini corrected P-value cut off, casting doubt on

the biological significance of the clustering results (Figure 39).
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Figure 39 — Functional annotation clustering of genes differentially methylated between estimated lifetime estrogen exposure

categories.
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4 Discussion

The table below summarises the results of this exploratory investigation by displaying which exposures have been

shown to be significantly associated with methylation, and in which part(s) of the analysis (Table 25).
Table 25 — Summary of Results per exposure examined

Method of Analysis

Exposure variable LUMA 450k — Whole 450k — Genome 450k — Genome Consensus  PCA first
global genome wide locus by wide locus by Clustering Principal
methylation methylation locus analysis: locus analysis: Component

top hits skewed P-value
distributions

Education (4 categories) v v

Education (2 categories) v

Household Density v v

Household’s highest v

occupational position
Father’s occupational
position

When household first
had fridge

Birth during WWII

Italian Mediterranean v
Diet index

Total Caloric Intake v v v

Alcohol Intake

Folate Intake v v

Methyl Intake Score v v v
BMI v

Height

Age at menarche v v

Menopausal Status
Age at menopause Vv

Estimated Lifetime v v
Oestrogen Exposure
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4.1 Discussion of Results

4.1.1 Socioeconomic Status

Early life SES, whether measured using father’s occupation, when the family first had a fridge, or birth during
WWII as proxies, was not associated with DNA methylation. Null findings were observed both using the LUMA
assay and the lllumina Infinium 450 BeadChip, and also when the latter data were analysed as probe category

specific methylation values, single loci, as clusters or as regressed against the PCA derived components.

Early life SES results contrast what was expected based on the available literature, where most studies
investigating childhood SES, using various proxies, demonstrated significant effects on adult DNA methylation. As
shown in Table 1, five studies evidenced a significant association between childhood SES and DNA methylation
using, as proxies to childhood SES, early life SEP — a variable reflecting a combination of father’s occupation and

313
h

access to household amenities®*? — socioeconomic deprivation at birt , periconceptional exposure to famine

142,147 314,318

, and early life poverty . On the other hand, more in line with the results of the present analysis, are the
results of investigations of global DNA methylation in response to prenatal nutrition and family SES, using
surrogate measures of global methylation such as LINE-1 and Sat2 methylation, which did not yield any significant

results *67318,

The reason behind the null findings in this investigation could be the use of different assays and the lack of a valid
proxy for the investigation of early life SES. For the LUMA investigation, only birth during WW!II was available and
could be used as a proxy to early life SES, but one cannot be certain that birth during the war truly did correlate
with distress, and unfavourable socioeconomic circumstances. Furthermore, for the genome-wide methylation
investigation, father’s occupational position, manual or non-manual, time when household first had fridge, and
birth during WWII were available as proxies to childhood social and economic conditions. It is possible, however,
that none of these variables by itself accurately describes early life SES and instead, some combination of these

312

variables, like in the investigation by Borghol et al. (2012) **°, would be more successful at characterising early life

socioeconomic conditions.

In contrast to early life SES, in this investigation, adult life SES results were less consistent. Using LUMA, education
was not found to be associated with global DNA methylation. Using the 450k BeadChip data, education,
household density and highest household occupational position were found to be associated with methylation in

different analyses.

The four different education categories were shown to have differential CpG island shore methylation, but this
association was not significant at the Bonferroni corrected level. Similarly, education, whether examined in 4 or 2
categories, evidenced a heavily negatively skewed P-value distribution, even if no individual CpGs were identified
as significant given the strict threshold of <1x10”. Education was also associated with the second PC, obtained

from PCA on all subjects, but this PC only explained a negligible % of the methylation variance.
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Very similar observations were made for household density which was shown to be associated with promoter and
CpG Island methylation, but the associations did not retain significance at the Bonferroni corrected threshold.
Household density also produced a heavily negatively skewed P-value distribution, even if no individual CpGs

were identified as significant given the strict threshold of <1x107.

Similarly, highest household occupational position was found to be associated with whole genome, promoter,
CpG island, and CpG island shore methylation, only at the 0.05 level of significance. However, household’s highest
occupational position was not associated with differential methylation at any specific CpG, nor did it produce a

skewed P-value distribution which would suggest a more diffuse effect on methylation.

These results might indicate that adult SES, measured through education, household density and/or highest
household occupational position, affects DNA methylation patterns in a more diffuse way, but the limited power
of this investigation — after correction for multiple testing — was not sufficient to detect individual differentially
methylated CpGs. Any influence of adult SES variables on DNA methylation, however, was not sufficient to drive

clustering, thus the clusters produced using the most variable probes were not associated with either exposure.

Single Enrichment Analysis on probes whose methylation seems to be influenced by household density, indicated
that there was an over-representation of genes related to tyrosine protein kinase structure and activity.
Functional annotation clustering also produced one tyrosine activity related cluster with significant annotation
terms at the Benjamini corrected P-value. Also, SEA indicated that in these probes there was an enrichment of
biological terms related to transmembrane receptor protein tyrosine kinase and tyrosine protein kinase activity.
Tyrosine protein kinase is an enzyme that transfers phosphate groups from ATP to a tyrosine amino acid in a
protein. This phosphorylation of proteins is important in protein activation and is essential in signal
transduction®”®. Transmembrane receptor protein kinase is involved with transduction of extracellular signals to
the interior of a cell, whereas tyrosine protein kinase is involved in signal transduction within the cell*®. Signal
transduction is essential in regulating several signal activities such as cell division, and inactivation of these
proteins, for example due to epigenetic changes, may contribute to initiation or progression to cancer®®.
However, as stated earlier, a relaxed threshold of significance was used to create the gene list used in SEA and

this list was fairly small, therefore these results need to be interpreted with much caution.

Adult SES was found to influence DNA methylation in 3 of the previous five studies in which it was investigated, all
of which used different proxies for the exposure. Borghol et al. (2012)*" estimated mid-adulthood socioeconomic
position by combining the subjects’” most recent occupation and household tenure. In this investigation, mid-
adulthood SEP was associated with aberrant methylation of 545 promoters investigated. Another yet unpublished
investigation, used household’s highest occupational position as a proxy to adult SES and evidenced significantly
influenced methylation at probes associated with pro-inflammatory genes, with low SEP predicting lower

methylation ™*

. Lastly, in a New-York based cohort, while income, education, and childhood SES did not predict
repetitive element DNA methylation, an increase in wealth of 1 standard deviation was associated with very small

and possibly biologically insignificant methylation changes (0.09% higher Alu and 0.15% lower LINE-1 methylation)
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38 On the contrary, adult SES, as assessed using occupational prestige, was not associated with methylation

314

differences in a community-based cohort ™" and education was not associated with global DNA methylation in

peripheral blood in another investigation >**.

Overall, education was not shown to be significantly associated with DNA methylation at any of the available
studies, all of which investigated global methylation measurements. This was in line with the LUMA results of this
investigation. However, none of these studies investigated methylation at specific probe categories and hence
they may have missed the association observed in the analysis of CpG island shore methylation and education. In
addition, the available studies did not conduct a locus by locus analysis, which was found in this investigation to
produce skewed P-value distributions for the education variables examined suggesting a more widespread effect

on methylation.

In contrast to the study examining highest household occupational position, in this investigation, household’s
highest occupational position was only found to be associated with whole genome and probe type specific
methylation, but not with specific CpG sites. The reason for this discrepancy is unknown but it might be due to the
larger number of subjects in the unpublished investigation (n=857) and the candidate-gene approach which did

not necessitate adjustments for multiple testing.

Lastly, none of the available studies investigated household density, therefore the results of this investigation,
which seem to suggest an association between household density, as a proxy to adult SES, and DNA methylation,

need to be strengthened, confirmed and validated in other investigations with increased power.
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4.1.2 Nutrition

The investigation of dietary variables produced more consistent results. To begin with, using LUMA global
methylation data, total caloric intake, folate intake and dietary methyl intake demonstrated significant
associations. It was evidenced that highest caloric intake was associated with increased hypomethylation risk,
whereas highest folate intake and increased dietary methyl intake score were associated with decreased
hypomethylation risk. Simlarly, all three variables were shown to be associated with whole genome and/or probe
type specific methylation, using the 450K BeadChip data. In addition, caloric, and dietary methyl intakes were
associated with the first PC derived from PCA, suggesting that these dietary variables explain a large proportion of
the variance in the methylation data. However, there were no specific CpGs whose methylation was significantly
associated with these dietary variables, the P-value distributions did not suggest an effect on DNA methylation,
and clustering of subjects using the most variable probes did not produce clusters associated with these

exposures.

To the best of my knowledge, this is the first study that has investigated the effect of total caloric intake on DNA
methylation. Therefore, the findings that increased caloric intake (>2215 vs. <1582 calories/day) is associated
with increased risk of hypomethylation, using the LUMA data, and with whole genome as well as CpG island shore
methylation, using the 450K data, need to be researched further using other assays in order to confirm whether
these are true associations. It should be noted that the significant associations remained even after correcting for
several related factors such as smoking status, BMI, total physical activity, folate intake and alcohol intake
therefore it is unlikely that the results are due to confounding. Instead, it is possible that highest caloric intake,
often associated with the consumption of energy dense foods and a high fat percentage, could have an effect on
the epigenome, just like caloric restriction in utero leads to decreased placental DNA methylation *°, something
that would suggest an inverse U-shaped curve between caloric intake and methylation. Nevertheless, the finding
that highest caloric intake is associated with hypomethylation is supportive of a recent finding that, amongst

premenopausal women, highest caloric intake significantly increases breast cancer risk &'.

The present findings on folate using LUMA, where highest folate intake (>335 vs. <225.4 pg/day) is associated
with increased methylation, and the 450K BeadChip findings where folate intake is associated with whole genome
and CpG island shore methylation, are supported by a number of studies which have demonstrated similar
positive associations between folate intake or serum folate levels and global DNA methylation (Figure 14 and
Table 2, Appendix D). In addition, the finding that a methyl intake score of above 0 — zero being below median
intakes of folate and vitamins B1, B2, B6 and B12 in combination with above median consumption of alcohol —
was associated with hypomethylation, and the finding that dietary methyl intake is associated with whole
genome methylation, are also supported by relevant available literature, which explains the crucial roles of

methyl nutrients in the proper maintenance of methylation in the cell 2%,
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Folate, alcohol and the B vitamins impact on one-carbon metabolism, the mechanism of methyl group transfers in
the cell. Normal function of the one-carbon metabolism, central to maintaining a healthy epigenome, requires
adequate supply of folate and the B vitamins. Folate depletion disrupts the delicate balance of the one-carbon
metabolism and can sufficiently diminish levels of methylation in the cell *®??%%3 |n fact, different studies

288-290

have reported diminished genomic DNA methylation in individuals with folate depletion . In addition it was

shown that folate therapy restores DNA methylation in individuals whose cells are hypomethylated 2%2°%3%,

On the contrary, alcohol has an adverse effect on the one-carbon metabolism, firstly by decreasing the
bioavailability of folate. Heavy alcohol drinkers have been shown to have inadequate folate in their diet **’. This is
because alcohol causes malabsorption of folate due to loss of deconjugation — necessary activity at the colonic
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brush border — and partial loss of both folate binding proteins and because alcohol causes increased renal

0 However, alcohol also impacts on the one-

excretion of folate due to a reduction in tubular reabsorption
carbon metabolism by inactivating key enzymes in the pathway such as methyl synthase. This may lead to global

hypomethylation or altered methylation in specific genes or loci ”°.

Lastly, inadequate B vitamin intake has been shown to impact on global DNA methylation in animal models ******.

It is not surprising therefore that an association is observed between inadequate intakes of folate and dietary
methyl intake and whole genome DNA methylation. The surprising finding is the lack of identification of
differentially methylated CpGs in the 450k array, but the reasons for the discrepancy between the two assays can
be due to the decreased power of the array to detect the associations after correcting for multiple testing. Also, it
is surprising that clustering did not produce clusters relevant to these intakes, but it is possible that the
methylation changes in response to these exposures are not sufficient to classify the affected probes in the 1000

most variable probes which were used for clustering.

With respect to alcohol, in all analyses carried out in this thesis, an association with DNA methylation, after
correcting for folate intake, was not observed. This might contrast what would be expected according to the
biological mechanisms described, but it agrees with the studies in Table 2, Appendix D. In the two studies that
have investigated this association in blood, only the study investigating chronic alcoholism produced significant

414

results *. These findings might reflect the possibility that alcohol exerts its effects through the influence of

methyl group bioavailability and not directly on DNA methylation.

Lastly adherence to the Mediterranean diet was not shown to influence LUMA measured DNA global methylation.
In addition, each subject’s Mediterranean Diet Index score was not associated with whole genome or probe type
specific DNA methylation, as measured with the 450K BeadChip array. Also, there were no probes whose
methylation was significantly different between different degrees of adherence to the Mediterranean diet and
clustering failed to cluster subjects according to Mediterranean diet adherence. However, IMI score did produce a
negatively skewed P-value distribution which might indicate an effect on methylation which is insufficiently strong

to be picked up by the power of this investigation.
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The Mediterranean Diet is rich in fruits and vegetables which are themselves rich in folate, B vitamins and other
methyl related nutrients. However, to delineate the true effects of the Mediterranean Diet and its components on

DNA methylation, a more detailed and more powerful investigation needs to be carried out.
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4.1.3 Anthropometry

Most of the results obtained on the anthropometric variables examined do not suggest an effect on DNA
methylation. LUMA global methylation was not associated with height, BMI, waist-to-hip ratio or waist
circumference. Similarly, genome-wide methylation did not evidence any associations with height or BMI. Also,
neither variable was associated with whole genome or any probe category specific methylation measurements,
nor were the variables associated with the clusters formed from clustering of subjects using the most variable
probes, nor were the variables associated with the first PC which explains a large proportion of the variance in the
methylation dataset. Similarly, no CpG sites were found to be significantly differentially methylated between
anthropometric variable categories, and the P-value distribution for height is not different from what would be
expected by chance. Only the P-value distribution of BMI is slightly skewed and seems to suggest a mild,

widespread effect on methylation.

The results obtained are supported partly by the available studies investigating the association between BMI and
other measures of adiposity and DNA methylation (Table 2) in peripheral blood. Of the 6 studies investigating BMI
and peripheral blood DNA methylation in adults, only two studies evidenced statistically significant associations

382383 One study found a BMI of 225 compared to <25kg/m? to be associated with increased risk for below

d **® while the other evidenced that for every unit increase in BMI,

median LINE-1 hypomethylation in adult bloo
there was a 0.8% decrease in the methylation of the MCHR1 gene. All other studies on adult BMI and blood DNA
methylation evidenced null associations which are consistent with the results of this investigation. Most positive
associations in the existing literature regard effects of overweight and obesity in infants and children which are
considered periods of increased developmental plasticity, in tumours, and in response to weight loss

interventions, all of which are outside the scope of this investigation.

Regarding waist circumference, there are only 2 available studies on peripheral blood methylation. One of these
studies evidenced that a waist circumference >88cm vs. <88cm was associated with an increased risk for below
median LINE-1 methylation *** while the other, consistent with the LUMA findings in this investigation, did not

produce a significant relationship between waist circumference and LINE-1 methylation®®.

To the best of my knowledge, this was the first investigation of the effects of waist to hip ratio on blood DNA
methylation therefore there is no literature against which to compare the findings. Only one study investigating
breast tumour tissue found that an increased waist to hip ratio was significantly associated with promoter

methylation in at least one of the following genes: E-cadherin, p16, and RAR-b2*%.

With respect to height, there are no published studies investigating its effect on blood DNA methylation in adults.
The only available studies are in children and adolescents, but their results might not be comparable to the results
in adults. However, similar to the results of this investigation, two studies did not evidence a significant

360,373

association between height and DNA methylation in adolescents and school-aged children . Instead, of the

three studies investigating height and DNA methylation in children (Table 4), the only significant association was
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in a study which analysed cord blood samples and found methylation at specific loci to be predictive of height at 9
years of age®”. Despite this intriguing finding, unfortunately this research question could not be examined in the

available dataset.

161



4.1.4 Age at Menarche - Menopausal Status - Age at Menopause - ELEE

Reproductive variables also produced inconsistent associations with DNA methylation. Using the LUMA assay,
only age at menarche was shown to be significantly associated with global DNA methylation. This association was
not only strong but also demonstrated a dose-response relationship. However, using Infinium 450k BeadChip
data, age at menarche was not found to be associated with DNA methylation — whole genome methylation or
probe category specific methylation. Also, the overall P-value distribution produced from the locus-by-locus
analysis of age at menarche and clustering of subjects using the most variable probes did not suggest a
widespread effect on methylation. Instead, analyses identified 2 CpG loci differentially methylated between
menarcheal age categories: cg27483455 and cg10903132. The first probe corresponds to a CpG site located in a
CpG Island in the body of the ACCN2 gene. This gene is a member of the acid-sensing ion channel (ASIC) family of
proteins which have a function in neurotransmission and are involved with learning, pain transduction, touch

415

sensation, and development of memory and fear "°. This gene has not been found to be associated with age at

416,417

menarche or cancer risk in genome-wide association studies . The second locus, targets a CpG site in an

intergenic region and its function is unknown. However, the body for this probe contains a sequence that

38 therefore the methylation value derived might not represent

matches to repetitive sequences in the genome
the actual methylation of the target CpG. None of these two CpG sites were previously found to be differentially

methylated in different WBC types**".

Despite the significance of these CpG loci, the differentially methylated CpGs demonstrated methylation
differences between exposure groups that are well below the difference that can be detected with confidence,
given the power of this analysis. In addition, the associations lose significance when examined only in women who
remained healthy for the entire duration of follow up. These suggest that these hits could be false positive results
or the result of confounding by case-control status. The lack of skewing in the age at menarche histogram might
also indicate that the identified differentially methylated CpGs are false positive results. Further investigations,
with increased power, are needed to determine whether these CpG sites are truly differentially methylated
between exposure groups and whether such small methylation differences between groups are sufficient to have

a biological effect.

The significant association observed using the LUMA data, agrees with the previous finding that age at menarche

3 However, the associations are not in the

was associated with global methylation in a New-York City cohort
same direction. In the New-York cohort, a later age at menarche was associated with increased methylation
whereas in this study it was observed that a later age at menarche was inversely associated with DNA
methylation, as measured with LUMA. This association is also counter-intuitive since it contrasts the expectation
that a protective exposure would be associated with increased methylation as breast cancer was shown to be

associated with hypomethylation in various reports 3***'%,
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However, the negative association between LUMA methylation and later age at menarche, which decreases
breast cancer risk, is consistent with the finding in the Long Island Breast Cancer Study Project (LIBCSP), where

breast cancer was associated with increased global methylation as measured with LUMA **

. This apparent
paradox could be explained by LUMA’s increased coverage in CpG dense regions, such as promoters, and
decreased coverage in the remaining genome *”°. As previously discussed, breast cancer is characterized both by a
global decrease in methylation as well as region specific, mostly promoter, hypermethylation. Therefore,
promoter hypermethylation and LUMA'’s increased coverage in promoters may explain why there was an

increased methylation detected in breast cancer cases compared to controls.

The conflicting findings between LUMA and Illumina 450k BeadChip methylation results in this analysis could be
caused by differences in coverage between the two assays used, as explained earlier. LUMA assesses methylation
of a specific restriction enzyme site (Hpall, CCGG), which occurs most frequently in CpG island promoters — also
covered by the 450K array — and repetitive elements. However, the Infinium HumanMethylation 450 BeadChip,
due to its probe design, does not interrogate repetitive elements. There are only a few probes that accidentally
map to repetitive elements but these might not give an accurate picture of repetitive element methylation. If age
at menarche disturbs methylation patterns in these repetitive elements, the hypomethylation would not have
been evident in the 450K chip — which was not designed to cover repetitive elements — but it would have been
detected in the LUMA assay. In addition, it is also possible that the lack of association in the 450K BeadChip was
due to the decreased power of the array to detect the associations after correcting for multiple testing.
Therefore, further investigations, with more power, into the role of oestrogen on methylation, and especially

repetitive element methylation, are warranted.

The mechanistic link which might explain the association between menarcheal age and global DNA methylation is
yet to be determined. However, endogenous oestrogen exposure is a strong candidate for epigenetic changes
since an earlier age at menarche exposes a woman to a greater cumulative amount of endogenous oestrogens
over her lifetime, and there have been reports which show that oestrogen impacts on DNA methylation. More
specifically it was shown that oestrogen receptor (ER) positive breast tumour tissues have differential methylation

420,421

at several CpG loci compared to ER negative tumours and oestrogen induced breast tumours have

differential DNA methylation patterns in ACl rat mammary gland tissue **.

It is also possible that age at menarche is an indirect indicator of other macroscopic changes that may impact on
DNA methylation. It is widely accepted that development is plastic and the sensitivity of the epigenetic system to
environmental factors is heightened during periods of developmental plasticity such as childhood, adolescence
and puberty *. Epigenetic modifications in response to environmental exposures at these critical periods are often
subtle initially and even though they do not lead to phenotypic changes at the time of exposure, they may lead to
increased risk of dysfunction and disease later on in life *. Trends in the past decades show a rapid shift towards
an earlier age at menarche and this is more pronounced in developed countries **. This trend is too steep to be
attributed to genetic changes. Instead, environmental exposures at the periods of developmental plasticity are

likely to be the cause of the dramatic decrease in age at menarche. For example, childhood obesity disrupts the

163



hormonal milieu leading to an increase in adipocyte secreted leptin, or in adrenal secreted androgens, all of which
impact on menarcheal onset *. Pre or neo-natal nutrition as well as early life exposure to endocrine disrupting
chemicals (EDCs) can also influence age at menarche *. For example, a recent publication shows that early life
dietary flavonol intake is associated with age of puberty in a cohort of girls***. Given that these exposures occur at
the periods when the epigenetic signature is more plastic, they might also lead to aberrant DNA methylation

147358403 Therefore, the aberrant

changes which will be inherited during cell divisions and be detectable years later
DNA methylation pattern observed in adulthood might not be related to menarcheal age per se but to an early
life environmental exposure, such as early life dietary exposures, that impact both on age at menarche and on

DNA methylation.

The LUMA results on age at menarche as well as a preliminary analysis of age at menarche on 332 female subjects
using the HumanMethylation 450k BeadChip have recently been accepted for publication in PLoSONE journal
(APPENDIX F). At the time the paper was written, only 332 female subjects were available for analysis and
methylation data was analysed using PBC and Combat since BMIQ was not available. Nevertheless, using the 450K
beadchip data, similar to this investigation, one CpG site on the SMADG6 gene was identified as significant with a
small percentage difference in methylation between exposure groups. This CpG site was not validated in an
independent dataset using pyrosequencing, therefore, it was regarded as a false positive. Consequently, the

conclusions of the manuscript are very similar to the conclusions presented in this thesis.

In view of all of the above, there is a need to carry out further studies with more power, better coverage and
more detailed exposure assessment, to delineate the true relationship regarding the association between age at

menarche and DNA methylation.

Regarding menopausal status, similar to the LUMA investigation, whole genome, probe category specific, and
single locus methylation did not significantly differ between menopausal status categories. In addition, clustering
of subjects using the most variable probes did not produce clusters associated with menopausal status. Only the
P-value distribution demonstrated a slight peak at relatively small P-values but this slight skewness is not
sufficient to suggest an overall effect of menopausal status on DNA methylation. However, menopausal status
was found to be associated with all three PCs derived from PCA on the “females-only” dataset suggesting that
menopausal status might explain a large percent of the variance. However, menopausal status is significantly
correlated with age, and age was also associated with the PCA components. Therefore, it might be that age is
producing the variance in methylation, and not menopausal status. So far, only one study has demonstrated an
effect of menopausal status on the methylome but the sample size was small (n=162)>"". Therefore, further

investigations on this research question are warranted.

Menopausal age, above or below 50 years old, was not found to be associated with LUMA methylation
measurements, or with whole genome, or probe category specific methylation measurements with the 450K
BeadChip. In addition, menopausal age did not evidence any significantly differentially methylated CpGs. Only the

P-value distribution from the locus by locus analyses was heavily negatively skewed suggesting that menopausal
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age might leave a mark on the epigenome that is widespread but not significant to the point that can be detected
with the power of this analysis. However, any effect of menopausal age on DNA methylation was not sufficient to
drive clustering or explain a significant percent of the variance in this dataset. The mostly null results observed
are in agreement with the only other study that has investigated age at menopause and found a non-significant

association®.

Similar to age at menopause, ELEE was not associated with global methylation using LUMA, or with whole
genome, or probe category specific methylation measurements using the 450K BeadChip. ELEE did demonstrate a
heavily negatively skewed P-value distribution in the locus by locus analysis suggesting that it might have a more
widespread influence on DNA methylation. However, similar to menopausal age, the effect of ELEE on DNA
methylation was not sufficient to drive clustering, or to explain sufficient variance in this dataset. ELEE was

associated with the third PC from PCA on the “females-only” dataset, but this PC only explains 0.019%.

Despite the heavily skewed P-value distribution, only one CpG site was found to be differentially methylated
between ELEE quartiles but the effect estimate was smaller than what can be detected with confidence in this
analysis and probably too small to have a biologically significant effect. The differentially methylated CpG
(cg01781745) is located in a CpG Island in the 1% exon of the KLF9 gene. The encoded protein of the gene is a
transcription factor whose binding activates or silences mRNA expression*”, however, no links between this gene
and oestrogen exposure have been established. In addition, the association disappears when examined only in
controls, pointing either to underlying confounding from case-control status or to limited power in the smaller
subset to detect the association. This CpG site was not previously found to be differentially methylated in

different WBC types**".

When a relaxed significance threshold was used to run SEA on some of the probes that might be causing the
skewed P-value distribution, in these probes there was no significant functional clustering of genes, no significant
enrichment of biological terms and no significant functional annotation clustering. Therefore, no conclusions can

be drawn regarding the function of the genes whose methylation appears to be influenced by ELEE.

Whether the significantly differentially methylated CpG and the skewed P-value distribution are true signals of
biological variability or a false positive result arising by chance, needs to be investigated further in analyses with

more power.

In these future investigations, a more accurate estimation of cumulative oestrogen exposure needs to be
employed, in order to account for other factors influencing lifetime oestrogen exposure such as parity, lactation

etc., since the definition employed here is only a crude estimation.
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4.2 General Remarks

One of the most puzzling observations in this analysis was the lack of complete consensus between the LUMA
global methylation and the 450k BeadChip whole genome methylation results. It was originally expected that the
results would be in agreement, since both methods give an estimate of global methylation. However, it became
evident that averaging the methylation of all probes did not give the same representation of global methylation
as LUMA, since only the dietary variables produced consistent results between the two methods. As previously
discussed, this might be because LUMA uses restriction enzymes that cut at CpG dense regions (islands in
promoters and repetitive elements), with limited representation of the rest of the genome, whereas the 450K
assay only has a few probes that match to repetitive elements of the genome and these may not give an accurate
picture of repetitive element methylation. Hence the estimates of whole genome methylation derived are
completely different (Median Methylation (yua: 71.8%; Median Methylation sk whole genome: 0.574 or 57.4%) and it

is no surprise that the same associations are not consistently observed.

Another striking observation was the reduced variance in the whole genome methylation measurements as
measured with the HumanMethylation 450K BeadChip, compared to the LUMA global methylation measurements
(Methylation SD\yma: 5.70%; Methylation SDasok whole genome: 0.01 or 1.83%). This minimal variance suggests that
whole genome methylation measured with the 450K BeadChip might not differ sufficiently between individuals,
to enable us to observe significant variations between exposure groups. This reduced variance might also
contribute to why some associations observed with LUMA, such as the association with age at menarche, are not

replicated with the 450K BeadChip data.

Looking at the standard deviation of each probe, one can see that the median standard deviation is 0.018, which
means that 50% of probes investigated have less than 2% variation in methylation. Assuming a power of 0.80 and
an a-error of 0.05, in order to detect with confidence a 1SD (0.018) change in methylation of a particular probe
between exposure groups, a very large sample size is needed (>10,000 subjects). In the investigations in this
thesis, the differences in methylation between exposure groups are often just as small and are thus naturally not
detected as significant given the power/sample size of this analysis. This confirms that, as previously discussed,
the present investigation is of limited power to detect the subtle methylation differences that might exist
between exposure groups. This is partly due to the limited sample size available but also due to the strict cut offs

used when accounting for multiple testing.

The Bonferroni and FDR corrections used for this investigation are highly conservative corrections because of
their assumption that all tests are independent. Literature suggests that this is not the case with methylation data

since there is often correlation between methylation at neighbouring CpGs **°

. In order to get a more accurate cut
off without having to make the ‘independent tests’ assumption, permutations*’ and the number of effective
tests*”® have been suggested. However, in order to get an accurate threshold using permutation, at least 1000

permutations are needed for each analysis and given the number of probes and subjects as well as the number of
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analyses carried out, this would be too computationally intensive and outside the time and technology constrains
of this thesis. On the other hand, calculation of the effective number of tests requires calculation of eigen values
though a PCA method which treats the probes as variables. However, PCA can only give accurate estimates when
the number of variables is less than the number of subjects and in the present investigation, there are close to
half a million probes but only 667 subjects. This would mean that the maximum number of effective tests that
could be identified is 667, but even these 667 tests only explained a very small proportion of the variance in the
data. As a result, this method cannot provide an accurate number of the effective tests and hence it cannot

provide a less strict multiple testing correction.

Regarding the P-value distributions obtained, there is some suggestion that variables such as education,
household density, IMI, BMI, menopausal age, and ELEE have a more widespread effect on methylation that is not
detected as significant using the strict cut-offs employed for multiple testing correction. This suggestion arises
from the difference of the P-value distributions obtained from those that would be expected by chance under the
assumption that each test (and therefore each probe) is independent. However, as previously discussed, each test
is not independent because of correlation between methylation at neighbouring CpG sites. Permutation would
help establish P-value distributions that truly reflect the distribution of P-values if the null hypothesis for each
exposure was true. However, due to the limited time constraints that do not allow permutations to be run, one
cannot be certain what the null P-value distributions really look like, which diminishes the importance that can be

placed on these results.

The null results obtained in clustering analyses could be explained by the small standard deviations in methylation
for each probe in the 450k BeadChip data. This minimal variance means that even the most variable probes are
not markedly differently methylated between subjects and, consequently, between exposure groups. Therefore it
is no surprise that clustering using these probes failed to cluster individuals according to the exposures examined.
Even the exposures that were suggested to leave a mark on the epigenome, did not impact on probe methylation

sufficiently to produce large enough differences to drive clustering in relation to exposure groups.

In addition to the limited power of the investigation and the limited variance in methylation for each probe,
another explanation for the mostly null results obtained in the Infinium 450K analysis, is the fact that this thesis
investigated exposures that are likely to have subtle effects at the molecular level and these effects might even be
less than the biological variability in the tissue examined, in this case blood. On the contrary, exposures with
stronger molecular effects, such as smoking, were shown to be associated with blood DNA methylation in other
investigations *°*. Also, as it became evident from the PCA results, gender and age explain a large percentage of
the variance in our datasets. PCA results suggest that almost all variance in the 450K datasets is explained by age
and gender, and the strong effects of these variables might obscure the more subtle effects of the exposures

examined here.

Lastly, the results of SEA need to be very cautiously interpreted as previously mentioned, because their accuracy

and reliability are questionable. In order for SEA to produce reliable results, the gene list used needs to contain
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many important genes (marker genes), a large number of genes (>100) and most of the genes need to be
differentially methylated with respect to the exposure or outcome examined and their differential methylation
needs to be well above the threshold of significance “*®. In our investigation, almost no genes were found to be
differentially methylated above the threshold of significance and the genes entered into SEA were selected
following a relaxing of the significance threshold. Still, even with this relaxed threshold, only two exposures —
household density and ELEE — had more than 100 differentially methylated probes. Also, most of the clusters
produced in functional annotation clustering for both exposures lacked significance at the Benjamini corrected
threshold of significance. As a result, the SEA results need to be treated with extreme caution as they might not

be a true representation of the biological significance of methylation changes in the cell.

Despite the limited power and the lack of significant results, especially with the 450k BeadChip array, this was a
preliminary analysis which gives us some indications that can shape and direct future investigations. One can
regard this investigation as a first descriptive approach, which points to those exposures that need to be

researched in more detail and with more power in the future.

Even though an attempt has been made above to compare the results of this investigation to other published
studies, great care needs to go into the interpretation of these comparisons because the assays used in this

318 Instead,

investigation have not been used by other studies included in this thesis, with the exception of one
global methylation was usually measured using pyrosequencing of repetitive elements (LINE-1 and Alu) whereas
locus-specific methylation was usually measured using other arrays or methylation-specific PCR or bisulfite
sequencing. Since different assays use different technologies, they might give different representations of

methylation and with different technical variability making direct comparison of results difficult.
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4.3 Difficulties in Establishing Causality in Environment-Epigenome Investigations

Even though environmental exposures have been shown to impact on DNA methylation, evidence to support
causal relationships between exposures and epigenetics is lacking. There are several reasons why this is the case.
Firstly, any exposure examined is only a small fraction of the totality of all exposures that an individual is exposed

2 The exposome includes internal exposures such as

to from conception to death — defined as the exposome
metabolism, hormones, and inflammation, markers of general external exposures such as education and financial
status, as well as specific external exposures such as infectious agents, lifestyle factors, and diet ** (Figure 40). It
is also true that these three domains of the exposome are not mutually exclusive. For example, a high fat diet
during childhood which is considered a specific external exposure can upset *° the hormonal balance which is an
internal exposure. In addition, education and socioeconomic status can influence one’s dietary choices. However,

the interplay between exposures is almost impossible to investigate accurately, making inferences about causality

difficult.
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Figure 40 — The complementarity of the exposome

Secondly, when studying exposures, one should not only consider the interplay between the three domains of the
exposome and the countless components of each, but also the dynamic nature of the exposome. The timing,
duration, and intensity of the exposure are of extreme importance in these investigations since some phenotypic
changes may not be evident after short term or weak exposures. Not accounting for these factors in
investigations may obscure any true effects. One key issue to consider here is that the susceptibility of the
epigenome to internal as well as external influences may be greater in critical windows during development. For
example, during embryonic development DNA methylation marks are almost completely erased and then re-

430
d

establishe . Any environmental influences, such as carcinogen exposure or inadequate intake of methyl

groups, are likely to have a substantial impact during this period of dramatic epigenetic reprogramming, and any

167

effects can persist and alter disease risk later on in life ™. As a result, in order to get an accurate picture of the

interplay between an exposure and the epigenome, precise assessment of the exposure at different time-
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frameworks to determine when the exposure is more aetiologically relevant is warranted. Furthermore, different

metrics of exposure such as duration of exposure in addition to degree of exposure need to be investigated.

A further complexity in environment-epigenome investigations is that the epigenome, including DNA methylation,
is dynamic with often dramatic cycles of demethylation and re-methylation. This plasticity and reversibility of the
epigenome makes identification of adverse changes associated with particular exposures difficult. For example,
many studies investigate changes in protein levels and in the activity of epigenetic players in response to external
stimuli. However, one cannot be certain that changes in these players will have adverse phenotypic consequences
on the epigenome. This might be because these changes are transient in nature and will not have a true lasting

effect on the epigenome state, or they may be part of the normal adaptive response to stimuli **’.

Another issue that complicates investigations of causative associations between exposures and the epigenetic
state is that an exposure may affect several of the different epigenetic layers in different ways, and inevitably,
depending on the epigenetic outcome of a particular study, other effects might be missed. In addition, despite the
progress in methylation interrogating techniques available, most cannot differentiate between 5mC and 5hmC
bases and for this, no studies or techniques have to date addressed methylation changes at the 5hmC level **’.

Just like environmental exposures can impact on DNA methylation, 5hmC effects are also possible.

It is also important to consider that any changes observed in the epigenetic state following exposure to external
or internal stimuli might not be caused directly from the exposure but they might be correlated with the adverse
phenotype produced by the exposure **’. Therefore, it is important to differentiate the driving and functionally
important epigenetic changes from the passenger epigenetic consequences of adverse phenotypes such as

183311 ‘More specifically, in retrospective studies one should consider whether the changes observed

malignancy
are a result of treatment rather than disease, especially since many retrospective studies recruited post-
treatment subjects/samples. Similarly, in prospective studies one needs to consider the long latent period of
various diseases and especially cancer, since undiagnosed disease might have an impact on DNA methylation

which might be wrongly interpreted as response to external exposures.

Furthermore, as demonstrated by Brennan and Flanagan (2012) **! the choice of technique for measuring
methylation, and especially global methylation, might result in non-representative estimates of true DNA
methylation change, obscuring any true effects. For example, even though 5mC content reveals a global
hypomethylation in blood of cancer cases compared to controls, LINE-1, as a surrogate for global methylation,

fails to demonstrate this association®".

Another important issue that needs to be accounted for is technical variability. Statistical analyses with

sufficiently large sample sizes, may produce statistically significant findings in which the effect estimates are

431

smaller than the technical variability of the assay used to derive the methylation measurements . However,

significant findings with small effect estimates may not be reproducible using other technologies (for example

pyrosequencing, one of the most quantitative assays available, can only detect changes greater than 3%) **".
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Additionally, tissue heterogeneity is one factor that can confound investigations on DNA methylation, making the

establishment of causal associations difficult. It has been shown that DNA methylation differs between different

tissues **® and even different white blood cell types have variable DNA methylation patterns 2**'#%0432 Thys,

when the sample under investigation, whether tumour/normal tissue or blood, is a heterogeneous mixture of
various cell type populations, variability in cell type counts between samples can account for a considerable
proportion of variability in DNA methylation. Therefore, accounting for tissue heterogeneity in DNA methylation

investigations where the exposure or outcome could alter cell type counts is imperative.

Lastly, perhaps the greatest limitation which precludes causal inferences in such investigations is that what

|”

constitutes a “normal” epigenome has not been established yet and thus it is difficult to distinguish pathogenic

changes in response to the exposure from normal variability or even from adaptive response. Without a notion of

III

what is “normal” it is also impossible to account for individual susceptibility which is highly variable and may mask
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any significant effects when subjects are pooled together International initiatives powered by the

III

genome/epigenome technology revolution will hopefully shed light on what constitutes a “normal” epigenome

variability **’.

III

and what is regarded as “norma

These and other issues arising in the investigation of causal exposure-epigenome investigations are discussed in a
joint publication between members of my department at Imperial College and researchers at the International
Agency for Research on Cancer. The manuscript which has been accepted and is awaiting publication in

Carcinogenesis is attached in Appendix E.
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4.4 Limitations of the Investigation

In addition to the caveats reported above, this investigation also had some additional limitations which could
have precluded us from detecting any real associations. Firstly, blood is a surrogate tissue for many diseases such
as cancer. The exposures examined in this thesis have been shown to influence breast cancer risk and if they do
so through changes in the methylome, then such methylome aberrations would be mostly evident in the target
tissue, breast. Therefore, even if these exposures did impact on disease risk though epigenetic changes, one

might not see these changes in surrogate tissues, such as blood.

Also, as mentioned above, blood is a highly heterogeneous tissue and different blood cell type counts between
samples could dilute estimates of differential methylation between exposure categories or produce false positive
estimates. Unfortunately at the time of conduction of this investigation, even though an algorithm which uses
DNA methylation signatures to infer cell mixture distribution*** was available, purified cell samples to be used for
the development of the validation set were not available. The only available option to account for this problem
was to exclude from our analyses those probes that were previously shown to be differentially methylated
between white blood cell types “°*. However, it was comforting to see that the results with and without the white
blood cell type differentially methylated probes did not differ. This was not surprising as many of the exposures

analysed, such as age at menarche, anthropometry and nutrition are not very likely to influence blood cell counts.

Furthermore, methylation changes in response to external exposures are probably cell specific and dose and time
dependent, since there may be different mechanisms in different tissues conferring different susceptibilities to
different exposures ***. Since blood cells are mostly quiescent and post-mitotic, methylation levels might be more

3 Therefore, one might question the appropriateness of

stable in blood than in other actively dividing cells
blood for monitoring variations in methylation in response to these external exposures. In fact, the use of blood
DNA could be one explanation for the very limited variability in DNA methylation measurements between
subjects and exposure groups. In a publication examining tissue specific DNA methylation changes in response to
age, even though 274 CpG sites were shown to be differentially methylated with respect to age in solid tissues, in

blood, there were zero differentially methylated CpGs**°.

Lastly, the assays used are not without limitations. The LUMA assay, due to the assessment of methylation at a
specific restriction enzyme site (Hpall, CCGG), which occurs most frequently in CpG island promoters and
repetitive elements, might not give an accurate estimate of global methylation. It is not surprising that while most

studies on blood report global hypomethylation in response to breast cancer'’***

, in a large case-control study
where methylation was assessed with LUMA, breast cancer was associated with increased genome wide

methylation®.

There are also limitations associated with the HumanMethylation450 BeadChip. Despite going into great lengths
to correct for the differential probe design, having two different types of probes introduces variability into the

methylation measurements which could cloud up any biological differences between exposure groups. On the
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other hand, one cannot ignore the possibility that normalisation techniques might lead to over-correcting, thus
diluting any true biological signals. In addition, as discussed in the methods section, the design of a large number
of the probes on the array is imperfect. Expanded biological annotation of the array revealed that 4.3% of the
probes had a CpG target site which was a documented SNP and 8.6% of probes mapped to multiple locations of
the genome as assessed in silico *®. Excluding these probes, in addition to the probes which failed in more than
20% of samples and the probes containing a SNP in their body, resulted in a substantial reduction in coverage

(around 300, 000 probes). On the other hand, retaining these probes could have confounded the analyses.
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4.5 Future Directions

The difficulties in establishing causality outlined above, as well as the limitations of this investigation, point to the
need for better, more detailed and more suitable study designs in order to understand the effect of these and

other exposures on DNA methylation.

In order to gain a better understanding of methylation effects given the dynamic nature of the exposome and the
importance of timing, duration, and intensity of exposures, longitudinal and prospective cohort studies need to

403
d

be employed™. These study designs, accompanied by serial sampling, allow assessment of changes in exposure

35 This in turn will allow identification of the critical windows

and in DNA methylation throughout the life-course
for each exposure. In other words, these studies allow one to define at which time-points each exposure has most
of an effect on DNA methylation. Prospective studies will also allow investigation of the relationship between

aberrant methylation due to exposures and disease risk*****®.

As previously discussed, early development is considered a critical window of exposure with respect to DNA
methylation, because the plasticity of the epigenome is heightened during this early life period. As a result, birth
cohort studies will be invaluable in researching the effects of early life exposures on DNA methylation, both
during development but also in adult life. Birth cohort studies, just like all cohort studies, will also enable an

evaluation of the DNA methylation changes on adult disease risk.

Perhaps the most informative study design for the hypotheses under question is a longitudinal analysis of
epigenetic changes in a population cohort of monozygotic twins, with serial sampling 403, Monozygotic twins share
the same DNA sequence and thus any substantial disparate epigenetic changes point to non-shared

environmental exposures rather than genetic influence*®*’

. Assessment of exposures and DNA methylation
pattern at different time-frames throughout life can provide valuable clues as to which exposures could have

precipitated an aberrant DNA methylation pattern.

If budget and time constrains do not permit such studies, monozygotic twins, discordant for the exposure of
interest can also be used, since any epigenetic alterations would be environmentally rather than genetically

driven?®

. However, even if the twin pairs are not recruited at birth or during early life, information on early life
exposures would be essential in order to correct for confounding and investigate the true effects of the exposure

under question.

Despite the different study designs available, in epigenetic epidemiology it is difficult to select a gold-standard
study design. Instead, it is accepted that “combined analysis of multiple studies with complementary strengths

will be necessary to identify meaningful and interpretable epigenetic associations”*®.

In addition to the study design, careful consideration of the analytical methods to be employed is imperative for

the successful investigation of the effect of exposures on DNA methylation.
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Firstly, despite its high cost, bisulphite conversion followed by whole genome sequencing permits investigation of
methylation at all ~28million CpG sites, which is a vast improvement from the 450k BeadChip array which

3 Therefore, whole genome sequencing will play a

interrogates <2% of the CpG sites in the human genome
major role in future epigenetic investigations, especially as next generation sequencing technologies become

more available and more cost effective®®.

As already commented above, there are numerous combinations of pre-processing methods to be used on high
throughput data. In addition, given the cost of high throughput technologies, the sample sizes analysed are often
insufficient to detect the subtle effects that these exposures are likely to have on the epigenome. Therefore,
creation of consortia, with pooling of subjects analysed with the same technology platform, and consensus
agreement on the most appropriate combination of pre-processing methods to be used, would enable detection
of differentially methylated sites or regions with respect to exposures, even if the exposure effects on

methylation are subtle **.

Another analytical consideration that might be useful in future epigenome-environment interactions is the

analysis of genes based on functional annotations*”

. The ability to combine CpG sites, genes, or regions according
to their function enables fewer and more biologically meaningful comparisons, which minimises multiple testing
issues. However, this analysis is a sort of candidate approach and requires better understanding of the
epigenome-environment interactions and improved identification of the locations of exposure driven

variation?®3#

. A recent study revealed that only 21.8% of CpGs show developmental variation and these CpGs
were shown to co-localize with gene regulatory elements, providing a starting point for more effective and

focused investigations into environmental effects that could lead to developmental alterations and carcinogenesis

408

Future investigations also require an association of DNA methylation with transcriptional activity *®. Just as in this
investigation, the methylation changes observed with respect to exposures are often subtle and it is not clear
whether the magnitude of the change is enough to have an effect on transcription. Only if an association between
methylation change and change in transcription is established, can the methylation change be regarded as of

403

functional relevance *. Therefore, future studies should seek to establish such associations that would confirm

functional relevance, bearing in mind the tissue specificity of expression.

In addition, Mendelian randomisation (Figure 41) can be an invaluable epidemiological tool in future studies to

403,439

strengthen any conclusions regarding causal inference . The first step of epigenetic Mendelian randomisation

uses a genetic variant as a proxy to the environmental exposure and assesses the relationship between this

39 A number of validated genetic variant proxies for exposures

genetic variant and the methylation outcome
such as smoking, alcohol and BMI exist and can be utilised in these investigations, provided that they do not have
a direct influence on DNA methylation **°. For example, maternal MTHFR genotype was suggested as a proxy to
reduced folate availability in utero®®. Investigation of the genetic variant instead of the environmental exposure

deals with the common issues of confounding, reverse causation and measurement error, and thus produces
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more accurate effect estimates. If there is agreement between the effect estimate of the association between the
genetic variant used as proxy to the exposure and DNA methylation with the estimate of the association between
the exposure and the DNA methylation, then the observed association can be regarded as an unbiased,

439

unconfounded causal effect ™. However, Mendelian randomisation can take these epigenome-environment

interactions a step further, since in step 2, a genetic variant which can be used as a proxy to DNA methylation, is

9 A lot of work needs to go into identifying suitable genetic

assessed for its association with a disease of interest
variants for different DNA methylation outcomes, but this two-step epigenetic Mendelian randomisation can
provide evidence regarding whether an environmental exposure is causally associated with disease and whether

the underlying biological mechanisms involve the epigenome.

A Step 1

Exposure

B Step 2

| CpG I—)l Phenotype

Exposure ]—)l CpG I | Phenotype

Figure 41 — Two-step epigenetic Mendelian randomisation: applying the principle of Mendelian randomisation to DNA methylation as an

intermediate phenotype.

Genetic variants can be used as instrumental variables in a two-step framework to establish whether DNA methylation is on the causal
pathway between exposure and disease. An overview of the two-step framework of this approach is shown. (A) First, a SNP is used to

proxy for the environmentally modifiable exposure of interest and (B) secondly, a different SNP is used to proxy for DNA methylation

o P 439
levels. Reproduced with permission from .

Lastly, approaches that combine study designs can also support causal inference in the investigations between
exposures, DNA methylation and disease. Vineis and Perera (2007) *' propose the use of complementary study
designs to establish new biomarkers, such as DNA methylation changes, that lie on the causal pathway between
exposure and disease. For example, methylation markers that in prospective studies are shown to be associated
with the exposure of interest and are also shown to be predictive of disease risk, can be classified as biomarkers
of the mechanistic pathway linking exposure to disease, and the association between exposure and disease can
be regarded as causal (Figure 42). This approach, termed “Meet-in-the-Middle”, can open up new avenues for
establishing causal relationships which will then shed light on possible targets for prevention and treatment.
Thus, “Meet-in-the-Middle” will be invaluable in future research efforts for establishing epigenome-environment

interactions and their implications in disease risk.
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Prospective Study

Nested case-control study:
discovery of risk predictive
biomarkers for disease

Evaluation of relationship of environmental exposures with DNA
methylation biomarkers predictive of disease risk

Ll Intermediate

Environmental methylation . :
b rk f
Exposure @ biomarkers of @ lomarkers o @ Disease

early effect

environmental
exposure

Figure 42 — The Meet-in-the-Middle approach: an epidemiological tool to reinforce causal inference in epigenetic epidemiology.

The figure demonstrates the use of complementary study designs to identify DNA methylation biomarkers that lie on the causal

pathway between exposure and disease.

Combinations of the study designs and analytical approaches above produce great anticipation for the future of
epigenome-environment interactions, as they provide the means through which the full potential of epigenetics —

in prediction, prevention, and treatment 35 _ can be uncovered.

Therefore, a re-analysis of the exposures examined, using combinations of these study designs and analytic
methods, would be needed to confirm the associations observed in this analysis and also shed more light on the

exposures which currently produce inconclusive results.
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5 Conclusions

In this exploratory investigation of environmental exposures undergoing secular trends, exposures such as age at
menarche, folate intake, methyl group intake, and total caloric intake were shown to influence global DNA
methylation using the LUMA assay. In addition, education, household density, highest household occupational
position, total caloric intake, folate intake, and dietary methyl intake were also shown to influence whole genome
and/or probe category specific methylation using the HumanMethylation 450k BeadChip. Total caloric intake,
dietary methyl intake and menopausal status were also found to, along with age and gender, weigh on the first
PCs that explain more than 99% of the variance in the 450K datasets. Lastly, with the same array, there are
suggestions that exposures such as education, household density, adherence to the Italian Mediterranean diet,
BMI, age at menopause and lifetime oestrogen exposure affect the methylation of specific CpG loci but the power

of this investigation was not sufficient to identify specific biologically relevant, differentially methylated CpGs.

Total caloric intake, folate intake, and dietary methyl intake are exposures which were found to be associated
with methylation using both assays in this thesis in two independent datasets, and this replication suggests that
these are true findings that should be explored further for their biological significance. In addition, the age at
menarche association with LUMA global methylation was significant, strong, resistant to adjustment for
confounders and demonstrated a dose-response effect. Despite the lack of this association in the 450K BeadChip

data, the strong LUMA association calls for further investigation regarding the biology behind this finding.

In order to better understand the effect of these and other environmental exposures on DNA methylation, and to
get a firmer grasp of the interplay between these exposures, DNA methylation, and disease outcomes, further
investigations, with more analytic study designs, more power, and with novel epidemiological tools to strengthen

causal inference are needed.
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Abstract

women.

Background: Diet has long been suspected to impact on breast cancer risk. In this study we evaluated whether
the degree of adherence to a Mediterranean diet pattern modifies breast cancer risk amongst Greek-Cypriot

Methods: Subjects included 935 cases and 817 controls, all participating in the MASTOS case-control study in
Cyprus. The study was approved by the Cyprus National Bioethics Committee. Information on dietary intakes was
collected using an interviewer administered 32-item Food Frequency Questionnaire. Information on demographic,
anthropometric, lifestyle, and other confounding factors was also collected. Adherence to the Mediterranean Diet
pattern was assessed using two a-priory defined diet scores. In addition, dietary patterns specific to our population
were derived using Principal Component Analysis (PCA). Logistic regression models were used to assess the
association between the dietary patters and breast cancer risk.

Results: There was no association with breast cancer risk for either score, however, higher consumptions of
vegetables, fish and olive oil, were independently associated with decreased risk. In addition, the PCA derived
component which included vegetables, fruit, fish and legumes was shown to significantly reduce risk of breast
cancer (ORs across quartiles of increasing levels of consumption: 0.89 95%Cl: 0.65-1.22, 0.64 95%Cl: 0.47-0.88, 0.67
95%Cl: 049-0.92, P trend < 0.0001), even after adjustment for relevant confounders.

Conclusions: Our results suggest that adherence to a diet pattern rich in vegetables, fish, legumes and olive oil
may favorably influence the risk of breast cancer. This study is the first investigation of dietary effects on breast
cancer risk in Cyprus, a country whose population has traditionally adhered to the Mediterranean diet.

Background

Breast Cancer (BC) is the most prevalent cancer among
females worldwide, being responsible for more than 515
thousand deaths annually in all WHO regions [1]. Diet
has long been suspected to affect BC risk and numerous
studies have investigated its possible effect. Even though
most of these studies conclude that any effect of diet on
risk may be weak, the findings of some large scale pro-
spective studies [2-10] emphasize the importance of
further investigating the role of diet in BC etiology.
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When investigating the effects of diet on BC, it is
important to consider that individuals do not consume
single foods, but combinations of several foods that con-
tain both nutrient and non-nutrient substances. Given
the complexity of human diets, the correlation and
effect modification of intake of some nutrients, and the
many nutrient-to-nutrient interactions, conclusions
about the effect of consumption of a single nutrient,
food group, or dietary constituent on a specific health
outcome may be misleading. For these reasons, it is use-
ful to examine patterns of nutrient intake that express
several related aspects of dietary intake concurrently
[11,12].

© 2012 Demetriou et al; licensee BioMed Central Ltd. This is an Open Access article distributed under the terms of the Creative
Commons Attribution License (http://creativecommons.org/licenses/by/2.0), which permits unrestricted use, distribution, and
reproduction in any medium, provided the original work is properly cited.
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One such dietary pattern is the Mediterranean diet
pattern. The Mediterranean diet has long been accepted
as an example of a well-balanced diet but there is no
gold standard “Mediterranean diet”. At least 16 coun-
tries border the Mediterranean Sea and diets vary
between these countries as well as also between regions
within the same country. However, despite the above
variation, a Mediterranean diet has the following com-
mon characteristics: high consumption of fruits, vegeta-
bles, bread and other cereals, potatoes, beans, nuts and
seeds; low to moderate consumption of dairy products,
fish, eggs and poultry; and infrequent consumption of
red meat. In the Mediterranean diet, olive oil is fre-
quently consumed and is an important mono-unsatu-
rated fat source, and wine is consumed in low to
moderate amounts.

The combination and range of foods included in this
diet pattern, provide plenty of anti-oxidants such as fla-
vonoids, carotenoids, and antioxidant vitamins, lots of
phytochemicals including phytoestrogens, sufficient
quantities of fiber, adequate folate, and a favourable
fatty acid profile [10,13]. These nutrients have been
linked to mechanisms of carcinogenesis and have been
found [14], or are hypothesized to confer protective
effects [15] on total cancer incidence, and more specifi-
cally on BC incidence. The hypothesis that adherence to
a Mediterranean diet pattern decreases BC risk is also
supported by the observation that countries bordering
the Mediterranean Sea, which are more likely to adhere
to such a diet, for example Greece, Spain, Italy and
Cyprus, have the lowest BC incidence rates in Europe
[1].

Adherence to the Mediterranean diet pattern in epide-
miological studies is commonly assessed with the use of
dietary scores, developed to capture how closely a sub-
ject’s diet resembles the Mediterranean diet. In this
study we evaluated whether the degree of adherence to
a Mediterranean diet pattern is associated with a
decreased BC risk amongst Greek-Cypriot women who
participated in the MASTOS (Greek for “breast”) study
- to date, the largest case-control study carried out in
Cyprus [16]. While it is commonly assumed that tradi-
tionally a large proportion of the island’s population
adheres to a Mediterranean diet pattern, the extent to
which this is true is unclear, let alone whether, and
which components, may be associated with a reduced
BC risk, making first-time investigation of this issue
among the Mediterranean island’s female population
invaluable.

Methods

Subjects

MASTOS was the first and to date largest BC case-con-
trol study to be carried out in Cyprus. Recruitment
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lasted for the three year period 2004-2006, and the
main aim of the MASTOS study was to describe the
frequency of established and recognized risk factors for
BC among Cypriot women and to assess their associa-
tion with BC occurrence. Information on the study
design, data collection as well as initial analysis of MAS-
TOS data with respect to BC risk factors is published
elsewhere [16]. In summary, 1109 cases of breast cancer
aged 40-70 years old and 1177 control women were
recruited. Cases had a confirmed diagnosis of breast
cancer between January 1999 and December 2005. Con-
trols were women from the general population that
attended the national mammography screening program
and received a negative result. In the present report, the
analysis was restricted to post-menopausal cases and
controls only, since diet has been shown to have a dif-
ferent effect on pre- and post-menopausal BC
[10,17,18].

Data collection

Demographic and risk factor data were collected with
the use of a specially designed questionnaire, through a
standardized interview. The questionnaire included
information on age, marital status, level of education,
current and adolescent BMI, exercise status, smoking
status, family history of breast or ovarian cancer, hor-
mone use, and reproductive characteristics such as age
at menarche, pregnancy, gestation period, parity, breast-
feeding, age at first and last pregnancy. Weight, height
and consequently BMI were based on actual measure-
ments but all other information was self-reported. Exer-
cise was taken to mean any form of regular recreational
exercise, 2-3 times a week, for a minimum of 30 min-
utes each time.

In addition, a standardized diet interview was con-
ducted with each subject using a Food Frequency Ques-
tionnaire (FFQ) designed to best capture consumption
of food items whose contribution to the energy and
nutrient intake of the Cypriot population is high. The
resulting questionnaire was designed to capture an indi-
vidual’s habitual food intake over the previous year.
Thirty two food items were included in the question-
naire under eight distinct categories i.e. fruit and vegeta-
bles, fish, meat, meat products and substitutes, cereals,
dairies, agricultural products and sweets. Frequency of
consumption for each food item was reported as num-
ber of portions daily, weekly or monthly, rarely con-
sumed, or never consumed. Portion sizes for the foods
consumed were assessed by showing subjects pictures of
standard medium portions, decided on by experienced
dieticians. The questionnaire also included questions on
the kind of oil used while cooking, whether olive oil was
used in salads, and what kinds of spreads were used on
bread.
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Adherence to the Mediterranean diet pattern was first
assessed using the diet score proposed by Panagiotakos
et al. [19]. The score was developed to incorporate the
inherent characteristics of the Mediterranean dietary
pattern and to examine its relationship with cardiovas-
cular disease risk and biological markers [19]. Thus, the
score includes the weekly consumption of the following
9 food groups: non-refined cereals, potatoes, fruit, vege-
tables, legumes, fish, red meat and products, poultry,
full fat dairy products as well as use of olive oil in cook-
ing, and alcoholic beverages. The scoring system for the
level of consumption of each food group is described in
Table 1 and the final score ranged from 0 to 55. Caloric
intakes were not available due to the short nature of the
FFQ and the grouping of several different foods in the
same food group category. As a result, BMI and height
were used as surrogate measures of the energy needs of
each individual and were thus included and corrected
for in all analyses. For the same reason, nutrient intakes
could not be estimated with sufficient accuracy; there-
fore the diet scores chosen were based on food group
intakes and did not involve any nutrient components.

Some of the original diet score categories were modi-
fied for our analysis. First, the Cereals category was
taken to include all cereals consumed, as information on
types of cereal was not available. Unrefined and refined
cereals differ mostly in their fiber content [20], therefore
since nutrient measures were not estimated it was
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thought appropriate to group together all cereal con-
sumption. In addition, use of olive oil in cooking was
estimated to include use in cooking and as a salad dres-
sing, as usage of olive oil in salads is the most common
use of olive oil in Cyprus. Lastly, the Mediterranean
Diet Score was first designed to assess the effect of diet
on cardiovascular disease. Since some alcohol consump-
tion is beneficial to cardiovascular health, in the original
score, zero alcohol consumption received a low score.
However, for cancer, any amount of alcohol is detrimen-
tal to cancer risk [8]. Therefore, for our purposes zero
alcohol consumption, received the highest score.

Secondly, the diet score developed by Martinez-Gon-
zalez et al. [21] was used. The score was developed as a
quicker and simpler tool to estimate quantitatively
adherence to the cardioprotective elements of the Medi-
terranean diet [21]. Nine items are included in the diet
score and scored as shown in Table 2. The resulting
score ranged from 0 to 9 points.

Again, some of the original score components were
modified. Wine consumption (component 7) was substi-
tuted by any alcohol consumed. Furthermore, since this
score was also originally designed to assess diet’s effects
on cardiovascular health, the scoring was reversed to
score +1 if no alcohol was consumed. Lastly, one of the
characteristics of the Mediterranean diet is high con-
sumption of cereals including pasta and potatoes. There-
fore, component nine included pasta, rice and potatoes.

Table 1 The Mediterranean Diet Score by Panagiotakos et al. as modified for the present analysis

How often do you consume:

Frequency of consumption (servings/week or otherwise stated)

All cereals (bread, pasta, rice, etc.) Never 7-12 13-18 19-31 > 32
0 2 3 4 5
Potatoes Never 5-8 9-12 13-18 > 18
0 2 3 4 5
Fruits Never 5-8 9-15 16-21 > 22
0 2 3 4 5
Vegetables Never 7-12 13-20 21-32 > 33
0 2 3 4 5
Legumes Never <1 1-2 34 5-6 > 6
0 1 2 3 4 5
Fish Never <1 1-2 34 5-6 > 6
0 1 2 3 4 5
Red Meat Products <1 2-3 4-5 6-7 9-10 > 10
5 4 3 2 1 0
Poultry <3 4-5 5-6 7-8 9-10 > 10
5 4 3 2 1 0
Full fat dairy products (cheese, yogurt, milk) <10 11-15 16-20 21-28 29-30 > 30
5 4 3 2 1 0
Use of Olive Oil (times/week) Never Rare <1 1-3 35 Daily
0 1 2 3 4 5
Alcohol (ml/day) 0 < 300 400 500 600 > 700
5 4 3 2 1 0
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Table 2 Dietary Items included in the Martinez-Gonzalez
Score as modified for the present analysis

Yes
1. Olive Oil (= 1 spoon/day) +1
2. Fruit (= 1 serving/day) +1
3. Vegetables or Salad (> 1 serving/day) +1
4. Fruit (= 1 serving/day) and Vegetables (> 1 serving/day)? +1
5. Legumes (> 2 servings/week) +1
6. Fish (= 3 servings/week) +1
7. Any alcohol (zero consumption) +1
8. Meat (< 1 serving/day) +1
9. All cereals (bread, rice etc) (1-3 servings/day) +1

@ One point is added when > serving/day of both fruits and vegetables is
consumed

For the purposes of this analysis consumption of one to
three portions of any cereal daily was scored with +1
and all other consumption (i.e. lower or higher) was
scored with zero.

Statistical analysis
Differences between socio-demographic characteristics,
potential risk factors (including overall diet scores)
between cases and controls were initially explored using
chi-squared or ¢-test as appropriate (e.g. height). In
order to assess the association between levels of adher-
ence to a Mediterranean diet and BC, adjusted Odds
Ratios (ORs) of BC risk were estimated (a) across cate-
gorical levels and (b) per 1 unit increase in either of the
diet scores in multivariable logistic models after adjust-
ing for the possible confounding effect of the risk factors
that best predict BC risk in this population [16]. In addi-
tion to the overall scores, ORs of BC per 1 unit increase
in servings/week (or servings/day accordingly) were also
estimated for each single components of the diet scores.
To further examine the dietary intakes of the Cypriot
population, factor analysis with principal component
extraction (PCA) was performed in order to derive the
patterns that best describe the dietary habits of our
population. It was deemed appropriate to restrict this
analysis to the control group. Dietary intakes (in g/
month for food items and ml/month for drink items) of
each of the 32 food and beverage items in our FFQ
were considered. Olive oil was not entered as a variable
in PCA because only frequency and not quantity of con-
sumption was assessed in the FFQ. Extraction of princi-
pal components was followed by a diagonal (oblimin)
rotation, following failure of orthogonal rotations to
produce interpretable results. For each dietary pattern
identified, a component score was calculated for each
subject using all factor loadings and the respective con-
sumption of each food and beverage item. The associa-
tion between BC and each of the observed factors were
investigated in multivariable logistic models after
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mutually adjusting for all others. All statistical analyses
were performed using STATA statistical software, ver-
sion 11 (StatCorp. 2007. College Station, TX) and SPSS
statistical software version 17.0 (PASW Inc.)

Results
The characteristics of the 1752 post-menopausal women
(among a total of 2286, 76.6%) participating in the
MASTOS case-control study are presented in Table 3.
As expected, compared to controls, cases tend to be
more educated, of a larger BMI, an older age at FFTP,
more likely to have a family history of BC, less likely to
have breastfed their children, more likely to have
smoked and less likely to have exercised more than 6
hours per week prior to diagnosis. However, contrary to
what was expected, cases were younger and less likely to
have used HRT. Cases and controls did not differ in
terms of height, age at menarche, parity. Furthermore,
no association was observed between case/control status
and either of the two diet scores investigated here.
However, the distribution of cases and controls across
the diet score categories indicated that the Mediterra-
nean diet pattern is adhered to by a large percentage of
Cypriots. More than 40% of the Cypriot population has
a score of above 35 using the Panagiotakos Mediterra-
nean diet score, and close to 40% of the Cypriot popula-
tion scores above 6 using the Martinez-Gonzalez score.

Mediterranean diet score by Panagiotakos

The mean intake of the 11 food indices used to con-
struct the Mediterranean Diet score by Panagiotakos
among post-menopausal cases and controls is shown in
Table 4. Risk of BC decreased in association with high
intake of vegetables and salads (OR per unit increase in
servings/week: 0.95, 95% CI: 0.92-0.99), fish (OR per
unit increase in servings/week: 0.88, 95% CI: 0.79-0.98),
and olive oil (OR per unit increase in servings/week:
0.95, 95% CI: 0.92-0.99). A unit increase in the overall
diet score by Panagiotakos was not associated with risk
of post-menopausal BC (Table 4). Similarly, when trea-
ted as a categorical variable, divided in quartiles, this
diet score was not associated with BC risk (OR Q4 vs.
Q1: 0.99 95% CI: 0.70-1.40) (Table 4).

Mediterranean diet score by Martinez-Gonzalez

The mean intake of the 9 food indexes used to con-
struct the Mediterranean Diet score by Martinez Gonza-
lez among post-menopausal cases and controls is shown
in Table 5. Similar to what was observed with the diet
score by Panagiotakos, risk of BC decreased in associa-
tion with high intake of vegetables and salads (OR per
unit increase in servings/day: 0.74, 95% CI: 0.57-0.96),
fish (OR per unit increase in servings/week: 0.88, 95%
CI: 0.79-0.98), and olive oil (OR per unit increase in
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Table 3 Sociodemographic characteristics and potential risk factors among post-menopausal participants of the
MASTOS case control study

Variable Controls (% of n = 817)* Cases (% of n = 935)* P-Value
Education Category
- Primary 395 (48.3) 394 (42.1) 0.044
- Secondary 277 (33.9) 334 (35.7)
- College 77 (94) 98 (10.5)
- University 62 (7.6) 96 (10.3)
Age at Interview
- < 45 years 4 (0.5) 7 6.1) < 0.001
- 45-54 years 187 (22.9) 263 (28.1)
- 55-64 years 488 (59.7) 383 (41.0)
->65 138 (16.9) 232 (24.8)
Height 1587 + 62 159.1 + 7.1 0.190°
BMI category
- <20 (kg/m?) 6(0.7) 20 (21.4) 0.001
- 20-24.9 (kg/m?) 190 (23.3) 216 (23.1)
- 25-299 (kg/mz) 323 (39.5) 326 (34.9)
->30 (kg/mz) 201 (24.6) 303 (324)
Family History of BC
- No 750 (91.8) 770 (82.4) < 0.001
- Yes 66 (8.1) 163 (174)
Age at Menarche
-> 14 326 (39.9) 331 (354) 0.087
-12-13 400 (49.0) 477 (51.0)
->12 87 (10.6) 123 (13.2)
Parity
-0 65 (8.0) 3 (94) 0.251
-1 56 (6.9) 8 (7.3)
-2 330 (404) 403 (43.1)
- 3 or more 366 (44.8) 376 (40.2)
Age at FFTP®
-< 20 108 (13.2) 2 (9.8) 0.007
-20-<25 378 (46.3) 397 (42.5)
-25-<30 189 (23.1) 236 (25.2)
->30 123 (15.1) 185 (19.8)
Breastfeeding
- Yes 574 (70.3) 606 (64.8) 0.015
- No 243 (29.7) 329 (35.2)
Oral Contraceptive use
- No 679 (83.1) 758 (81.1) 0352
- Yes 137 (16.8) 172 (184)
HRT use
- No 572 (70.0) 794 (84.9) < 0.001
- Yes 238 (29.1) 133 (14.2)
Smoking Status
- Never 676 (82.7) 747 (79.9) 0.003
- Past 53 (6.5) 102 (10.9)
- Current 88 (10.8) 84 (9.0)
Exercise
- No exercise 399 (48.8) 523 (55.9) < 0.001
- Up to 3 hrs/wk 214 (26.2) 252 (27.0)
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Table 3 Sociodemographic characteristics and potential risk factors among post-menopausal participants of the MAS-

TOS case control study (Continued)

-> 3 and < 6 hrs/wk 141 (17.3) 127 (13.6)
- > 6 hrs/wk 63 (7.7) 33 (35)
Mediterranean Diet Score - Panagiotakos

-<30 227 (27.8) 292 (31.2) 0.264

-31-35 224 (274) 266 (284)

- 36-40 239 (29.3) 246 (26.3)

-> 40 127 (15.5) 131 (14.0)

Mediterranean Diet Score - Martinez-Gonzalez

-0-4 258 (31.6) 322 (344) 0429

-56 237 (29.0) 242 (25.9)

-6-/ 196 (24.0) 221 (23.6)

-89 126 (154) 150 (16.1)

? Failure of category counts to add up to this number, or of percentages to add up to 100 denotes missing values
> Mean (SD) and p-value of independent t-test. In all other cases, p-values of 2 test are presented.

€ First full-term pregnancy

spoons/day: 0.76, 95% CI: 0.59-0.97). However, a unit
increase in the diet score by Martinez-Gonzalez did not
significantly increase or decrease risk of post-menopau-
sal BC (Table 5). Similarly, when treated as a categorical
variable, in quartiles, this diet score was not associated
with BC risk (OR Q4 vs. Q1: 0.99 (0.70-1.40).

Principal component analysis

Based on an eigenvalue criterion of > 1.0, and scree plot
analysis 11 components were initially observed. How-
ever, factor interpretability justified the retention of only
4 components, as components 5 to 11 showed high fac-
tor loadings on single variables. As a result we repeated

Table 4 Mediterranean Diet Score by Panagiotakos et al. and Post-Menopausal BC risk

Intake® P
Food Indexes Post-menopausal cases (n = Post-menopausal controls (n =  Adjusted OR per unit increase (95% Cl)
934) 815) ¢

All cereals 187 +78 194 + 88 0.99 (0.98, 1.00)
Potatoes 20+ 14 19+13 0.95 (0.87, 1.03)
Fruits 92 + 6.0 96 + 69 1.00 (0.99, 1.02)
Vegetables 58+28 6.2 + 34 0.95 (0.92, 0.99)*
Legumes 21 €12 22+ 14 0.95 (0.88, 1.03)
Fish 16+ 1.1 18+ 12 0.88 (0.79, 0.98)*
Red meat and products 28 + 21 27+ 21 0.98 (0.93, 1.03)
Poultry 16 + 09 1.7+ 09 091 (0.81, 1.04)
Full fat dairy products 6.5+ 6.2 73 +68 0.98 (0.96, 1.00)
Use of olive oil (times/ 6.6 £29 70 £ 34 0.95 (0.92, 0.99)*

week)

Alcohol 16.7 £ 43.1 18.1 £ 495 1.00 (1.00, 1.00)
Mediterranean Diet Score 355 + 3.1 358 £ 29 1.00 (0.96, 1.04)
Mediterranean Diet Score

Across quartile levels
-Q1: <34 1.00
- Q2:35-36 1.02 (0.76, 1.36)
- Q3:37-38 1.00 (0.75, 1.34)
-Q4: > 38 0.99 (0.70, 1.40)

p-value for trend = 0.06

Levels (means + SDs) of the Mediterranean Diet Score food indices in post-menopausal breast cancer cases and post-menopausal controls and adjusted odds
ratios (with 95% Cl) of BC in terms of the overall score and each its components

# All values are means + SDs

b Servings/week or as otherwise stated

€ Adjusted for the following covariates: age at interview, family history, age at FFTP, HRT use, exercise, age at menarche, height and BMI in post-menopausal
women
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Table 5 The Martinez-Gonzalez Diet Score and Post-Menopausal BC risk

Intake®
Food Indexes Post-menopausal cases (n = Post-menopausal controls (n =  Adjusted OR per unit increase (95%
934) 815) ()

Olive oil (servings/day) 1.1 +£04 1.1+£05 0.76 (0.59, 0.97)*

Fruit (servings/day) 13+08 13+09 1.01 (0.89, 1.15)

Vegetables or Salad (servings/ 08 + 04 09 +05 0.74 (0.57, 0.96)*
day)

Fruit AND Vegetables (servings/ 21+£10 22+ 1.1 0.96 (0.86, 1.06)
day)

Legumes (servings/week) 21 +12 22+14 0.94 (0.87, 1.02)
Fish (servings/week) 16+ 1.1 1812 0.88 (0.79, 0.98)*
Meat (servings/day) 06+ 03 06 +03 0.73 (0.54, 1.04)

Cereals (servings/day) 29+ 1.1 3012 0.93 (0.85, 1.02)
Alcohol (glasses/day) 01+03 1.1 +04 0.99 (0.74, 1.31)
Martinez-Gonzalez Diet Score 55+19 56+ 19 1.00 (0.95, 1.06)

Martinez Gonzalez Diet Score
Across quartile levels
-Q1: 04
- Q2 5-6
-0Q3:6-7
- Q4: 89

1.00
0.25 (0.64, 1.13)
0.84(0.72, 1.30)
063 (0.77, 1.53)

p-value for trend = 0.61

Levels of the Martinez-Gonzalez Diet Score food indices in post-menopausal breast cancer cases and post-menopausal controls and adjusted odds ratios of BC

(with 95% Cl) in terms of the overall score and each of its components
°All values are means + SDs

© Adjusted for the following covariates: age at interview, family history, age at FFTP, HRT use, exercise, age at menarche, height and BMI in post-menopausal

women only.

the technique, retaining and rotating only four factors.
Each of the retained components was labeled according
to the dietary pattern they represented: Meat/Potatoes
(pattern 1), Cereals/Milk/Dairy (pattern 2), Cakes/
Sweets/Nuts/Crackers/Pasta/Rice (pattern 3) and Fruit/
Vegetables/Fish/Legumes (pattern 4) (Table 6). The four
factors accounted for 23.6% of the total variance in the
32 food and beverage items (8.05, 5.92, 5.10, 4.55% for
the 4 patterns respectively).

Pattern 4 more closely resembles the Mediterranean
diet pattern. This was further analyzed to determine its
association to BC risk. Quartile values for Pattern 4
based on the distribution of controls, were used to
divide cases and controls with the highest score quartile
assigned a score of 4, while the lowest score quartile
were assigned a score of 1. Quartiles of adherence to
this dietary pattern were entered into a multivariate
regression model adjusting for all potential confounders,
to determine whether high adherence to the Fruit/Vege-
tables/Fish/Legumes dietary pattern decreases BC risk.
Since, in the oblique rotation, the factors are allowed to
be correlated, in the multivariable regression model we
also adjusted for the other three PCA derived patterns,
also as categorical variables. It was found that post-
menopausal BC risk decreased across quartile levels of

increased adherence to the fourth dietary pattern (OR
Q4 vs. Q1: 0.67 95% CI: 0.49-0.92, P for trend < 0.0001)
(Table 7). Patterns 1, 2, and 3 were not associated with
BC risk whether treated as continuous or categorical
variables, and there was no evident trend (data not
shown).

Discussion

This study was the first to investigate dietary patterns in
relation to BC risk in Cyprus, an island where the diet
closely resembles the Mediterranean diet, as shown by
the relatively large percentage of Cypriots that receive
high scores of adherence to the Mediterranean diet pat-
terns examined. None of the two Mediterranean Diet
scores employed in our analysis were found to be asso-
ciated with BC risk. However, in both scores, specific
food indexes - Vegetables, Fish and Olive Oil - were
inversely associated with BC risk. Although the indivi-
dual effect estimates observed are small, if one assumes
that the positive effects of different food groups are
additive, then the reduction in BC risk through a diet
that includes all the beneficial components, could be
substantial. This combined effect becomes obvious when
the fourth PCA dietary pattern, a combination of the
protective components, is analyzed. Further, considering
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Table 6 Principal Component Analysis Dietary Patterns
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Food Pattern 1: Meat/

Potatoes Dairy

Pattern 2: Cereals/Milk/ Pattern 3: Cakes/Sweets/Nuts/Crackers/
Pasta/Rice

Pattern 4: Fruit/Vegetables/Fish/
Legumes

Red Meat 0.568

Poultry 0447

Deli 0445

Potatoes 0414

Sausages 0.355

Rabbit 0.342

Yogurt Light 0.593

Cheese Diet 0.546

Milk Skimmed 0430

Cheese Low- 0.388

fat

Milk Full-fat 0.345

Cheese Full- 0.342

fat

Cereals 0.342

Cakes 0621

Chocolates 0.542

Bakery 0450

Nuts 0.368

Crackers/ 0.362

Biscuits

Pasta/Rice 0.345

Fish fillet

0.565

Vegetables/
Salad

0.528

Fruit

0447

Legumes

0415

Fish other

0336

Factor loadings > 0.340 based on Principal Components Analysis of average intake of 32 food and beverage items, standardized and followed by diagonal

rotation

the high incidence of BC and assuming a causative asso-
ciation, even a small reduction in risk conferred by diet-
ary components can be translated into several prevented
cases per year, in Cyprus alone.

The application of Mediterranean diet scores in epide-
miological studies has yielded conflicting results.
Recently a study in the EPIC cohort, demonstrated that
higher adherence to a Mediterranean dietary pattern -
as assessed using the Mediterranean diet score devel-
oped by Trichopoulou [22] - is associated with a
decreased cancer risk both in Mediterranean and in
non-Mediterranean countries (HR: 0.96, 95% CI 0.96-
0.98 for a two point increment in the score). This analy-
sis did not identify any of the components of the score
as having a predominant effect, supporting the idea that
it is the combination and range of nutrient and non
nutrient components of the diet, that confer the protec-
tive effect [13]. In a more focused analysis of the EPIC

cohort with respect to BC risk, adherence to the Medi-
terranean diet pattern - assessed using an adaptation of
the Trichopoulou score - was found to confer a small
decrease in total and post-menopausal BC risk. This
protective effect became stronger when no consumption
of alcohol - instead of moderate -was treated as most
beneficial and was more pronounced for ER-/PR- post-
menopausal tumours [10]. A study on the Greek EPIC
cohort has also demonstrated a marginally significant
inverse association between adherence to a Mediterra-
nean Diet pattern (defined a priori) and post-menopau-
sal BC [23]. However, Cade et al. [24] who examined
the adherence to a Mediterranean diet pattern in a Brit-
ish cohort did not yield any significant results, except a
non significant trend towards decreased risk, with
increasing adherence in pre-menopausal women. This
cohort included women with different dietary patterns
and at extremes of intake, so as to enable comparisons

211



Demetriou et al. BMC Cancer 2012, 12:113
http://www.biomedcentral.com/1471-2407/12/113

Table 7 Odds Ratios of BC in relation to Principal
Component Analysis-derived pattern 4

Cases/ Adjusted 95% Confidence

Controls OR? Interval
Pattern 4: Fruit/Vegetables/Fish
Quartile 1 261/174 1.00
Quartile 2 251/192 0.89 0.65-1.22
Quartile 3 213/222 0.64 047-0.88
Quartile 4 208/226 067 049-092
P for < 0.0001
trend

Quartiles of adherence to dietary pattern 4, derived from Principle
Component Analysis, in relation to BC risk

? 0dds Ratio adjusted for the following covariates: age at interview, family
history, age at FFTP, HRT use, exercise, age at menarche, height, BMI and PCA
derived patterns 1,2 and 3 in post-menopausal women only

and maximize the potential of successful identification
of any interactions. Similarly, Fung et al. [2] investigated
post-menopausal BC risk in the Nurses’ Health Study,
but found no significant association with adherence to
the Mediterranean diet, however results for ER- BC
approached significance. A meta-analysis of 6 prospec-
tive studies with a total of 512,366 subjects followed for
a time ranging from eight to 18 years, showed that
adherence to the Mediterranean diet is inversely asso-
ciated with total cancer incidence and mortality, but
there were no results specific to BC [25].

These conflicting findings might be explained by the
limitations of diet scores such as the subjectivity asso-
ciated with which food items are included in each score
and how each component is scored. The score may be
missing food items that largely determine the dietary
habits of the population under study. Also, if the cut
offs used for scoring are based on median values from a
particular population, it is unlikely that they will yield
useful and interpretable results, in a different population
with different dietary habits. Another explanation for
the contradictory findings is that traditional methods of
food preparation vary widely within and between coun-
tries. It is argued that results from Northern European
countries may differ from results from Mediterranean
populations because essential components of the Medi-
terranean diet may be consumed in different forms and
proportions in these two regions [24].

In order to derive dietary patterns that best reflect the
dietary habits of the Cypriot population, PCA was
applied to the dietary data, yielding four dietary pat-
terns. The fourth dietary pattern - Fruit/Vegetables/
Fish/Legumes - included both vegetables and fish that
were found to be inversely associated with BC risk in
both diet scores. In the MASTOS study, vegetable and
fish intakes are correlated with olive oil consumption
(0.9705 and 0.2180 respectively, both significant at the
0.05 level), therefore Pattern 4 can also be taken to
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include olive oil use despite the food’s absence from the
32 FFQ variables entered into PCA. High adherence to
this dietary pattern was found to decrease BC risk in
post-menopausal women and can be recommended to
women as a healthy dietary pattern which may indeed
reduce BC risk.

It should be noted that PCA, is not without limita-
tions since there is subjectivity associated with the deri-
vation of the variables to be included, the number of
factors extracted, the rotation used, and the labelling of
the factors retained. Despite these, most studies applying
PCA on their dietary data and deriving a dietary pattern
similar to ours, demonstrated significant reductions in
BC risk. While Velie et al. [12] found that a vegetable-
fish/poultry-fruit diet pattern was not significantly corre-
lated with BC, Ronco et al. [26] found that adherence to
a food pattern rich in anti-oxidants - associated with
white meat, fruit, vegetables - was protective in a study
carried out in Uruguay. Murtaugh et al. [27] in their
study of Hispanic and non-Hispanic white women, evi-
denced that a dietary pattern labeled as Mediterranean
was statistically significant showing an inverse associa-
tion with BC. In the French subgroup of the EPIC
cohort, a “healthy/Mediterranean” (essentially vegetables,
fruits, seafood, olive oil, and sunflower oil) diet pattern,
was significantly inversely associated with BC risk, espe-
cially for ER+/PR- cancers [28]. Lastly, in the ORDET
cohort, a dietary pattern which was characterized by
high consumption of raw vegetables and olive oil as
added fat, was found to significantly decrease BC risk
[29].

The variables loading on the fourth PCA-derived pat-
tern presented here have yielded varying results in stu-
dies investigating their relationship to BC. Concerning
vegetable intake, most studies on post-menopausal
women gave no significant findings [30-35]. However,
Sonestedt et al. in an analysis of the Malmo Diet and
Cancer Cohort demonstrated that in post-menopausal
women with a BMI less than 27 kg/m? and in post-
menopausal women not changing their diet before
recruitments, there was a significant reduction in BC
risk with increased intake of fruit, berries and vegetables
[36]. Also, analysis of the Greek cohort of the EPIC
study evidenced that a high consumption of vegetables
and fruits was one of the most beneficial components,
for the protective effect of the Mediterranean diet on
survival [3]. In addition, in the EPIC study after a mean
of 11 years of follow up, there was a significant reduc-
tion in BC incidence, associated with higher intake of
vegetables [10]. Studies on fish intake again yielded
mostly no significant results [37-43]. The only statisti-
cally significant result concerning fish intake comes
from the Singapore Chinese Health Study, which evi-
denced that intake of marine n-3 fatty acids, had a
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protective effect on BC incidence [44]. Lastly, concern-
ing olive oil intake, a meta-analysis of 13800 patients
and 23340 controls in 19 observational studies, evi-
denced that olive oil intake is inversely associated with
BC risk [18]. In light of these findings, vegetables, fish,
and olive oil may work synergistically in a dietary pat-
tern to decrease BC risk, as was shown by our results.

Having discussed the significance of our findings in
the context of the available literature, the limitations of
this study should be mentioned. Cases included in the
analysis were diagnosed over a seven year time frame,
immediately before the conduction of the study. This
may have introduced a survival bias into our study, but
the 95% 10-year survival rate observed at the cancer
referral centres in Cyprus [45] suggests that this bias is
likely small. In addition, response rate was 98%, there-
fore selection bias other than survival is not a big con-
cern. Further, our FFQ was limited since it examined
intake of only 32 food items and there is no information
about the way each food is consumed. Perhaps of most
concern is the problem of measurement error in dietary
assessment, particularly associated with the use of FFQs
in case-control studies. However, it is unlikely that cases
differentially recalled the specific food groups that were
included in the diet scores or the dietary patterns
derived from PCA. In addition, because diet is not an
established BC risk factor, differential misclassification is
less likely. On the other hand, both cases and controls
are likely to have underreported their intakes, a com-
mon concern of FFQ use. However, such bias is non dif-
ferential which tends to bias any findings towards the
null, thus suggesting that the true effects might be
stronger than those observed. Lastly, the four compo-
nents retained from PCA only explained 23.6% of the
variance, but this is comparable to other dietary studies,
reflecting the challenges associated with reducing highly
interrelated and complex dietary variables [46].

Despite the limitations associated with a case-control
study design, these are the only data available in Cyprus
since a cohort study has not been yet established in our
population. Considering the location of the country and
the dietary habits of the population that closely resemble
the traditional Mediterranean diet, an investigation of
this diet’s effects on BC was warranted. Also, the sample
size of this study ensures adequate power to delineate
diet’s effects on BC risk.

In addition to the association with BC risk, in our
analysis there was a significant inverse association
between adherence to the fourth PCA dietary pattern
and age at interview (P value for chi-square test: 0.004).
Thus, in the future, it will be interesting to investigate
how the shift towards or away from this healthy dietary
pattern in the younger generations impacts on BC inci-
dence, as well as on other BC associated parameters.
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Conclusion

In conclusion, our results suggest that adherence to a diet
pattern rich in vegetables, fish, legumes and olive oil may
favorably influence the risk of BC by having a protective
effect. Despite the weak individual effect estimates, when
these healthy food groups are combined into a dietary
pattern the effect estimates obtained are larger and sug-
gest that they act synergistically to confer a substantial
reduction in BC risk. Given this protective effect in post-
menopausal women, such a dietary pattern can be
recommended to women as a healthy dietary pattern
which may indeed contribute to a reduction in BC risk.
This study is the first investigation of dietary effects on
BC risk in Cyprus, a country whose population has tradi-
tionally adhered to the Mediterranean diet. Additional
cohort studies of dietary patterns in our as well as in
other Mediterranean populations are needed, to further
clarify the protective effects of this diet on BC risk.
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Abstract (for ScienceDirect)

There is ample evidence that the Mediterranean diet reduces breast cancer risk, despite the
fact that findings across studies and populations have not been consistent. The protective
effect of the Mediterranean diet is in line with the fact that some of its key components,
such as fruit, vegetables, folate, and olive oil, have also been shown to have beneficial
effects with regards to breast carcinogenesis.

The mechanisms through which these components are hypothesized to exert their
protective effects include epigenetics and more specifically DNA methylation, anti-oxidant
functions, biological response modification, anti-estrogenic, anti-proliferative, and anti-
angiogenic activities.

Further research to investigate the effects of intensity and timing of exposure, and to
elucidate the mechanistic pathways involved in the relationship is essential. The answers to
these questions will provide biomarkers for prevention and early detection as well as targets
for therapy, establishing the causality of the association and supporting adherence to the
Mediterranean diet as a prevention strategy for breast cancer.

Key Words:

Mediterranean Diet, Mediterranean Diet Score, Breast Cancer, Vegetables, Olive Qil, Folate,
DNA methylation, Exposome, Biomarkers.
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INTRODUCTION

Breast cancer incidence trends show widespread variation as evident in Figure 1. The sharp
increase in incidence during the past decades suggests that environmental exposures
interact with genetics, making breast cancer a truly multifactorial disease. Several
reproductive factors as well as environmental exposures have been associated with breast

cancer risk *.

0 189 272 400 840 110

Age-standardzed incdence rates per 100.000 GLOBOCAN 2008, international Agency for Research on Cancer

Figure 1 — Worldwide Map of Breast Cancer Age-adjusted Incidence Rates in 2008

World map shows widespread variation in incidence of breast cancer. Darker colours indicate higher incidence
of breast cancer. Figure used with permission from The International Agency for Research on Cancer; Lyon,

France © 2010.

Diet has long been suspected to affect breast cancer risk and specific food groups and
dietary nutrients have been investigated in a number of prospective studies to elucidate

whether there is an association between diet components and breast cancer risk.
However, when investigating the effects of diet on a particular health outcome, one needs

to consider that individuals do not consume single foods, but combinations of several foods

that contain both nutrient and non-nutrient substances. For this reason, it is useful to
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examine patterns of nutrient intake that express several related aspects of dietary intake

concurrently 2.

Several studies investigated different dietary patterns for their effects on breast cancer risk,
and the Mediterranean diet has been one of the most researched patterns. The
Mediterranean diet encompasses all the beneficial dietary characteristics presented in
nutritional studies and thus it may offer protection from breast cancer >. The combination
and range of foods included in this diet pattern, provide plenty of anti-oxidants such as
flavonoids, carotenoids, and vitamins, lots of phytochemicals including phytoestrogens,

sufficient quantities of fiber, adequate folate, and a favourable fatty acid profile *°.

These nutrients have been linked to mechanisms of carcinogenesis and have been found to
confer protective effects ® on total cancer incidence and more relevantly on breast cancer
incidence. This might explain the repeatedly observed lower breast cancer incidence in
Southern European countries, compared to the rest of Europe as well as North America

(Figure 2).
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Figure 2 — Breast Cancer Incidence and Mortality Worldwide in 2008

The figure displays age-standardized breast cancer rates for incidence and mortality. It is evident that rates in
Southern Europe, where most Mediterranean countries lay, are lower than rates in Northern, Central and
Western Europe. Figure used with permission from The International Agency for Research on Cancer; Lyon,

France © 2010.
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THE MEDITERRANEAN DIETARY PATTERN AND BREAST CANCER RISK: EPIDEMIOLOGICAL
EVIDENCE

Interestingly, few studies have been carried out on Mediterranean populations in order to
investigate the populations’ adherence to the Mediterranean diet in the age of the
widespread Westernized lifestyle. In addition, currently there are few studies from other
countries that investigate the possible health benefits of the diet on breast cancer risk. The
prospective studies investigating the association between the Mediterranean diet pattern

and breast cancer risk are summarized in Table 1.

Recently a study in the EPIC cohort demonstrated that higher adherence to a Mediterranean
dietary pattern — as assessed using the Mediterranean diet score developed by Trichopoulou
7 —is associated with a decreased cancer risk both in Mediterranean and in non-
Mediterranean countries (HR: 0.96, 95% Cl 0.96-0.98 for a two point increment in the score).
This analysis did not identify any of the components of the score as having a predominant
effect supporting the idea that it is the combination and range of nutrient and non-nutrient
components of the diet, that confer the protective effect *. In a more focused analysis of the
EPIC cohort with respect to breast cancer risk, adherence to the Mediterranean diet pattern
— assessed using an adaptation of the Trichopoulou score — was found to confer a small
decrease in total and post-menopausal breast cancer risk. The protective effect became
stronger when no consumption of alcohol — instead of moderate —was treated as most
beneficial and was more pronounced for ER-/PR- postmenopausal tumours. No association

for premenopausal women was found °.

A study on the Greek EPIC cohort has also demonstrated a marginally significant inverse
association between adherence to a Mediterranean diet pattern (defined a priori) and
postmenopausal breast cancer . Similarly, in a case-control study of Asian American women,
high adherence to the Mediterranean diet pattern was found to be associated with reduced

breast cancer risk >.

However, Cade et al. ° that examined the adherence to a Mediterranean diet patternin a
British cohort did not yield any significant results, except a non-significant trend towards
decreased risk with increasing adherence in pre-menopausal women. This cohort was

designed to include women with different dietary patterns and at extremes of intake, so as
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to enable comparisons and maximize the potential of successful identification of any
interactions (greater contrasts reduce the effect of measurement error). Similarly, Couto et
al. did not find adherence to a Mediterranean diet pattern to be associated with reduced
breast cancer risk, in the Swedish Women'’s Lifestyle and Health cohort °. Fung et al. !
investigated postmenopausal breast cancer risk in the Nurses’ Health Study, but found no
significant association between adherence to the Mediterranean diet and breast cancer.
However, results for ER- breast cancer approached significance. In addition, Nkondjock et al.
12 in a case control study did not find adherence to the Mediterranean diet to influence

BRCA-associated breast cancer risk.

A meta analysis of 6 prospective studies with a total of 512,366 subjects followed for a
period ranging from eight to 18 years, showed that adherence to the Mediterranean diet is
inversely associated with total cancer incidence and mortality, but there were no results

specific to breast cancer *.

It is argued that results from Northern European countries may differ from results from
Mediterranean populations, because essential components of the Mediterranean diet may
be consumed in different forms and proportions in Northern European countries °.
Therefore, instead of utilizing a priori scores to define a population’s diet according to its
adherence to the Mediterranean diet pattern, a number of studies utilised factor analysis to

derive diet patterns specific to the population under study.
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Table 1 — Cohort Studies investigating the association between adherence to the Mediterranean Diet and

Breast Cancer Risk

Studies listed in chronological order. Two studies show a significant reduction in postmenopausal breast

cancer risk with increasing adherence to the Mediterranean Diet.

Author, Year Study, Participants Exposure Assessment, Effect Estimate
Country Exposure Category Comparison (95% Confidence Interval)
Fung, 2006™ Nurses’ 3,580 cases of alternate Mediterranean Diet ER+ cancers:
Health Study, postmenopausal breast | Score (aMed), 1.05(0.91, 1.18)
USA cancer ER- cancers:
(2,367 ER+and 575 ER- | Quartile 5 vs. Quartile 1 0.79 (0.60, 1.03)
cancers)
Trichopoulou, | EPIC Cohort, 14,807 women Mediterranean diet score All women: 0.88 (0.75, 1.03)
2010° Greece (240 incident breast (Range 0-9), Premenopausal women: 1.01
cancer cases) (0.80, 1.28)
Two-point score increment Postmenopausal women 0.78
(0.62, 0.98)
Cade, 2011° UK Women's 33,731 women 10 component Mediterranean All women:
Cohort Study, | (828 incident breast diet score (Range: 0-10), 0.96 (0.60, 1.32)
United cancer cases) Premenopausal women: 0.65
Kingdom High (7-10) vs. Low (0-2) score (0.42,1.02)
Postmenopausal women: 1.30
(0.83, 2.05)
Buckland, EPIC Cohort, 142,605 men adapted relative All women: 0.94 (0.88, 1.00)
2012° 10 European 335,873 women Mediterranean diet (arMED)

Countries (9,009 postmenopausal | score excluding alcohol Premenopausal women: 0.97
and 1,216 (Range 0-16), (0.81, 1.15)
premenopausal
incident breast cancer High (10-16) vs. Low (0-5) score | Postmenopausal women: 0.93
cases) (0.87,0.99)
Couto, 2013% | swedish 49,258 women Mediterranean diet score All women:
Women'’s (1,278 incident breast (Range 0-9), 1.08 (1.00-1.15)

Lifestyle and
Health cohort
study,

Sweden

cancers)

Two-point score increment

Premenopausal women: 1.10
(1.01-1.21)
Postmenopausal women: 1.02

(0.91-1.15)

Velie et al. > found that a vegetable-fish/poultry-fruit diet pattern was not significantly

correlated with breast cancer. However, other studies yielded significant results. Ronco et al.

“investigated the relationship between food patterns and breast cancer risk in Uruguay and
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found that adherence to a food pattern rich in anti-oxidants — associated with white meat,
fruit, vegetables — was protective. Murtaugh et al. ** in their study of Hispanic and non-
Hispanic white women evidenced that a dietary pattern labeled as Mediterranean, due to its
similarities with the Mediterranean diet was statistically significant and inversely associated
with breast cancer. Furthermore, in the French subgroup of the EPIC cohort, a
"healthy/Mediterranean" diet pattern (essentially vegetables, fruits, seafood, olive oil, and
sunflower oil) was significantly inversely associated with breast cancer risk, especially for
ER+/PR- cancers *°. Lastly, Demetriou et al. demonstrated a reduced breast cancer risk,
among Mediterranean women adhering to a Principal Component Analysis (PCA) derived
dietary pattern rich in vegetables, fruit, fish, and legumes — all important components of the
Mediterranean diet *’. On the contrary, Bessaud et al. in a case control study in Southern
France showed that high intake of raw vegetables decreased breast cancer risk ‘¢, but a PCA

derived Mediterranean dietary pattern was not associated with breast cancer risk *°.

From the current evidence it becomes apparent that the definition of the Mediterranean
diet used and whether this is defined a-priori or a-posteriori, or even the specific score used
to assess adherence to the dietary pattern, as well as the population under study can affect
the results of studies. It is not surprising then, that researchers are advocating for more
studies to further elucidate the relationship between a Mediterranean diet pattern and
breast cancer risk. Studies in Mediterranean countries are further warranted since it can be
argued that countries in the Mediterranean region adhere to a more “pure” Mediterranean
diet and they also exhibit lower prevalence of breast cancer, compared to countries
following a more westernized type of diet (Figure 2). Such studies may explain, at least in
part, the repeatedly observed lower breast cancer incidence in Southern European

countries, most of which border the Mediterranean Sea.
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COMPONENTS OF THE MEDITERRANEAN DIET AND BREAST CANCER RISK: EPIDEMIOLOGICAL
EVIDENCE

Given the variation in results depending on the score used to define Mediterranean diet
adherence and the population under study, a more dependable approach would be to
investigate the components of the Mediterranean diet for their impact on breast cancer risk.
Indeed, there is ample experimental evidence that fruit and vegetables, as well as olive oil,
which are essential components of the Mediterranean diet, are independently associated
with reduced breast cancer incidence in a few high powered, prospective studies,

particularly with certain subgroups of breast cancer.

Shannon et al. (2005)%, in a nested case control study in China, evidenced that women in
the highest quartile of fruit and vegetable consumption had a significantly decreased risk of
breast cancer. However, no single botanical group could explain this association suggesting
that it is in the combination and variety of intake that its benefits lie. A decreasing risk of
breast cancer with increasing intake of vegetables rich in vitamins A and C was also
observed, in another nested case-control study but the trend was not significant *. Zhang et
al. (1999)* in a report from the Nurses’ Health Study, showed that intake of 5 or more
portions of fruit and vegetables daily was associated with decreased breast cancer risk
compared to an intake of less than 2 portions daily, in premenopausal women. This
association was strongest in women with a family history of breast cancer or in women who
consumed more than 15g of alcohol per day. No association was observed in
postmenopausal women. Olsen et al. (2003)** in the Danish Diet, Cancer and Health Study
did not find an association between consumption of fruit and vegetables with overall cancer
incidence. They did, however, observe that for ER+ tumours only, intake of fruit and
vegetables increased breast cancer risk, with borderline significance. A more recent case
control study nested in this cohort, showed no association between intake of fruit and
vegetables and postmenopausal breast cancer®. In the Malmo Diet and Cancer Cohort, no
association between intake of any plant groups and postmenopausal breast cancer was
evidenced®. In an updated analysis of the Malmo cohort data, an overall association
between intake of fruit, berries, and vegetables with breast cancer was again not
demonstrated. However, in postmenopausal women with a BMI less than 27kg/m?” and in
postmenopausal women not changing their diet before recruitments, there was a significant

reduction in breast cancer risk with increased intake of fruit, berries and vegetablesZG. In the
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same regard, analysis of the Greek cohort of the EPIC study evidenced that a high
consumption of vegetables and fruits was one of the most beneficial components, for the

protective effect of the Mediterranean diet on survival .

Folate is a key nutrient in fruit and vegetables and folate has also been shown to be
associated with reduced breast cancer risk, especially in postmenopausal women with
increased alcohol intake. In the ACS Cancer Prevention Study Il %, the lowa Health Study *
and in the Malmo Diet and Cancer Cohort » folate intake was not significantly associated
with postmenopausal breast cancer risk. On the contrary, Rohan et al. * analysing data from

the Canadian National Breast Screening Study and Zhang et al. *

analysing data from the
Nurses’ Health Study, both demonstrated statistically significant protective effect of folate
intake on postmenopausal breast cancer risk, in women whose alcohol consumption

25,28-30 performed

exceeded 15g of alcohol per day. A meta-analysis of four of these studies
by The Breast Cancer Report 2006, part of the WCRF/AICR Systematic Literature Review

Continuous Update Report yielded a non-statistically significant RR of 0.90.

However, more recent reports are more consistent in showing a protective effect of folate
on postmenopausal breast cancer risk. The Malmo Diet and Cancer Cohort ** demonstrated
a significant reduction in postmenopausal breast cancer risk with increasing dietary folate
intake and a statistically significant decrease in risk was also demonstrated among
postmenopausal women in the French subgroup of the EPIC cohort *>. A non-significant
protective effect of folate intake on postmenopausal breast cancer was also demonstrated
by two reports from two cohort studies - Stolzenberg-Solomon et al. * from the PLCO
Cancer Screening Trial Cohort and Tjonneland et al. ** from the Diet, Cancer and Health

Cohort.

In a published meta-analysis, a 200mg/day increase in folate intake (dietary only or total),
was not associated with postmenopausal breast cancer risk in prospective studies. However,
in case-control studies there was a statistically significant decrease in risk for dietary folate

intake but not for total intake *.
The evidence above is not sufficient to support a protective effect of folate intake on breast

cancer risk per se but the findings of a protective effect in those individuals with alcohol

intakes above certain thresholds warrant further investigation.
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Regarding olive oil and breast cancer risk, in the European countries participating in EPIC, an
association was not evidenced ¢, but in a systematic review and meta-analysis of 13,800
patients and 23,340 controls in 19 observational studies, olive oil intake was associated with
lower odds of developing breast cancer *’. Similarly, in another report including both human
and animal studies, diets rich in extra virgin olive oil (EVOO) were found to exert a negative
modulatory effect on experimental breast cancer. In addition, EVOO was shown to induce
different molecular changes in tumours, such as in the composition of cell membranes,

activity of signalling proteins and gene expression *.
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THE PROTECTIVE EFFECT OF THE MEDITERRANEAN DIET: MECHANISTIC EVIDENCE

The inverse association between the Mediterranean diet and breast cancer risk can be
biologically explained by its high content in nutrients shown to confer a protective effect

with regards to carcinogenesis pathways.

Folate, found largely in fruit and vegetables, is a key player in the one carbon metabolism
pathway. This pathway is not only responsible for the methylation of biological molecules
such as DNA and RNA, it is also essential for DNA synthesis and repair. This is because folate
derived one carbon groups, are needed for the de novo synthesis of pyrimidine, thymidylate,
as well as the purines *°. There is evidence that folate deficiency may lead to global
hypomethylation *° which is an event frequently observed in breast tumours, and is
associated with activation of oncogenes as well as chromosomal instability through
repetitive element activation **. In addition, given folate’s role in DNA integrity, synthesis,
and repair, folate deficiency may compromise the reliability of these processes leading to

tolerance in DNA damage which is also associated with carcinogenesis*.

The Mediterranean diet is also rich in carotenoids, such as retinol, retinyl pulminate, a-
carotene, B-carotene, B-cryptoxanthin, lutein and lycopene. These substances have been
shown to decrease proliferation and promote cell differentiation of epithelial cells in culture
43,44

. In addition, carotenoids have anti-oxidant function and can protect macromolecules

such as DNA from damage from Reactive Oxygen Species (ROS)*.

In addition to folate and carotenoids, flavonoids are also abundant in the Mediterranean
diet. Flavonoids, such as catechins, are polyphenolic compounds found in plants, and have
been shown to be biological response madifiers. High flavonoid intake has been consistently
shown to decrease breast cancer risk, and this protective effect might stem from their effect
on ovarian sex hormone synthesis, or their other biological activities such as antioxidant,
antiproliferative, and antiangiogenic activities (summarised in *). In addition, flavonoids
have been shown to inhibit the effects of cytokines, growth factors, and several other

enzymes involved in carcinogenic processes (summarised in *°).

Phytoestrogens, plant-derived xenoestrogens, are found in large amounts in the
Mediterranean diet because of its high content in fruit, vegetables, and fibre.
Phytoestrogens have a similar molecular structure to oestrogens which allows them to have

oestrogenic or anti-oestrogenic effects by binding to estrogen receptors *°. Phytoestrogens
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can also modulate the bioavailability of sex hormones by stimulating or inhibiting the action
of enzymes such as the Sex Hormone Binding Globulin (SHBG)"'. The anti-oestrogenic effects
of phytoestrogens have been shown to confer a protective effect for breast cancer, however

the evidence has not been always consistent *.

Lastly, olive oil and especially virgin olive oil intake is common among Mediterranean
populations. In fact, in the Mediterranean diet, olive oil is the principal source of dietary fat,
so that there is a high polyunsaturated fatty acid (PUFA) to saturated fatty acid (SFA) intake
ratio. This favourable fatty acid ratio helps maintain a healthy body weight which is
protective with regards to breast carcinogenesis *%. In addition, EVOO alters the morphology
and molecular characteristics of tumours, such as cell membrane composition, signaling
protein activity, and gene expression >, in a way that suggests also possible protective

effects.

These chemo-preventive mechanisms involving micronutrients abundant in the
Mediterranean diet provide biological plausibility to the epidemiological evidence linking the

Mediterranean diet to a reduced breast cancer risk.
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INVESTIGATING THE MEDITERRANEAN DIET: CONCEPTS, CHALLENGES AND BENEFITS

Investigating the effect of the Mediterranean diet on breast cancer risk, carries with it many
challenges. Firstly, despite the complexity of diet itself, it is only a small fraction of the
totality of every exposure that one is exposed to from conception to death — defined as the
exposome *. The exposome includes internal exposures such as metabolism, hormones, and
inflammation, general external exposures such as education and financial status, as well as
specific external exposures such as infectious agents, lifestyle factors, and diet *° (Figure 3).
It is also true that these three domains of the exposome are not mutually exclusive. For
example, a high fat diet during childhood which is considered a specific external exposure
can upset % the hormonal balance which is an internal exposure. In addition, education and

socioeconomic status can influence one’s dietary choices.

General Externa

4 Internal Exposures \\\
/
Exposures Edu_cation, R
Metaboli Financial Status, )
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stress, climate
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The Exposome

Figure 3 — Diagrammatical representation of the three domains of the exposome

The exposome consists of the totality of internal, general external and specific external exposures which

interact in an additive and complementary nature as described in ?,

When studying exposures, one should not only consider the interplay between the three
domains of the exposome and the countless components of each, but also the dynamic

nature of the exposome. For example, diet in utero is far and wide different from diet during
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childhood and adolescence, and diet in adolescence often differs dramatically from diet in
adult life and middle age. To further complicate the picture, some exposures tend to have a
greater effect during developmental windows when internal systems such as inflammatory

response, epigenetics, and hormone balance are more plastic ***°

. For example, as
illustrated in Figure 4, breast tissue undergoes different phases of vulnerability to external

exposures though different life stages.

Mammary Epithelium Development

Birth Puberty Reproductive Years Menopause
* Rudimentary * Ductal  Qestrous cycles: * Resting and
Ductal System Elongation Resting with cycles of Involution
— Limited i proliferation / side
Branching Bifurcation branching

* Pregnancy: Lactogenic
differentiation followed
by involution

Prenatal Exposures Pubertal Exposures Critical Windows of Developmental Plasticity

Neonatal and Early Life Exposures

Figure 4 — Mammary Epithelium Development and Critical Windows of Developmental Plasticity

Mammary tissue development consists of different timeframes of rudimentary or extensive proliferation,
differentiation, resting, and involution. Mammary tissue is particularly vulnerable to external exposures during
periods of proliferation, hence prenatal, neonatal, and pubertal periods are considered critical windows of
developmental plasticity. Exposures during these time frames are likely to have a greater effect on the
proliferating tissue, than exposures during periods when the tissue is resting. Figure adapted from * with

permission from Cambridge University Press © 2012 .

As a result, in order to get an accurate picture of the interplay between the Mediterranean
diet and breast cancer, precise assessment of the exposure at different time-frameworks to
determine when diet is more aetiologically relevant is warranted. Furthermore, different
metrics of exposure such as duration of adherence in addition to degree of adherence need
to be investigated. Given all these challenges it is not surprising that studies fail to produce
consistent evidence on the association between the Mediterranean diet with its related

components and breast cancer risk.
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Of great importance in the endeavour to understand the relationship between the
Mediterranean diet and breast cancer risk are the studies investigating the mechanistic
evidence which links components of the diet and breast carcinogenesis. Elucidation of the
mechanisms involved will aid in the identification of biomarkers of the exposure as well as
biomarkers of the disease and these findings will in turn add weight to the association
helping researchers assign causality. Vineis and Perera *° propose the use of complementary
study designs to establish new biomarkers that lie on the causal pathway between exposure
and disease. For example, identification of biomarkers that in prospective studies are shown
to be associated with adherence to the Mediterranean diet and evidence from nested case-
control studies that these same biomarkers are predictive of breast cancer risk, will be
sufficient to classify these biomarkers as part of the mechanistic pathway linking exposure to
disease and to regard this association as causal (Figure 4). This approach, termed “Meet-in-
the-Middle”, can open up new avenues for establishing causal relationships which will then
shed light on possible targets for prevention and treatment. Thus, “Meet-in-the-Middle” will
be invaluable in future research efforts for establishing the beneficial effects of the

Mediterranean diet on disease risk.

Prospective Study

Nested case-control study:
discovery of risk predictive
biomarkers for breast cancer

'Y XA

Biomarkers of

Evaluation of relationship of Mediterranean Diet adherence (orits
components) with biomarkers predictive of disease risk

Intermedlate

Medlterranean Mediterranean
bi ki f
o = [:b iomarkers o [:D‘ Breast Cancer
early effect
adherence

Figure 5 — Meet-in-the-Middle

The figure demonstrates the use of complementary study designs to identify biomarkers that lie on the causal

pathway between exposure and disease.
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CONCLUSIONS

The pool of evidence above, justifies the promotion of the Mediterranean diet as a healthy
dietary choice for the reduction of a woman’s breast cancer risk. It also calls for more
research to further elucidate the degree of protection conferred from this dietary pattern
and the mechanisms involved in risk reduction. This is important because even if the
reduction in risk conferred by a strong adherence to the Mediterranean dietary pattern is
small, given the high incidence of breast cancer, then even a small reduction in risk would

translate into a large number of breast cancer cases prevented.
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Summary Points:

There is ample evidence that the Mediterranean diet reduces breast cancer risk but

results across studies and across populations have not been consistent

Components of the Mediterranean diet — such as vegetables, fruit, folate, and olive

oil — have been shown to exert beneficial effects on breast cancer risk

The mechanisms through which Mediterranean diet components exert their
protective effects include DNA methylation, anti-oxidant functions, biological
response modification, anti-oestrogenic, anti-proliferative, and anti-angiogenic

activities

In the investigations of the relationship between Mediterranean diet adherence and
breast cancer risk, factors such as intensity and timing of exposure are key and need

to be considered

Further research, especially in Mediterranean populations, is essential to establish
the causality of the association and support adherence to the Mediterranean diet as

a preventive strategy for breast cancer
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APPENDIX C

List of Genes whose promoter aberrant methylation is implicated in breast cancer

(Identified from PUBMETH and extensive literature review of the years 2007 - May 2013)

GENE NAME REFERENCES REFERENCES AVERAGE METHYLATION
(PUBMETH + (TOTAL) FREQUENCY - FROM
Literature Review) PUBMETH
BRCA1l 12+17 29 22
RASSF1 11+20 31 72
APC 11+15 26 54
CDH1 10+9 19 57
CDKN2A 10+19 29 41
ESR2 7+0 7 58
CCND2 745 12 54
ESR1 6+7 13 57
SFRP1 542 7 54
RARB 5+15 20 28
GSTP1 4+8 12 31
CDH13 4+1 5 70
SYK 340 3 71
MGMT 3+2 5 11
FHIT 3+2 5 41
RUNX3 3+2 5 35
TWIST1 3+7 10 65
TIMP3 3+1 4 51
DAPK1 343 6 55
TERT 340 3 55
DLC1 3+0 3 17
ID4 3+2 5 38
PYCARD 340 3 30
CST6 3+3 6 60
MLH1 2+3 5 25
PLAU 2+0 2 0
HIC1 2+1 3 56
SOCS1 2+0 2 58
SLIT2 240 2 49
SCGB3A1l 2+1 3 40
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PTGS2
DSC3
DAB2
ABCB1
KLK10
RBP1
CADM1
MYOD1
CDH4
TNFRSF12
CDH3
LAMA3
WIF1
IGFBP3
SLIT3
TYMS
PAX5
LAMB3
CLCA2
COL1A2
SFN
SNCG
DIRAS3
LATS1
BCL2
ROBO1
GADDA45A
TNFRSF10D
TSC1
TP73
CALCA
HRAS
TP53
PTEN
TNFRSF10C
CEBPD
PRDM2
CDCP1
TUSC3
EPB41L3
HSD17B4

2+0
2+0
2+0
2+1
2+1
2+0
2+0
2+0
1+0
1+0
1+0
1+0
1+1
1+0
1+0
1+0
1+0
1+0
1+0
1+0
1+0
1+0
1+0
1+0
1+0
1+0
1+0
1+0
1+0
1+0
1+0
1+0
1+0
1+0
1+0
1+0
1+0
1+0
1+0
1+0
1+0
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ZMYND10
TGFBR2
RB1
PRKCDBP
SERPINB5S
CYP1B1
WRN
LATS2
EGFR
\Y[el]
GJB2
GREM1
SULT1A1
THBS1
CAV1
RNR1
PGR
TMEFF2
PLAGL1
TRB1
TFF1
ARHI
LAMC2
RPRM
HS3ST2
PCDH10
TSC2
CDKN1C
RARRES1
Genes not included in

PUBMETH

DLEC1
GRIN2B
HOXA1
MTIG
SFRP2
SFRP4
SFRP5

1+0
1+0
1+1
1+0
1+0
1+0
1+0
1+0
1+0
1+0
1+0
1+0
1+1
1+0
1+0
1+0
1+1
1+1
1+0
1+0
1+0
1+0
1+0
1+0
1+0
1+0
1+0
1+0
1+0

in PUBMETH)

[ N S O Y

REFERENCES from
Literature Review

only (not included
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TMEFF2
HOXA10
IGF2
SCGB3A1 (HIN1)
DR5
DCR1
DCR2
BRCA2
DR4
PHD1
PHD2
PHD3

FIH

ERa
PLCD
IL10

RIL
E-CADHERIN
NAT1
comMT
CYP1A1
CYP2D6
SYNM
Hs.137007
Beclinl
CIDEA
DBC1
EMILIN2
FBLN2
SALL1
NRG1
XEDAR1
CASPASE8
MASPIN
CXCL
THRB
FOXC1
PPP2R2B
PRB
STRATIFIN

N RPN R N PR PR R R R N R R PR PR P PR R R R R R N U PR PR PR U R R R P P W PR P P ON RPN

MDR1
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DAL1

CDK10
EphA5
HSD17B1
HSD17B2
14-3-3sigma
K(v)1.3 potassium
channel gene
DKK3

BIN1

BMP6

p21

SOX17
MT1-MMP1/MMP2
TIMP2
ADAM33
HOXB13
HNF1B1
TLX1

ATM
EFEMP1
Fat4

FEN1
Hsulf-1
ITIHS
OPCML
CDH5
FEZ/LZTS1
CXCL12
NES1

RFC
SLC16A12
GAL16A12
GALR2

TOX
SPOCK2
EGFR5

DPYS
DFNAS5
SH3GL2

L T T S S S Y

T T T T T S T O = Y O N
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RAD9
LDLRAP1
GPC3
HOXD11
LAMA3
LAMB3
LAMC2
ROBO1
SYK

AK5
FOXA2
WRN
BCL2

DCC
TMS1
P3H2
P3H3
BMRS1
synuclein-y
urokinase
N-cadherin
ID4
annexin A4
b-catenin
vwNT11
B4GALT1
KIF1A
NISCH
Nm23-H1
NOEY2
OGDHL
PAK3

RIZ1
SERDINB5
SOcCs1
TGFBRII

T T S T T T N e T T T T e S S Y

HMSH2
WT-1

Gelsolin

S S =Y

LDT1
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MCT1
GNA11
NORE-1
MAGE

TOTAL = 231 genes

N Y
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APPENDIX D

Table 1 - Diet and DNA Methylation Review: Studies on diet and gene specific methylation

Folate
Platform / technique for
Author (year) Exposure Tissue - Subject counts Control methylation quantification Main Findings
Human - Breast cancer tumor CCND2 decreased likelihood of methylation with increased
Xu (2011) Folate tissues (n=800) Not applicable Methylation-specific PCR intake (P=0.01)
RASSF1A, MTHFR: Increased and MGMT, CDKN2A/p1l6,
Vineis (2011) Plasma folate level Human - Blood (n=186) Not applicable Bisulfite Pyrosequencing GSTP1: No change
p73 - More frequently methylated in the high folate group
Plasma folate levels - | Human - Circulating DNA from | Medium and Low [50% (8 of 16)] than in the medium [16.7% (3 of 18)] or low
Kim (2011) high plasma (n=120) Plasma Folate Methylation Specific PCR folate subgroups [11.1% (2 of 18)]
Plasma folate levels - | Human - Circulating DNA from | Medium and  Low
Kim (2011) high plasma (n=120) Plasma Folate Methylation Specific PCR p16INKAA - No change (p>0.05)
Plasma folate levels - | Human - Circulating DNA from | Medium and  Low
Kim (2011) high plasma (n=120) Plasma Folate Methylation Specific PCR hMLH1 - No change (p>0.05)
Wallace Human - Colon and Rectal Oestrogen receptor alpha (ERa) - no change in methylation
(2010) Folate intake levels biopsies (n=1000) Not applicable Bisulfite Pyrosequencing (P trend between quartiles= 0.40)
Wallace Human - Colon and Rectal Secreted frizzled related protein-1 (SFRP1) - no change in
(2010) Folate intake levels biopsies (n=1000) Not applicable Bisulfite Pyrosequencing methylation (P trend between quartiles= 0.58)
Wallace Human - Colon and Rectal Oestrogen receptor alpha (ERa) - increase in methylation (P
(2010) RBC folate levels biopsies (n=1000) Not applicable Bisulfite Pyrosequencing trend between quartiles= 0.03)
Wallace Human - Colon and Rectal Secreted frizzled related protein-1 (SFRP1) - increase in
(2010) RBC folate levels biopsies (n=1000) Not applicable Bisulfite Pyrosequencing methylation (P trend between quartiles= 0.01)
Van Guelpen | Plasma Folate - lowest | Human - Colorectal cancer | Plasma Folate - OR for cancer with low CIMP=2.96 (95% Cl| 1.24-7.08) for
(2010) quantile tumours (n=103) quantiles 2-5 Methyl Light plasma folate quintiles 2-5 versus 1

Promoter hypermethylation of at least 3 out of 5

de Vogel Human - Colorectal tumours methylation markers (CACNA1G, IGF2, NEUROG1, RUNX3,
(2011) Folate intake (n=609) Not applicable Methylation Specific PCR and SOCS1): no change (P trend between tertiles: 0.54)
Human - Blood of healthy Bisulfide treatment and PCR | Extracellular superoxide dismutase (ec-SOD) gene - No

Hirsch (2008)

High serum folate

subjects (n=111)

Low serum folate

sequencing

significant change (P-value not given)

Mokarram
(2008)

High
Folate/VitaminB12
levels

Human - Colorectal
tumours (n=151)

cancer

Low Folate/VitaminB12
levels

Methylation Specific PCR

pl6, hMLH1, and hMSH2 - Odds Ratio for at least one
methylated promoter: High folate/Vitamin B12 group: 4.9
(95% Cl, 1.4-17.7) Low folate/Vitamin B12 group: 3.9 (95%
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Cl, 1.1-13.9)

de Vogel Human - Colorectal cancer Bisulfide  treatment and | MLH1 - No significant change (P-trend between tertiles of
(2008) Folate tumours (n=734) Not applicable Methylation Specific PCR intake: men = 0.83, women = 0.76)
Al-Ghnaniem Human - Colorectal mucosa
(2007) RBC Folate disease free (n=73) Not applicable Methyl acceptance assay ERa - No change and MLH1 - No change (P-values not given)
Folic Acid and | Human - Rectal biopsies in
van den Donk | VitaminB12 subjects with colorectal Bisulfide  treatment and | 06-MGMT, hMLH1, p14ARF, p16INK4A, RASSF1A and APC -
(2007) supplementation adenoma (n=86) No supplementation Methylation Specific PCR No significant change (P-values not given)
Human - Colorectal cancer | Cancer free controls | Bisulfide treatment and | p16INK4A - More likely to be methylated in subjects
Mas (2007) Low levels of folate tumours (n=120) (n=296) Methylation Specific PCR consuming low levels of folate (p=0.01)
High CIMP: at least 2 of the following markers methylated:
MINT1, MINT2, MINT31, p16 and hMLH1 - Odds ratio for
Slattery Human - Colon cancer tumour high CIMP in Tertile 3 vs. Tertile 1 of intake: 0.8 (95% Cl: 0.6,
(2007) Dietary folate biopsies (n=1154) Not applicable Methylation Specific PCR 1.2)
Human - Head and neck
squamous  cell  carcinoma p16(INK4A) - OR for methylation in the low vs. high intake
Kraunz (2006) | Low Dietary folate biopsies (n=169) High Dietary folate Methylation Specific PCR groups: 2.3 (95% Cl = 1.1-4.8)
Folate intermediates in
tissue (5,10-
Kawakami methylenetetrahydrof Human - Colorectal cancer hMLH1, TIMP3, and ARF - Methylation increased (P-values:
(2003) olate) tumours (n=103) Not applicable PCR MethyLight assay 0.005, 0.024, 0.022 respectively)
Folate intermediates in
tissue (5,10-
Kawakami methylenetetrahydrof | Human - Colorectal cancer ple, MINT2, DAPK, APC - No significant change in
(2003) olate) tumours (n=103) Not applicable PCR MethylLight assay methylation (P-values: 0.12, 0.069, 0.79, 0.13 respectively)
Folate intermediates in
tissue
Kawakami (tetrahydrofolate Human - Colorectal cancer hMLH1, TIMP3, and ARF - Methylation increased (P-values:
(2003) (FH4)) tumours (n=103) Not applicable PCR MethyLight assay 0.023, 0.028, 0.033 respectively)
Folate intermediates in
tissue
Kawakami (tetrahydrofolate Human - Colorectal cancer ple, MINT2, DAPK, APC - No significant change in
(2003) (FH4)) tumours (n=103) Not applicable PCR MethylLight assay methylation (P-values: 0.18, 0.12, 0.85, 0.20 respectively)
APC-1A, pl14ARF, pl16INK4A, hMLH1, 06-MGMT, and
RASSF1A - no significant change in frequency of
van Engeland | Low folate/high | Human - Colorectal cancer hypermethylation (P-values: 0.193, 0.245, 0.891, 0.841,
(2003) alcohol tumours sporadic (n=122) High folate/low alcohol | Methylation Specific PCR 0.236, 0.172 respectively)

Fang (1997)

Plasma folic acid

Human - Gastric tumour

biopsies (n=21)

3H-S-adenosylmethionine
(3H-SAM) in the presence of a
methylase followed by
Southern blotting

c-myc and c-Ha-ras methylation: positive association with
plasma folic acid (P<0.05)

247




Vitamins

Rawson Dietary vitamin D | Human - Colorectal tumour DKK1: decreased methylation with increased intake
(2012) intake biopsies (n=992) Not applicable Not available (P=0.001)
Human - blood from infants IGFBP3: inverse correlation with infant vitamin B12 (rho = -
McKay (2012) | Infant Vitamin B12 (n=430) Not applicable Pyrosequencing 0.16, p = 0.007)
CHD1: decreased frequency of methylation with increased
intake (p=0.003 ), TWIST1 and HIN1: increased frequency of
Human - Breast cancer tumor methylation with increased intake (p=0.04 and p=0.02
Xu (2011) Vitamin B2 intake tissues (n=800) Not applicable Methylation-specific PCR respectively)
HIN1: increased frequency of methylation with increased
intake (p=0.04 ), CDH1 and CCND2: decreased frequency of
Human - Breast cancer tumor methylation with increased intake (p=0.05 and p=0.05
Xu (2011) Vitamin B6 intake tissues (n=800) Not applicable Methylation-specific PCR respectively)
Human - Breast cancer tumor CDH1: decreased methylation with increased intake
Xu (2011) Vitamin B12 intake tissues (n=800) Not applicable Methylation-specific PCR (P=0.002)

Promoter hypermethylation of at least 3 out of 5
de Vogel Human - Colorectal tumours methylation markers (CACNA1G, IGF2, NEUROG1, RUNX3,
(2011) Vitamin B2 intake (n=609) Not applicable Methylation Specific PCR and SOCS1): no change (P trend between tertiles: 0.62)

Promoter hypermethylation of at least 3 out of 5
de Vogel Human - Colorectal tumours methylation markers (CACNA1G, IGF2, NEUROG1, RUNX3,
(2011) Vitamin B6 intake (n=609) Not applicable Methylation Specific PCR and SOCS1): no change (P trend between tertiles: 0.72)
de Vogel Human - Colorectal cancer Bisulfide  treatment and | MLH1 - No significant change (p-trend between tertiles of
(2008) Vitamin B2 intake tumours (n=734) Not applicable Methylation Specific PCR intake: men = 0.92, women = 0.78)
de Vogel Human - Colorectal cancer Bisulfide  treatment and | MLH1 - Significant increase in men (p-trend between tertiles
(2008) Vitamin B6 tumours (n=734) Not applicable Methylation Specific PCR of intake: men = 0.03, women =0.27)

pl6, hMLH1, and hMSH2 - Odds Ratio for at least one

High methylated promoter: High folate/Vitamin B12 group: 4.9
Mokarram Folate/VitaminB12 Human - Colorectal cancer | Low Folate/VitaminB12 (95% Cl, 1.4-17.7) Low folate/Vitamin B12 group: 3.9 (95%
(2008) levels tumours (n=151) levels Methylation Specific PCR Cl, 1.1-13.9)
Folic Acid and | Human - Rectal biopsies in
van den Donk | VitaminB12 subjects with colorectal Bisulfide  treatment and | 06-MGMT, hMLH1, p14ARF, p16INK4A, RASSF1A and APC -
(2007) supplementation adenoma (n=86) No supplementation Methylation Specific PCR No significant change (P-values not given)
Human - Colorectal cancer | Cancer free controls | Bisulfide treatment and | p16INK4A - More likely to be methylated in subjects
Mas (2007) Low levels of vitamin A | tumours (n=120) (n=296) Methylation Specific PCR consuming low levels of vitamin A (p = 0.01)
Low levels of vitamin | Human - Colorectal cancer | Cancer free controls | Bisulfide treatment and | p16INK4A - More likely to be methylated in subjects
Mas (2007) B12 tumours (n=120) (n=296) Methylation Specific PCR consuming low levels of vitamin B12 (p = 0.007)
Human - Colorectal cancer | Cancer free controls | Bisulfide treatment and | p4(ARF) - More likely to be methylated in subjects
Mas (2007) Low levels of vitamin A | tumours (n=120) (n=296) Methylation Specific PCR consuming low levels ofvitamin A (p = 0.001)

248




Human - Colorectal cancer | Cancer free controls | Bisulfide treatment and | hMLH1 - More likely to be methylated in subjects
Mas (2007) Low levels of vitamin A | tumours (n=120) (n=296) Methylation Specific PCR consuming low levels ofvitamin A (p = 0.05)
High CIMP: at least 2 of the following markers methylated:
MINT1, MINT2, MINT31, p16 and hMLH1 - Odds ratio for
Slattery Human - Colon cancer tumour high CIMP in Tertile 3 vs. Tertile 1 of intake: 0.9 (95% Cl: 0.6,
(2007) Dietary vitamin B6 biopsies (n=1154) Not applicable Methylation Specific PCR 1.3)
High CIMP: at least 2 of the following markers methylated:
MINT1, MINT2, MINT31, p16 and hMLH1 - Odds ratio for
Slattery Human - Colon cancer tumour high CIMP in Tertile 3 vs. Tertile 1 of intake: 1.0 (95% Cl: 0.7,
(2007) Dietary vitamin B12 biopsies (n=1154) Not applicable Methylation Specific PCR 1.4)
Methionine
ESR1, PGR, BRCA1, APC, pl6, RARP2, TWIST1, GSTP1,
Dietary methionine | Human - Breast cancer tumor RASSF1A, HIN1, DAPK, CCND2 and CHD1: no association
Xu (2011) intake tissues (n=800) Not applicable Methylation-specific PCR with frequency of methylation (P-values not shown)
Plasma methionine RASSF1A: Decreased and MTHFR, MGMT, CDKN2A/p16,
Vineis (2011) level Human - Blood (n=186) Not applicable Bisulfite Pyrosequencing GSTP1: No change
Promoter hypermethylation of at least 3 out of 5
de Vogel | Dietary methionine | Human - Colorectal tumours methylation markers (CACNA1G, IGF2, NEUROG1, RUNX3,
(2011) intake (n=609) Not applicable Methylation Specific PCR and SOCS1): no change (P trend between tertiles: 0.42)
de Vogel | Dietary methionine | Human - Colorectal cancer Bisulfide  treatment and | MLH1 - No significant change (p-trend between tertiles of
(2008) intake tumours (n=734) Not applicable Methylation Specific PCR intake: men =0.12, women = 0.83)
High CIMP: at least 2 of the following markers methylated:
MINT1, MINT2, MINT31, p16 and hMLH1 - Odds ratio for
Slattery Dietary methionine | Human - Colon cancer tumour high CIMP in Tertile 3 vs. Tertile 1 of intake: 0.7 (95% Cl: 0.5,
(2007) intake biopsies (n=1154) Not applicable Methylation Specific PCR 1.0)
Alcohol
Human - Breast cancer tumor ESR1: decreased frequency of methylation with increased
Xu (2011) Alcohol intake tissues (n=800) Not applicable Methylation-specific PCR intake (P<0.05)
de Vogel Human - Colorectal cancer Bisulfide  treatment and | MLH1 - No significant change (p-trend between tertiles of
(2008) Alcohol intake tumours (n=734) Not applicable Methylation Specific PCR intake: men = 0.36, women = 0.29)
High CIMP: at least 2 of the following markers methylated:
MINT1, MINT2, MINT31, p16 and hMLH1 - Odds ratio for
Slattery Human - Colon cancer tumour high CIMP in Tertile 3 vs. Tertile 1 of intake: 1.3 (95% Cl: 0.7,
(2007) Alcohol intake biopsies (n=1154) Not applicable Methylation Specific PCR 2.2)
Alcohol - high | Human - Gastric tumour | Low consumption of hMLH1 - increased risk for tumours with hypermethylation
Nan (2005) consumption biopsies (n=110) alcohol Methylation Specific PCR OR=3.94 (95% Cl: 1.21-2.80)
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Other dietary exposures

Human - Blood normal,
overweight and obese women

Milagro Monounsaturated fatty | undergoing a 16 week weight
(2012) acid intake reduction program (n=60) Not applicable Sequenom's MassARRAY CLOCK gene CpGs 1 & 8 decreased methylation (P<0.01)

Human - Blood normal,

overweight and obese women
Milagro Polyunsaturated fatty | undergoing a 16 week weight
(2012) acid intake reduction program (n=60) Not applicable Sequenom's MassARRAY CLOCK gene CpGs 1 & 8 increased methylation (P<0.05)

Human - Breast cancer tumor APC increased likelihood of methylation with increased
Xu (2011) Betaine intake tissues (n=800) Not applicable Methylation-specific PCR intake (P=0.01)

ESR1, PGR, BRCA1, APC, pl6, RARP2, TWIST1, GSTP1,

Human - Breast cancer tumor RASSF1A, HIN1, DAPK, CCND2 and CHD1: no association
Xu (2011) Dietary choline intake tissues (n=800) Not applicable Methylation-specific PCR with frequency of methylation (P-values not shown)

Human - Colonic mucosa from Protein kinase C b 1, ornithine decarboxylase 1, fos proto-
van Breda | Vegetable intake | adenoma patients and healthy oncogene and 5,10-methylenetetrahydrofolate reductase -
(2009) changes controls Not applicable Not available No Change (P-value not available)

Soy isoflavones -

>600ng/ml circulating

levels of genistein after | Human - Healthy Breast tissue Bisulfide  treatment and | RAR-B2: Increased methylation with increased intake
Qin (2009) treatment (n=34) Before treatment levels | Methylation Specific PCR (r=0.51, P=0.03)

Soy isoflavones -

>200ng/ml circulating

levels of genistein after | Human - Healthy Breast tissue Bisulfide  treatment and
Qin (2009) treatment (n=34) Before treatment levels | Methylation Specific PCR CCND2 - No significant change (r=0.43, P=0.29)

Soy isoflavones (any

post-treatment Human - Healthy Breast tissue Bisulfide  treatment and | p1l6, RASSF-1A, ER - no significant change (P-values not
Qin (2009) concentration) (n=34) Before treatment levels | Methylation Specific PCR shown)

Human - Buccal mucosa | Omnivore diet - Antioxidative enzyme mitochondrial superoxide dismutase

Thaler (2009) | Vegetarian diet (n=120) matched age Methylation Specific PCR (MnSOD) - Decreased methylation (P-value not available)
Daily supplement of
100 mg co-enzyme Whole blood from
Premkumar Q10, 10 mg riboflavin | Human - Blood from Breast | patients without | Bisulfide  treatment and | RASSF1A - disappearance of methylation in the treated
(2008) and 50 mg niacin Cancer patients (n=84) supplementation Methylation Specific PCR group (P-value not given)
Low levels of | Human - Colorectal cancer | Cancer free controls | Bisulfide treatment and | p16INK4A - More likely to be methylated in subjects
Mas (2007) potassium tumours (n=120) (n=296) Methylation Specific PCR consuming low levels of potassium (p = 0.03)

Human - Colorectal cancer | Cancer free controls | Bisulfide treatment and | p16INK4A - More likely to be methylated in subjects

Mas (2007) Low levels of iron tumours (n=120) (n=296) Methylation Specific PCR consuming low levels of iron (p = 0.02)

250




Potatoes - high | Human - Gastric tumour | Low consumption of hMLH1 - decreased risk for tumours with hypermethylation
Nan (2005) consumption biopsies (n=110) potatoes Methylation Specific PCR OR: 0.30 (95%Cl: 0.14-0.67)

Butter cheese and Low consumption of

margerine -  high | Human - Gastric tumour | butter cheese and hMLH1 - decreased risk for tumours with hypermethylation
Nan (2005) consumption biopsies (n=110) margerine Methylation Specific PCR OR: 0.44 (95%Cl: 0.20-0.93)

Vegetables - high | Human - Gastric tumour | Low consumption of hMLH1 - increased risk for tumours with hypermethylation
Nan (2005) consumption biopsies (n=110) vegetables Methylation Specific PCR OR=2.17 (95% Cl: 1.03-4.58)

Green tea - | Human - Gastric carcinomas | Green tea -
Yuasa (2004) >=7cups/day primary (n=73) <=6cups/day Methylation Specific PCR CDX2 - Decreased methylation (=-0.37, P=0.02)

Full or overeating | Human - Gastric carcinomas
Yuasa (2004) habits primary (n=73) Light/moderate eating Methylation Specific PCR CDX2 - Increased methylation ($=0.31, P=0.02)
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Table 2 - Diet and DNA Methylation Review: Studies on diet and global methylation

Folate
Platform / technique for
global methylation
Author (year) Exposure Tissue - Subject counts Control (if application) | quantification Main Findings
Human - Blood of Japanese 0.36% decrease in global methylation per quartile increase
Ono (2013) Folate intake women (n=384) Not applicable LUMA in folate intake
Human - Blood from children Pyrosequencing - LINE1
Perng (2012) RBC folate 5-12 years (n=568) Not applicable repetitive elements No association
Serum folate | Human - Peripheral Blood of Global hypomethylation (1.48%, as compared to 2.10%
Wang (2012) deficiency Chromate workers (n=115) 60 local residents ELISA kit observed in the control group, (p < 0.001))
Folic acid
supplementation
(6months) of women | Human - coagulated blood LC-MS/MS  analysis of 5- | No change in global methylation after supplementation or
Crider (2012) in a double blind RCT (n=1108) Women on placebo methyl-deoxycytidine after withdrawal
Folic acid
supplementation
(6months) of women | Human - coagulated blood LC-MS/MS  analysis of 5-
Crider (2012) in a double blind RCT (n=1108) Women on placebo methyl-deoxycytidine No change in global methylation after supplementation
1month after
withdrawal of | Human - coagulated blood LC-MS/MS  analysis of 5-
Crider (2012) supplementation (n=1108) Not applicable methyl-deoxycytidine 14% decrease in global methylation
3months after
withdrawal of | Human - coagulated blood LC-MS/MS  analysis of 5-
Crider (2012) supplementation (n=1108) Not applicable methyl-deoxycytidine 23% decrease in global methylation
3months after
withdrawal of | Human - coagulated blood w/ LC-MS/MS  analysis of 5-
Crider (2012) supplementation MTHFR polymorphism (n=363) | Not applicable methyl-deoxycytidine >=25% decrease in global methylation
Folic Acid | Human - Blood of women with
supplementation for 3 | moderately increased | 111 women on | Liquid chromatography- | No change (difference between treatment groups=0.008,
Jung (2011) years homocysteine (n=105) placebo treatment tandem mass spectrometry 95%Cl=-0.05,0.07, P=0.79)
A thirteen week folic
acid avoidance period
and a subsequent
eleven week folic acid
supplementation Methylation-sensitive
Elworthy period (400 upg folic | Human - Blood from healthy quantitative PCR of Sat-2 | Negligible change (Difference after repletion following
(2011) acid/day) individuals (n=93) Not applicable regions avoidance: -0.01 + 0.44(SD) *not statistically significant
Christensen Human - Breast tumour Illumina GoldenGate
(2010) Increased Folate Intake | biopsies (n=162) Not applicable methylation bead-array | Trend towards increased methylation (P=0.08)
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platform

Pyrosequencing technology

Schernhammer | Folate (> or = | Human - Colon cancer using the PyroMark kit and the | Less likely to develop tumours with  LINE-1
(2010) 400mg/day) tumours (n=609) <200mg of folate PSQ HS 96 System hypomethylation
Figueiredo Folate dietary intake in | Human - normal colonic Pyrosequencing assay for LINE- | Increased methylation with increased intake (P for trend:
(2009) quartiles mucosa biopsies (n=388) Not applicable 1 0.02)
Figueiredo Plasma folate in | Human - normal colonic Pyrosequencing assay for LINE- | No change in methylation with increasing quartile (P for
(2009) quartiles mucosa biopsies (n=388) Not applicable 1 trend: 0.22)
Figueiredo Human - normal colonic Pyrosequencing assay for LINE- | No change in methylation with increasing quartile (P for
(2009) RBC folate in quartiles mucosa biopsies (n=388) Not applicable 1 trend: 0.99)

Plasma folate - high | Human - Blood DNA of | Plasma folate - low Increased methylation in the high plasma folate group (P-
Pilsner (2007) (n=137) Bagladeshi adults (n=294) (n=87) Methyl acceptance assay value: 0.03)

Post folic acid | Human - Cervical
Piyathilake fortification of grain | intraepithelial neoplasia | Pre- folic acid | Monoclonal antibody specific
(2006) products (n=172) biopsies fortification (n=152) for 5 methyl cytosine (5-mc) No difference in methylation (P>0.05)

Incorporation of methyl groups
from 3H-labeled S-adenosyl-L-

Folate methionine at specific cytosine
supplementation Human - Blood of healthy | Placebo treatment | residues using the bacterial
Basten (2006) group (n=30) volunteers (n=61) group (n=31) enzyme Sss1 methylase Non significant difference - values not given)
Human - Blood and colonic Increased methylation relative to placebo - 31% (95% Cl:
Folic Acid | mucosa biopsies of colorectal In vitro [3H] methyl acceptance | 16-47%) in WBC and 25% (95% Cl: 11-39%) in colonic

Pufulete (2005)

supplementation

adenoma patients (n=10)

Placebo treatment

assay.

mucosa

Pufulete (2005)

Folate status (RBC and
serum)

Human - Colonic mucosa biopsies of healthy subjects

(n=68)

In vitro radiolabelled methyl
acceptance assay

Folate inversely associated with hypomethylation (Serum
folate r=-0.311, P=0.01 and RBC folate r=-0.356, P=0.03 but
P=0.07 and P=0.08, respectively when adjusted)

Human - Blood DNA (n=292): subjects homozygous for

Increased methylation (Individuals with TT: High folate

this mutation (T/T) and subjects homozygous for the | Liquid chromatography/MS | mean methylation: 67.56(50.45-90.38) Low folate mean
Friso (2002) Increased RBC Folate wild-type (C/C) MTHFR genotype method methylation: 26.21(18.81-36.49) difference: P<0.0001)
Ability of DNA to incorporate
[(3)H]methyl  groups from
Rampersaud Folate depletion labeled S:-adenosylmethionine | Decreased methylation following depletion (ANCOVA P
(2000) (moderate) Human - Blood of elderly women (n=33) in an in vitro assay value=0.0025) - exact means not given
Ability of DNA to incorporate
[(3)H]methyl  groups from
Rampersaud Folate repletion (after labeled S:-adenosylmethionine | No significant change in methylation following repletion -
(2000) moderate depletion) Human - Blood of elderly women (n=33) in an in vitro assay exact means not given
Piyathilake Human - Squamous cell lung cancer tissue biopsies | Radiolabeled methyl
(2000) Increasing folate levels | (n=12) incorporation Significantly lower methylation (P value=0.03)
Piyathilake Increasing folate levels | Human - Normal lung tissue adjacent to squamous cell | Radiolabeled methyl | Increased methylation (P value not available)
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(2000)

lung cancer (n=12)

incorporation

Fowler (1998)

Folate status (Cervical
tissue and Serum)

Human - Cervical tissue biopsies (n=83)

[3H]methyl-S-
adenosylmethionine and Sss 1
methylase.

Folate significantly correlated with DNA methylation
(r=0.2793, P = 0.0211 for cervical tissue and r=2392, P =
0.0569 for serum)

Fenech (1998)

RBC Folate

Human - Blood (n=106)

[3H]methyl-S-
adenosylmethionine and Sss 1
methylase.

No significant correlations with DNA methylation (Males: -
0.0160 and Females: 0.0893)

Fenech (1998)

Folate and vitamin B12
(B12) supplementation

Human - Blood (n=33)

Before
supplementation
values

[3H]methyl-S-
adenosylmethionine and Sss 1
methylase.

No significant change in methylation (Umethylated CpGs at
R1, R2 and R3: 195200, 204500, and 203800 respectively)

Jacob (1998)

Dietary folate

Human - Blood from menopausal women (n=8)

[3H-methyl]  S-adenosyl  L-
methionine and Sss | CpG
methylase

Inversely associated with hypomethylation (DNA methyl
acceptance at baseline: 795+/-41, after depletion: 1738+/-
259*, after repletion: 1084+/-158*; *significantly different
results compared to previous mean)

Cravo (1994)

Folic acid
supplementation

(10mg/day)

Human - rectal mucosa of
colonic adenomas (n=20)

patients with resected

[3H]methyl-S-
adenosylmethionine and Sss 1
methylase.

Decreased hypomethylation methylation in 7 out of the 20
subjects (P=0.05) (all with a single polyp)

Serum folate

Human - rectal mucosa of
colonic adenomas (n=20)

patients with resected

[3H]methyl-S-
adenosylmethionine and Sss 1
methylase.

Inverse correlation between serum folate and DNA
methylation (r =-0.56; P = 0.01).

Alcohol
First Author | Exposure of Interest
(year) (own or maternal) Cell type Control Platform/Technique Global Methylation Level
Alcohol, Vitamins B2 | Human - Blood of Japanese No association - but alcohol modifies the association
Ono (2013) B6 and B12 women (n=384) Not applicable LUMA between folate and methylation
lllumina GoldenGate
Christensen Increased Alcohol | Human - Breast tumour methylation bead-array
(2010) Intake biopsies (n=162) Not applicable platform Trend towards decreased methylation (P=0.07)
More likely to develop tumours with  LINE-1
hypomethylation (RR=1.67, 95% CI=1.04 to 2.67 for <55%
LINE1 methylated tumours; RR=1.55, 95% CI=1.10 to 2.18
Pyrosequencing technology | for 55-64% LINE-1 methylated tumours; and RR=1.06, 95%
Schernhammer | Alcohol (> or = | Human - Colon cancer using the PyroMark kit and the | CI=0.69 to 1.62 for > or = to 65% LINE1 methylated
(2010) 15g/day) tumours (n=609) <200mg of folate PSQ HS 96 System tumours)
Figueiredo Alcohol  (intake in | Human - normal colonic Pyrosequencing assay for LINE-
(2009) drinks per day) mucosa biopsies (n=388) Not applicable 1 No change across categories of intake (P for trend: 0.74)

Bonsch (2006)

Chronic alcoholism (59
subjects)

Human - Blood (n=125)

No alcoholism
subjects)

(66

Modified non-radioactive
elongationassay

10% increased methylation (Chronic alcoholism: 61% SD:
16.7, Healthy: 51% SD:20.2; P-value=0.03)
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B Vitamins

First Author | Exposure of Interest
(year) (own or maternal) Cell type Control Platform/Technique Global Methylation Level
Human - Blood from children Pyrosequencing - LINE1
Perng (2012) Plasma Vitamin B12 5-12 years (n=568) Not applicable repetitive elements No association
Alcohol, Vitamins B2 | Human - Blood of Japanese No association - but lacohol modifies the association
Ono (2013) B6 and B12 women (n=384) Not applicable LUMA between folate and methylation
No effect on likelihood of developing tumours with LINE-1
hypomethylation ( (RR=0.84, 95% CI=0.52 to 1.36 for <55%
LINE1 methylated tumours; RR=0.71, 95% CI=0.48 to 1.05
PyroMark kit and the PSQ HS | for 55-64% LINE-1 methylated tumours; and RR=1.20, 95%
Schernhammer | B6  vitamins (5th | Human - Colon cancer tumour | (1st quartile - lowest | 96 System (Biotage, Uppsala, | CI=0.77 to 1.86 for > or = to 65% LINE1l methylated
(2010) quartile of intake) biopsies (n=606) intake) Sweden) tumours)
No effect on likelihood of developing tumours with LINE-1
hypomethylation (RR=0.62, 95% CI=0.37 to 1.06 for <55%
LINE1 methylated tumours; RR=0.89, 95% CI=0.61 to 1.30
PyroMark kit and the PSQ HS | for 55-64% LINE-1 methylated tumours; and RR=0.73, 95%
B12 vitamins (5th | Human - Colon cancer tumour | (1st quartile - lowest | 96 System (Biotage, Uppsala, | CI=0.47 to 1.13 for > or = to 65% LINE1l methylated
quartile of intake) biopsies (n=606) intake) Sweden) tumours)
Figueiredo B2 dietary intake in | Human - normal colonic Pyrosequencing assay for LINE-
(2009) quartiles mucosa biopsies (n=388) Not applicable 1 No chnage with increased intake (P for trend: 0.57)
B2 plasma levels in | Human - normal colonic Pyrosequencing assay for LINE-
quartiles mucosa biopsies (n=388) Not applicable 1 No change with increasing quartile (P for trend: 0.45)
B6 dietary intake in | Human - normal colonic Pyrosequencing assay for LINE-
quartiles mucosa biopsies (n=388) Not applicable 1 No change with increased intake (P for trend: 0.17)
B6 plasma levels in | Human - normal colonic Pyrosequencing assay for LINE-
quartiles mucosa biopsies (n=388) Not applicable 1 No change with increasing quartile (P for trend: 0.29)
B12 plasma levels in | Human - normal colonic Pyrosequencing assay for LINE-
quartiles mucosa biopsies (n=388) Not applicable 1 No change with increasing quartile (P for trend: 0.58)
Human - Squamous cell
Piyathilake lung cancer tissue Radiolabeled methyl
(2000) Increasing B12 levels biopsies (n=12) Not applicable incorporation Significantly lower methylation (P value=0.009)
Human - Normal lung tissue
adjacent to squamous cell lung Radiolabeled methyl
cancer (n=12) incorporation No significant relationship
[3H]S-adenosyl methionine | Significant correlation with DNA methylation in women
Fenech (1998) Plasma vitamin B12 Human - Blood (n=106) Not applicable and Sss1 methylase (Males: -0.0557 and Females: -0.3593%)
Folate and vitamin B12 | Human - Blood (n=33) Before [3H]S-adenosyl methionine | No significant change in methylation (Umethylated CpGs at
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(B12) supplementation

supplementation

and Sss1 methylase

R1, R2 and R3: 195200, 204500, and 203800 respectively)

values

Other Dietary Exposures
First Author | Exposure of Interest
(year) (own or maternal) Cell type Control Platform/Technique Global Methylation Level

Prudent dietary

pattern (Highest intake

Quartile) -

characterized by a high Bisulfite conversion of DNA

intake of vegetables Lowest quartile of | and real-time PCR (MethyLight) | Decreased prevalence of hypomethylation (Q4 vs. Q1:
Zhang (2011) and fruits Human - Blood (n=149 intake for LINE-1 OR=0.33, 95% Cl:0.12-0.92)

Plasma Vitamin A -

levels higher than or

equal to 1.05 pmol/L | Human - Blood from children Pyrosequencing - LINE1
Perng (2012) vs. 0.70 or lower 5-12 years (n=568) Not applicable repetitive elements 0.19% decrease in global methylation

Serum folate

deficiency in Chromate | Human - Peripheral Blood of Global hypomethylation (1.48%, as compared to 2.10%
Wang 2012 workers (115) Chromate workers (n=115) 60 local residents ELISA kit observed in the control group, (p < 0.001))

Human - Blood from children Pyrosequencing - LINE1
Perng (2012) Ferritin 5-12 years (n=568) Not applicable repetitive elements No association
Human - Blood from children Pyrosequencing - LINE1

Perng (2012) Serum zinc 5-12 years (n=568) Not applicable repetitive elements No association
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APPENDIX E

Towards incorporating epigenetic mechanisms into carcinogen identification and

evaluation
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Abstract

Remarkable progress in the field of epigenetics has turned academic, medical and public
attention to the potential applications of these new advances in medicine and various fields
of biomedical research. The result is a broader appreciation of epigenetic phenomena in
the etiology of common human diseases, most notably cancer. These advances also
represent an exciting opportunity to incorporate epigenetics and epigenomics into
carcinogen identification and safety assessment. Current epigenetic studies, including
major international sequencing projects, are expected to generate information for
establishing the “normal” epigenome of tissues and cell types as well as the physiological
variability of the epigenome against which carcinogen exposure can be assessed.
Recently, epigenetic events have emerged as key mechanisms in cancer development,
and while our search of the Monograph Volume 100 revealed that epigenetics have played
a modest role in evaluating human carcinogens by the International Agency for Research
on Cancer (IARC) Monographs so far, epigenetic data might play a pivotal role in the
future. Here, we review (i) the current status of incorporation of epigenetics in carcinogen
evaluation in the IARC Monographs Programme, (ii) potential modes of action for
epigenetic carcinogens, (iii) current in vivo and in vitro technologies to detect epigenetic
carcinogens, (iv) genomic regions and epigenetic modifications and their biological
consequences, and (v) critical technological and biological issues in assessment of
epigenetic carcinogens. We also discuss the issues related to opportunities and challenges
in the application of epigenetic testing in carcinogen identification and evaluation. Although
the application of epigenetic assays in carcinogen evaluation is still in its infancy, important
data are being generated and valuable scientific resources are being established that

should catalyze future applications of epigenetic testing.
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Introduction

Epigenetics is a rapidly expanding field of modern biology with a profound impact on our
thinking and understanding of biological phenomena. The term “epigenetic” refers to all
stable changes in gene expression and chromatin organization that are independent of the
DNA sequence itself and that can be mitotically inherited over cell divisions. Epigenetic
phenomena, including genomic imprinting, X-chromosome inactivation and global
reconfiguration of the DNA methylome, changes in chromatin compaction states and
histone modification patterns, occur during development and contribute to the lineage-

specific epigenome that is maintained over the lifetime of an organism.

Epigenetic mechanisms are essential for the stable propagation of gene activity states
from one generation of cells to the next, and thus the epigenome governs the
establishment and maintenance of cell identity. DNA methylation, histone modifications
and non-coding RNAs are the main epigenetic mechanisms that may act alone or in

combination to govern the gene expression programme over the lifetime of an organism.

The remarkable progress in the field of epigenetics has turned academic and medical
attention to the potential application of new conceptual advances in cancer research. The
advent of novel technologies that allow cost-effective profiling of the epigenome with
unprecedented resolution has dramatically accelerated cancer research and opened up
new perspectives. Together, these advances have led to a broader appreciation of
epigenetics in the etiology of complex human diseases, including cancer. In addition to
their application in mechanistic studies, cancer therapy and biomarker discovery, advances
in epigenetics also need to be incorporated into carcinogen identification and safety

assessment.

Unlike the genome, which is virtually identical among all cells within an organism, different
tissues and cell types harbour a distinct epigenome, which may undergo substantial
changes with ageing and in response to environmental factors (1,2). Epigenetic
mechanisms can be viewed as an interface between the environment and the genome, the
deregulation of which may disrupt key cellular processes, ultimately resulting in oncogenic
transformation and tumour development (Figure 1). Exposure to environmental factors may
leave a fingerprint on the epigenome that may be exploited in discovering new biomarkers
for risk assessment and cancer prevention. Despite an increased interest in epigenetics
and a better understanding of epigenetic mechanisms and their deregulation in human

malignancies, relatively little is known about the potential application of epigenetics in
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carcinogen identification and evaluation. While epigenetic assays have not yet been
incorporated into the current carcinogen testing battery, recent evidence on the impact of
environmental exposures on the epigenome argues that the time is ripe for established and
suspected carcinogens to be specifically evaluated for their potential to deregulate
epigenetic mechanisms. The gaps in our understanding of the normal variability of the
epigenome in different cell types should be bridged by major international sequencing
initiatives enabled by the genome/epigenome technology revolution. Once this is available
it will be possible to identify specific changes in the epigenome associated with exposures
to a carcinogen. Several recent reviews on the impact of environmental/lifestyle factors on

the epigenome have been published (3-7).

The advances in understanding the normal epigenome should also facilitate development
of epigenetic assays in carcinogen testing and use of epigenetic data in the regulatory
process and policy-making. In this review, we will summarize the current status of
incorporation of epigenetics in carcinogen evaluation by the International Agency for
Research on Cancer (IARC) Monographs Programme. We will also assess the selected
examples of studies demonstrating the epigenetic effects of specific agents in human
carcinogenesis. Finally, we will discuss the issues related to opportunities and challenges

in incorporating epigenetics into carcinogen evaluation and future perspectives.

Physiological and pathological changes of the epigenome

An important feature of the epigenome is that it is susceptible to normal variations, that is
to say that epigenetic modifications of DNA and histones exhibit variations across different
cell types and over time. It is thought that the genome needs to be plastic enough to
respond to environmental stressors and endogenous cues (4,8). Such induced changes in
the epigenome may be fixed and propagated over cell divisions, resulting in long-term or
permanent changes in phenotype. Therefore, in contrast to genotype, modulation of the
epigenotype is a physiological and essential process that controls an organism’s response

to environmental exposures.

The reconfiguration of the epigenome is particularly evident during embryonic
development, cell differentiation and ageing (9-11). A complete erasure and re-
establishment of the DNA methylation patterns in early embryonic development is a

dynamic, but highly regulated, process that results in a profound reconfiguration of the
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epigenome (including the DNA methylome but also histone marks) (12) and is believed to
be highly susceptible to environmental exposures. The reconfiguration of the methylome
during early embryonic development provides a striking example of dynamic changes in
the epigenome. In the fertilized egg before the fusion of the pronuclei, DNA methylation
levels in the maternal and paternal genomes are heavily methylated and both pronuclei
have roughly the same methyl-cytosine content (12,13). Soon after the fusion (within
approximately an hour) the paternal genome is efficiently demethylated through an active
mechanism (active demethylation), and its demethylation levels remain low during a few
mitotic divisions. In contrast, the maternal genome undergoes a passive demethylation
during several subsequent mitoses. The genome of the early embryo starts to be
remethylated by de novo DNA methylases at implantation, and the establishment of DNA
methylation patterns occurs in a tissue-specific manner. It is believed that this process of
dramatic demethylation/remethylation represents a window of susceptibility to
environmental stressors and that adverse changes in the epigenome during early
embryonic development may be at the heart of intra-uterine programming of childhood and
adult diseases (14). Another stage during embryonic development that may be considered
vulnerable is the primordial germ cells (PGCs) (15,16). At this stage, foetal germline is
dynamically remodelled in a gender-specific manner and epigenetic modifications (such as
DNA methylation marking of imprinted genes) are removed (12,17). However, PGCs can
contribute genetic material to the future offspring of the foetus, therefore epigenetic
changes induced by carcinogen exposure during this stage may contribute to
transgenerational epigenetic inheritance. It is therefore essential to account for these

events when evaluating carcinogens.

Despite a better understanding of epigenetic mechanisms and their deregulation in human
cancer, much remains unknown about the normal dynamic variations of the epigenome
and how to distinguish them from adverse epigenetic changes that pose a health risk. In
general, the degree to which agents may promote carcinogenesis through epigenetic
mechanisms depends on the amount and duration of exposure. The degree to which an
adverse exposure alters the epigenome may also strongly depend on variation in
susceptibility to the exposure. Individual susceptibility to a given exposure is likely to
depend on the epigenetic make-up that dictates an individual’s response and adaptation
mechanisms. Differences in individual susceptibility may be attributed to patterns of DNA

methylation, histone modifications and non-coding RNAs, as well as genetic make-up.
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Genotoxic, non-genotoxic, and epigenetic carcinogens

Epigenetic mechanisms are thought to play important roles in the adaptation and response
to environmental exposures, although a clear-cut causal relationship between epigenetic
change and specific exposure is often difficult to establish. The reason for this may be
three-fold. First, environmental agents may induce subtle changes and quantitative
phenotypic manifestation may be evident only after repetitive or prolonged exposure.
Second, environmental exposures are likely to induce global non-specific changes in one
layer or multiple layers of the epigenome. Third, there is an important gap in our
understanding of the “normal” epigenome in tissues and cell types and the normal

variability of the epigenome.

Recent studies have implicated epigenetic mechanisms in carcinogenesis linked to
environmental exposures, although there is a paucity of evidence demonstrating molecular
mechanisms by which the epigenome is deregulated in response to a specific carcinogen.
A wide range of known and suspected carcinogens (including chemical, physical and
biological agents) have been associated with changes in the epigenome, and it has been
suggested that their mode of action may involve disruption of epigenetic mechanisms
(Table I-IV). The effects of these carcinogens on epigenetic states have been either
demonstrated experimentally using different animal and cellular models or inferred from
epidemiological studies (4,7). Environmental factors associated with epigenetic
deregulation include tobacco smoke, arsenic, cadmium, nickel and ionizing and UV
radiation. Different infectious agents such as human hepatitis B virus (HBV), hepatitis C
virus (HCV), and human papillomavirus (HPV) and the bacterium Helicobacter pylori have
been shown to deregulate proliferation, cell division and the gene expression pattern of the
host cell via an epigenetic strategy. Among dietary factors, alcohol and fat consumption

may act epigenetic carcinogens.

It should be noted that many carcinogens may promote tumour development through the
induction of both epigenetic changes (aberrant DNA methylation and histone modifications)
and genetic alterations (mutations). However, individual genetic polymorphisms and
epigenetic make-up (“epigenetic polymorphisms”) may also play pivotal roles in cellular
response to environmental stress and thus may represent a part of individual

predisposition to the development of cancer. Therefore, individual cancer susceptibility is
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likely to depend not only on genetic but also on epigenetic make-up. These responses
involve the action of diverse cellular machineries such as those involved in DNA repair,
carcinogen detoxification, cell cycle control and cell death. The technological advances in
epigenomics (high-throughput and genome-wide profiling) will soon allow the identification
of entire epigenomes (genome-wide patterns of DNA methylation and histone
modifications). This may provide critical information for testing the notion that differences in

individual susceptibility may also be attributed to germline epigenetic make-up.

In the literature, the terms “non-genotoxic” and “epigenetic’ are sometimes used
interchangeably (18). However, not all non-genotoxic carcinogens act by altering
epigenetic states (DNA methylation, histone modifications or non-coding RNAs). For
example, some non-genotoxic agents, such as dioxin, can act via receptor-mediated
pathways (19), which cannot be considered as an epigenetic mechanism. This means that
while some epigenetic agents are also genotoxic, not all non-genotoxic agents are
epigenetic carcinogens and indeed, as discussed below, agents may act by multiple
mechanisms. Therefore, oversimplified classification of carcinogens that does not consider
potential contributing effects that are neither genetic or epigenetic is confusing and should

be avoided.

The IARC Monographs Programme

IARC Monographs. The IARC Monographs Programme identifies environmental and

lifestyle factors that are human carcinogens (20). Interdisciplinary Working Groups of
expert scientists review published studies and evaluate the strength of the evidence that
an agent can increase the risk of human cancer. Since 1971, more than 950 agents have
been evaluated, of which more than 400 have been identified as carcinogenic, probably
carcinogenic, or possibly carcinogenic to humans. Recently, IARC completed a review of
the more than 100 chemicals, occupations, physical agents, biological agents, and other

agents classified as carcinogenic to humans (21).

Volume 100 of the IARC Monographs reviews all agents previously classified by IARC as
carcinogenic to humans (Group 1) and is divided into 6 parts (A,B,C,D,E,F), each of which
describes a distinct class of carcinogens. Our search of the Monograph Volume 100
revealed that only a few chemical agents and nutritional or lifestyle factors evaluated by

IARC Working Groups have been considered as epigenetic carcinogens. Diethylstilbestrol
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(DES), chromium (VI) compounds and ionizing radiation have been classified as
carcinogens that may act through epigenomic deregulation. Curiously, for all of these, their
impact on the epigenome is considered not as the major mechanism but rather as the
secondary mechanism. The lack of focus on epigenetics in relation to the mechanistic data
is perhaps surprising considering a wealth of studies demonstrating the impact of many of
the Volume 100 carcinogens on epigenetic mechanisms (Tables I-1V). One explanation
may lie in the fact that many studies failed to address whether changes in the epigenome
were causal or associative to a carcinogenic exposure. In this section, we discuss the
specific example of studies demonstrating the epigenetic effects of DES and infectious

agents in human carcinogenesis.

DES — an example of an epigenetic carcinogen from the IARC Monographs? DES is a

synthetic estrogen that was widely used (from the 1940s to the 1970s in the USA) to
prevent potential miscarriages (through its stimulation of placental synthesis of estrogen
and progesterone) and for the treatment of symptoms associated with menopause and
ovariectomy as well as specific vaginal and vulvar conditions (such as inflammation and
dystrophy). DES was also used as a post-coital emergency contraceptive (“morning-after
pill”) and to treat other conditions associated with dysfunctional menstrual cycles and
female hypogonadism. It has been estimated that 5-10 million US citizens were treated
with DES during pregnancy or were exposed to the drug in utero (22). Although nowadays
DES is rarely used (e.g. to treat prostate cancer or specific forms of breast cancer), the

consequences of its use are still felt among the treated individuals and their progeny.

DES had been evaluated by IARC Working Groups in 1978 and 1987 and was evaluated
again for Volume 100 (in 2008); IARC has classified this chemical as a Group 1 carcinogen
(21). The IARC Monograph of 1987 states that there is sufficient evidence of a causal
association between clear-cell adenocarcinoma (CCA) of the vagina or cervix and prenatal
exposure to DES (23). It also states that there is sufficient evidence of a causal
relationship between cancer of the breast and the use of DES during pregnancy. The
carcinogenicity of DES was established or highly suspected in experimental animals before
epidemiological studies confirmed its carcinogenicity in humans. Consistent with its
estrogenic properties, DES was shown to induce various effects on the reproductive
system in both mice and humans (22,24,25). In a mouse model, it was shown that prenatal
and perinatal exposure to DES produces multiple effects in uterine tissue, including uterine

cancer (leiomyomas) (25).
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Several studies have investigated the mechanism by which DES exposure promotes
carcinogenesis. These include studies of gene expression and DNA methylation states in
uterine tissue. Specific changes in gene expression in the uterus of young mice treated
neonatally were detected after exposure to DES (24). These alterations were detected in
specific genes (fos and lactoferrin) and persisted for weeks even after treatment cessation.
Interestingly, gene expression changes were associated with specific epigenetic changes,
namely changes in DNA methylation. For example, the genes that were differentially

expressed in DES-treated animals also exhibited abnormal DNA methylation (24,26).

The above results strongly suggest that exposure to DES may have a significant and long-
term effect on gene expression through epigenetic mechanisms. However, it should be
noted that these studies focused on only a few genes and one epigenetic mechanism
(DNA methylation). The impact of DES is unlikely to be limited to a small subset of genes,
and epigenome-wide studies have yet to be performed. Indeed, microarray-based
transcriptome analysis in both rats and mice has revealed DES-induced changes in
expression of a wide range of genes, although whether these changes were accompanied
by changes in DNA methylation states or other epigenetic alterations (histone

modifications and non-coding RNAs) has been little studied (27-29).

Another interesting feature of DES exposure is its impact on cancer incidence in
subsequent generations. It has been shown that in addition to an increased cancer
susceptibility associated with epigenetic changes in DES-treated parents, an epigenetic
mechanism may operate in subsequent generations of mice (the F2 generation) (24).
These findings further support the notion that DES-induced carcinogenesis may operate
through an epigenetic mechanism, although further studies extending to the F3 generation
of exposed animals are needed in order to establish a true transgenerational epigenetic

inheritance.

Infectious agents and epigenetic mechanisms of carcinogenesis. There is growing

evidence that different infectious agents may promote carcinogenesis through epigenetic
mechanisms. For example, evidence has emerged that infection by HBV virus, a major risk
factor for developing liver cancer, promotes hepatocarcinogenesis by inducing epigenetic
changes (30,31). HBV encoded protein X (HBx) acts as an oncogenic transcription factor
by affecting the expression of important cellular genes. In HBV infection-associated cancer
cells HBx protein was found to upregulate expression of the DNMT genes and

transcriptional silencing of key cellular genes has been attributed to promoter hyper-
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methylation mediated by DNMTs (32-35). This notion is further supported by the finding
that HBx also directly interacts with the de novo methyltransferase DNMT3A, directing their
recruitment to specific genes and thus affecting their methylation and silencing (36).
Interestingly, HBx was also shown to mediate dissociation of DNMT3A from the promoter
of a set of genes, thus resulting in their hypomethylation and transcriptional activation (36).
However, ChIP experiments failed to find recruitment of HBx on the activated gene-
promoters suggesting that HBx could facilitate displacement of DNMT through an indirect

mechanism.

In addition, a histone deacetylase (HDAC) was found to be a direct interacting partner of
HBx protein, revealing a potential alternative epigenetic mechanism for its transcriptional
suppressive activities (36). Furthermore, HBx was also shown to directly interact with
histone acetyltransferase complex CBP/P300 and HBx-mediated recruitment of CBP/P300
complex resulting in hyperacetylation of local chromatin and transactivation of the target
cellular genes (36-40). HBx was also found to downregulate the expression of E-cadherin,
the gene frequently found silenced in liver cancer, by the recruitment of the
mSin3A/histone deacetylase complex to the E-cadherin gene (41). Therefore, in addition to
DNA methylation changes, histone deacetylation of key cellular genes may be an
important epigenetic mechanism contributing to HBV-related carcinogenesis. Interestingly,
in infected cells HBV genome remains in minichromosomes (small chromatin-like
structures composed of histones and non-histone proteins and additional genetic material
that replicate autonomously) and HBx protein was shown to regulate transcription of both
viral genes through epigenetic mechanism. (42-44). However, whether the HBx-mediated
engagement of cellular epigenetic machineries in replication and transcription of the viral
minichromosomes on critical processes of the host cell remains to be investigated. While
epigenetic mechanisms involved in carcinogenesis associated with viruses other than HBV
are less understood, recent studies have suggested that human oncogenic viruses
(including Epstein—Barr virus, simian virus 40, Kaposi’s sarcoma-associated herpes virus,
HCV virus) may be involved in the deregulation of epigenetic modifiers, ultimately resulting
in deregulation of the host genes [6,7,9]. Therefore, human oncogenic viruses, in general,
may promote carcinogenesis through different epigenetic mechanisms.

H. pylori is another example of an infectious agent that might promote carcinogenesis
through epigenetic mechanism (45). H. pylori-infected individuals with chronic gastritis have

a significantly higher risk of developing gastric cancer (46) and studies on animal models
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demonstrated that infiltration of macrophages and expression of inflammation-related genes
(proinflammatory cytokines) are associated with DNA methylation changes (47). Further
mechanistic studies showed that DNA methylation changes associated with H pylori—
induced chronic inflammation could be suppressed when the infected animals are treated
with an anti-inflammatory agent, despite the fact that the presence of H pylori in gastric
mucosae is unaffected (47). These findings argue that the mechanism by which some
infectious agents promote carcinogenesis may involve DNA methylation changes induced

by inflammation-induced mediators (45,48).

Potential modes of actions for epigenetic carcinogens

Generally, epigenetic carcinogens may promote carcinogenesis (i) through inducing direct
changes in the epigenome or (ii) through an indirect deregulation of the epigenetic states.
The agents that directly interact with and modulate methyl-cytosine or histone marks may
be considered as direct epigenetic carcinogens. Nickel chloride, which was shown to
induce changes in histone marks (49), may be considered as a direct epigenetic

carcinogen.

The agents in the second group (indirect epigenetic carcinogens) include those that alter
either the expression or the activity of enzymes involved in establishing and maintaining
epigenetic patterns. The agents that deregulate the activity of de novo DNA methylation
(DNMT3A and DNMT3B) or the DNA maintenance methyltransferase (DNMT1) can be
considered as indirect epigenetic carcinogens. In addition, this group of agents should
include the agents capable of altering the activity of proteins and protein complexes
responsible for histone modifications, such as HATs and HDACs. Consistent with the
evidence that HATs and histone acetylation are involved in the process of DNA repair (50),
the agents that inhibit HAT and HDAC activities may compromise critical cellular process
and consequently compromise genomic stability. Reduced levels of histone acetylation or
enhanced histone deacetylation may result in the compaction of chromatin, blocking
access of DNA repair factors to DNA lesions. Therefore, epigenetic carcinogens may
transiently alter chromatin-modifying/remodelling activities, thus impeding DNA repair and
other chromatin-based processes. Consistent with this notion, regional mutation rates in

cancer genome was found to be largely influenced by chromatin organisation (51).

Because there is intimate and mutually reinforcing cross-talk between the three epigenetic
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mechanisms in setting up and maintaining the genome-wide expression programme,
epigenetic carcinogens that affect one of the interdependent epigenetic mechanisms are

likely to also deregulate the other layers of the epigenome.

Our search of the Monograph Volume 100 revealed that epigenetic deregulation has been
considered as a potential mechanism of carcinogenesis for only a handful of carcinogens
(Table V). Yet, our comprehensive review of experimental evidence in the literature
provided strong arguments for an important role of epigenetic deregulation in the
mechanism by which many Group 1 carcinogens may contribute to carcinogenesis (Tables
I-IV). This discrepancy may be explained by the fact that most mechanistic data on
carcinogen-induced epigenome deregulation have been generated since the Volume 100
evaluation, but also by the need to resolve several issues before epigenetic testing can be
fully incorporated into carcinogen evaluation. Less understanding of the relevance of
epigenetic alterations and more familiarity with genetic changes as a prevailing mechanism
of carcinogenesis may also account for epigenetic changes being overlooked as an
important mechanism targeted by human carcinogens. Ongoing and future studies in
environmental epigenetics and epigenetic toxicology may prove critical in providing crucial
insights into the epigenetic mechanisms by which environmental carcinogens contribute to

cancer development and progression.

Current in vivo and in vitro technologies to detect epigenetic carcinogens.

Animal models represent an essential tool in carcinogen evaluation, and they are critical
for epigenetic testing. However, in addition to the complex nature of the epigenome among
species and across different tissues, the lack of appropriate animal models represents the
major obstacle in studying the impact of environmental carcinogens on the epigenome.
Several animal models have been used to show that exposure to environmental agents
has an impact on epigenetic states. These include mouse, rat, rabbit, Drosophila,
Caenorhabditis elegans and zebrafish. A few mouse models harbouring locus-specific
reporters have been developed and exploited in studying environmentally induced
epigenetic changes. For example, the yellow agouti mouse model has been used as a
sensitive indicator of locus-specific epigenetic changes, and several studies have
demonstrated its utility in studying the role of nutritional modulation on epigenetic states

(52-54). The coat colour of the agouti (A"”) mice may be used as a sensitive read-out of
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locus-specific DNA methylation states (Figure 2). This model proved to be instrumental in
investigating the influence of maternal diet during pregnancy on the phenotype of the
offspring (53,55). Specifically, it was found that feeding pregnant female mice a diet
supplemented with folic acid, vitamin B12 or choline results in noticeable changes in the
coat colour of their offspring (53). The loci responsible for the variable phenotype (coat
colour) and which are susceptible to modulation by environmental exposures are known as

metastable epialleles.

In addition to the agouti (A"”) model, another murine metastable epiallele, axin fused
(Axin(Fu)) (56), has been shown to exhibit epigenetic plasticity in response to changes in
maternal nutrition (57). Furthermore, a model with a new metastable epiallele, CDK5
activator binding protein intracisternal A particle (Cabp”), has been characterized (58).
Identification of new metastable epialleles suggests that this mechanism operates at
multiple loci across the mouse genome. However, the locus activity and phenotype
associated with metastable mouse models are dictated by the DNA methylation pattern at
the specific regulatory elements (retrotransposons) of the locus. Therefore, phenotypes
associated with modulation of epialleles are locus-specific and cannot be easily

extrapolated to the rest of the genome.

Despite a wide range of studies that have used these models, their unequivocal utility has
been demonstrated only in the context of mother-to-offspring transmission of
dietary/environmental cues. The models with metastable epialleles are also likely to
contribute to characterizing the mechanism underlying transgenerational epigenetic
inheritance. Current and future studies have yet to demonstrate the utility of these models
in mechanistic studies aimed at identifying and evaluating carcinogens. More recently,
metastable epialleles have been identified in humans (59), and with the completion of
major epigenome profiling initiatives many more metastable epialleles are likely to be
identified. However, metastable epialleles are likely to represent a tiny fraction of the
epigenome; therefore, should carcinogens modulate these alleles, these changes may not

be considered as representative of the entire epigenome.

In addition to the mouse models discussed above, rats can be considered for epigenetic
testing of carcinogens. The rat has been extensively characterized for transgenerational
inheritance, and there is considerable knowledge of rat embryonic and postnatal
development. Therefore, the rat may be a good model for assessing the role of

environmentally induced epigenetic deregulation on development and teratogenicity as
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well as transgenerational epigenetic inheritance (60). However, several drawbacks
associated with rat models outweigh these advantages. The genome and epigenome are
far better characterized in mice than in rats, and tools are available for analyzing genome-
wide changes in epigenetic states in the mouse. Therefore, the mouse represents a highly
tractable model for epigenetic carcinogenicity testing. Among other in vivo model systems,
C. elegans, Drosophila, zebrafish and honeybees offer the potential to be used in
epigenetic evaluation of environmental carcinogens. For example, the fruit fly Drosophila
melanogaster, a classic model for genetic research, has recently been suggested as a
potential epigenetic model organism (61). In this regard, position effect variegation, the
change in phenotype resulting from the change of a gene’s position in the genome, was
first discovered through observations of eye colour. Therefore, Drosophila eye color may
serve as an attractive read-out in studying epigenetic deregulation in response to
carcinogenic exposure. However, a recent study using genome-scale sequencing at
single-base resolution revealed that the genome of Drosophila lacks detectable DNA
methylation patterns (62), consistent with the notion that DNA methylation is dispensable
for some eukaryotic organisms. Similarly, the nematode worm C. elegans completely lacks
genomic DNA methylation (63). Because both C. elegans and Drosophila have been used
extensively in developmental biology these organisms may represent suitable models in
high-throughput screening approaches where epigenetic mechanisms (histone

modifications and non-coding RNAs) can be studied independent of DNA methylation.

Finally, the use of mammalian cells (human and rodent) grown in culture should also be
considered for epigenetic testing. Among these in vitro models, the use of stem cells
(embryonic and tissue-specific) may prove particularly informative. Cell lines may prove
most valuable in untargeted screening and identification of potential epigenetic
carcinogens. In vitro models may also be instrumental in a focused dissection of epigenetic
events associated with carcinogen exposure, such as molecular pathways analysis and
identification of gene targets. Two major shortcomings of cellular models are their
susceptibility to epigenetic alterations during in vitro culture and their incompatibility with

transgenerational assessment, neither of which are limitations of in vivo models.

Genomic regions and epigenetic modifications and their biological consequences

A distinguishing feature of epigenetic changes that needs to be considered in carcinogen
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evaluation is their intrinsic reversibility. Therefore, although epigenetic changes are
generally stable and are usually transmitted with extreme fidelity over many cell
generations, it is possible that adverse changes in DNA methylation, histone modifications
and expression of non-coding RNAs associated with carcinogen exposure may be

modulated by subsequent exposure to other epigenome-modulating agents.

Although intrinsic to all cells and absolutely essential, the plasticity and reversibility of the
epigenome represents an important challenge in the development of methodologies and a
battery of assays for epigenetic testing. In principle, epigenetic assays can be developed at
two levels: (i) epigenetic patterns or marks and (ii) the expression and/or activity of
epigenetic players (enzymes and other molecules involved in setting up and erasing
epigenetic marks). Many environmental chemicals are likely to interfere with the activity of
epigenetic players, some of which may contribute to carcinogenesis. While changes in the
protein levels and activity of epigenetic machinery players (e.g. DNMT and HDAC
enzymes) can be accurately measured, establishing whether the change in the expression
or activity represents a lasting adverse effect with phenotypic consequences or merely an
adaptive response is more challenging. Similarly, changes in epigenetic patterns (levels
and patterns of DNA methylation and histone modification marks) can be detected with
increasing ease and accuracy. In both cases, it is critical to establish whether a given
change in either of these two epigenetic layers is anchored to a phenotypic outcome.
Nevertheless, assays that monitor the epigenetic patterns should be strongly preferred as

they are more likely to detect lasting changes in the epigenome.

Another important consideration is that epigenetic changes that are identified in response
to a specific carcinogen should be combined with assays that establish a causative or
correlative link with adverse phenotype. In this regard, it has been suggested that
classifying epigenetic-based phenotypes based on the gene pathway and ontology
databases may be a valuable approach (64). For example, the Gene Ontology database
that is being developed with the aim of describing genes and pathways in terms of their
molecular functions and associated biological processes should be a useful tool in
carcinogen evaluation. An important feature of this facility is that it should allow properties
to be assigned to genes and pathways in a species-independent manner, although in
terms of epigenetic testing an ideal database should be exclusively focused on epigenetic
effects and sets of genes and pathways that are known to be influenced by epigenetic

mechanisms.
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It is well established that epigenetic patterns are species- and tissue-specific; however,
epigenetic changes are likely to also be exposure-specific. Because the epigenome is
considered as a cellular mechanism that responds to environmental exposures, many
changes in epigenetic states are likely to be a consequence of an adaptive response to
adverse exposures. The key question is how to distinguish adaptive from adverse
responses in the epigenome. In order to detect adverse epigenetic changes, it is essential
to have a comprehensive and detailed database for comparison. With the ongoing
international efforts (such as the International Human Epigenome Consortium, http://ihec-

epigenomes.net), it is hoped that the epigenomes (DNA methylomes) of a wide range of

human and other cell types will be available, as well as the normal variability of the
epigenome. The fact that the field of epigenetics is rapidly advancing means that in the
near future we are likely to be in a position to construct a “normal” reference epigenome for
comparison and identification of adverse effects of potential carcinogens. Nevertheless,
experiments aimed at evaluating the epigenetic effect of a carcinogen should be carefully
designed to include the appropriate control group that contains a normal epigenome for

comparison.

Critical technological and biological issues in assessment of epigenetic carcinogens

In recent years, we have witnessed an emergence of powerful technologies in epigenetics
and epigenomics that allow the sensitive, high-throughput and genome-wide detection of
epigenetic changes in normal and cancer cells (65-67). These advances, notably those
linked to the development and application of microarrays and massively parallel
sequencing technologies, have accelerated epigenomic research and opened up new
perspectives. A wide range of methods and approaches exist for the identification,
quantification and mapping of changes in the epigenome. While the earliest approaches
were mostly qualitative, typically non-specific and at best useful for quantification of total
epigenetic marks in cells, this field has seen considerable progress and development over

the past decade.

Methods for DNA methylation analysis differ in their coverage and sensitivity, and the
method of choice depends on the intended application and desired level of information.
These methods include global methyl-cytosine content, degree of methylation at specific

loci or genome-wide methylation maps. With the advent of more advanced and cost-
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effective technologies, notably DNA microarray platforms and massively parallel
sequencing, it is possible to generate comprehensive maps of epigenomes with relative
ease. Similarly, a wide range of robust and genome-wide approaches has been developed
for analysis of histone modifications and non-coding RNAs. These technological advances
will be instrumental in establishing the epigenome in normal and diseased tissues.
Considering the intimate cross-talk between the different epigenetic mechanisms, there
may be value in designing approaches that aim to interrogate all layers of the epigenome
(DNA methylation, histone modifications and non-coding RNA-mediated gene silencing) in

response to carcinogen exposure.

Despite the remarkable progress in epigenomics, challenges still remain with regard to the
analysis and interpretation of the large data sets generated by the new sequencing
platforms. An important challenge will be establishing the “normal” state and the dynamic
variation of the epigenome. A comprehensive understanding of the physiological variation
of epigenetic states in different cell types will be critical to the capacity to discern between
normal and abnormal epigenetic patterns. The development of new bioinformatics tools

and epigenetic databases should facilitate these efforts (68).

Despite their genome-wide coverage, high resolution and cost-effectiveness, most
methods for epigenome analysis are not compatible with the analysis of cell
subpopulations. It is particularly problematic when specific epigenetic effects, similarly to
genetic or other molecular effects, in mixed populations of cells need to be resolved (69).
This difficulty is exemplified by the heterogeneous nature of tumour tissues, where the

presence of normal (“contaminating”) cells is common.

In applying epigenetic testing, exposure to carcinogens may induce changes in specific
target subpopulations of cells (e.g. stem/progenitor cells) in a tissue. Due to an inability to
resolve the epigenome of a single cell and the inevitable averaging of epigenetic data,
carcinogen-induced effects may be masked by tissue heterogeneity. Therefore, in addition
to the capacity to map the epigenome in great detail, further effort should focus on
developing robust methods capable of isolating specific cell fractions and analyzing the
epigenome of single cells. Although previously established protocols can be adapted, this
area is in need of further development. In addition, significant attention should be paid to
selecting appropriate cell populations or subpopulations for epigenetic testing. In this
regard, the use of embryonic and tissue-specific stem/progenitor cells should be

considered.
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Conclusions and perspectives

Unlike the genetic code, which is virtually the same in every single cell of an organism, the
epigenetic code shows wide-ranging variability across different cell types and also in the
same cells at different developmental stages and under the influence of various
environmental stimuli. This plasticity of the epigenetic code poses a significant challenge in
epigenetic testing. Current epigenetic studies, including major international sequencing
projects, are expected to generate information for establishing the “normal” epigenome of
tissues and cell types as well as the physiological variability of the epigenome. This should
facilitate studies focusing on individual carcinogens and adverse epigenetic effects
associated with carcinogen exposure. It is noteworthy that more broadly than the
categories of agents considered to date in the Monographs, others such as obesity,
physical inactivity and stress for example, are also likely to act through epigenetic

mechanisms.

It is anticipated that chemical compounds may be classified as epigenetic carcinogens
based on mechanistic evidence (in a development analogous to that applied to aristolochic
acid, which was upgraded to a Group 1 carcinogen based on mechanistic data) (70).
Therefore, the mechanistic epigenetic data may be used for non-genotoxic and non-
receptor-mediated carcinogens (such as arsenic) or when the carcinogenicity data in
humans are inconclusive. ldentifying a priority set of potential epigenetic carcinogens (e.g.,
those classified by IARC as probably carcinogenic or possibly carcinogenic to humans
[Groups 2A and 2B] that are known to be non-genotoxic) to be addressed in a systematic

way may be a good starting point.

Several issues need to be resolved before epigenetic testing can be fully incorporated into
carcinogen identification and evaluation and eventually used in policy decision-making. In
order to incorporate epigenetic data into carcinogen evaluation, it is necessary to consider
which epigenetic marks are evaluated, which assays and model systems are used and
how changes in the epigenome are interpreted in terms of their potential to contribute to
carcinogenesis. The cellular heterogeneity of tumour and normal tissues represents an
important challenge for the interpretation of epigenomic data. Because normal or tumour
tissues are rarely composed of an identical cell type or clone, tissue purity needs to be

carefully considered for accurately measuring epigenetic changes associated with specific
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exposures. For example, in analysing and interpreting epigenetic data associated with
exposures, one may consider applying a recently developed set of analytical tools (68) for
inferring changes in the distribution of different cell subpopulations using DNA methylation
signatures, the methods that circumvent the need for extensive flow cytometry sorting
(71,72).

Next-generation sequencing will allow remarkable accuracy, sensitivity and deep read
coverage of epigenetic changes; however, extending this approach to a defined cell
subpopulation or to the single-cell level remains a challenge. In addition, almost all of
epigenetic profiling studies have been focused on the identification of epigenetic changes
associated with annotated genes. Further efforts aimed at improving our understanding of
the functional impact of aberrant epigenetic changes occurring in non-genic regions of the
genome will require a comprehensive analytical methodology capable of integrating
epigenomic data and transcriptomic data as well as genetic data. The development and
exploitation of the Gene Ontology database and the ENCyclopedia Of DNA Elements
(ENCODE; nature.com/encode) should help in this task.

Understanding the epigenetic mechanisms by which epigenetic carcinogens promote
cancer development will require bringing together dedicated teams, not only of molecular
biologists, toxicologists, pathologists and oncologists but also of bioinformatics and
computational experts, in order to establish epigenetic assays and translate epigenomic

data into an efficient and systematic evaluation of carcinogens.

Despite these significant challenges, the remarkable advances in epigenetics have
provided important insights into the epigenetic mechanisms underlying carcinogenesis.
The inclusion of epigenetics in the agenda of the IARC workshops on “Tumour
Concordance and Mechanisms of Carcinogenesis”, held in April and November 2012, is a
testimony to a growing recognition of the importance of epigenetic mechanisms in
carcinogenesis. Incorporating epigenetic mechanisms into carcinogen identification and
evaluation and risk assessment will be an important legacy of the IARC Monographs

Programme.
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Figure legend

Figure 1. Epigenetic mechanisms regulate key cellular processes (such as gene
transcription, DNA repair, and differentiation) and play critical roles in cellular responses to
environmental exposures and endogenous stimuli. Deregulation of epigenetic mechanisms
may promote the development of abnormal phenotypes and cancer. There is a cross-talk
between epigenetic and genetic changes in the process of cancer development and
progression. Given that epigenetic and genetic changes co-exist in all cancers, it is often

unclear what are the primary and secondary events pertinent to carcinogenesis.

Figure 2. Testing the effects of maternal diet on the phenotype of the offspring using the
Avyl/a mouse model. (A) The effect of dietary supplementation of female mice before or
after mating with male Avy/a agouti mice can be tested. (B) The effect of maternal dietary
supplementation on the epigenome can be “read” by coat-colour distribution in Avy/a
offspring. (C) The effect of DNA methylation at the intracisternal A particle (IAP) on agouti
gene expression. Maternal dietary supplementation may shift the coat-colour distribution of
the offspring. This shift is result of change in methylation at IAP element upstream of the

agouti gene. Adapted from (73).
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Table I. Epigenetic mechanisms and Volume 100A carcinogens

Model
Human carcinogen Epigenetic mechanism References
Human samples | Cell lines | Animal model
Part A: Pharmaceuticals
Tamoxifen
DNA methylation * (74,75)
* (76)
* (77,78)
Histone marks * (78)
miRNA * (79)
Diethylstilbestrol
DNA methylation * (80)
* (80-86)
Histone marks * (87)
miRNA * (88)
* (88)
Prostaglandin E2
DNA methylation * (89,90)
* (89)
Histone marks * (91)
miRNA * (92,93)
Hormone Therapy
DNA methylation * (94-96)
Cyclophosphamide
miRNA * (97)
Chromium VI compounds
Histone marks * (98,99)
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Table II. Epigenetic mechanisms and Volume 100B carcinogens

Carcinogenesis

Eoi -
Human carcinogen plgenejtlc Model References
mechanism

Human Cell Animal

samples lines model
Part B: Biological agents
Hepatitis B virus

DNA methylation * (38,100-110)

(36,38,101,110-114)

Histone marks

(115,116)

(39,41,115-117)

(115,116)

miRNA

(118-123)

(41,118-120,124)

(124)

Hepatitis C virus

DNA methylation

(105,106,125-127)

(128,129)

(130)

Histone marks

(131,132)

miRNA * (123,133-136)
* (135,137-141)
Human
Papillomaviruses
DNA methylation = (142,143)
* (142,144)
Histone marks * (145-150)
miRNA 5 (151-153)
Human T-cell Lymphotropic Virus Type 1
DNA methylation & (154)
Histone marks * (155-157)
miRNA * (158,159)
* (159,160)
Epstein—Barr virus
DNA methylation * (161-170)

(161-164,171-173)

Histone marks

(171,174-178)

miRNA * (179-181)
* (122,179,181-192)
* (181)
Helicobacter pylori
DNA methylation * (115,116,193-205)
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(193-195,198,206-
208)

(205,207)
Histone marks (206,209-212)
miRNA (213)
(213)
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1
2
2 Table lll. Epigenetic mechanisms and Volume 100C-D carcinogens
g Epigenetic Model
7 Human carcinogen mechanism Human cell Animal References
8 samples lines model
9 Part C : Arsenic, Metals, Fibres, and Dusts and Part D: Radiation
10 Arsenic
11
12 DNA methylation * [176-182]
13 * [183-188]
14 -
15 [183,189,190]
16 Histone marks * [191]
1; miRNA * [192]
19 Cadmium
g? DNA methylation * [193-196]
22 * [197-200]
gz miRNA * (201]
25 Nickel
g? DNA methylation * [202,203]
28 * [74]
59 Histone marks * [20,204-214]

0
31 * [214]
32 Beryllium
33
34 DNA methylation * (214)
35 Asbestos
36 -
37 DNA methylation * (215)
38 miRNA * (216)
39 .
40 X-radiation
41 DNA methylation * (217)
f’é * (218-220)
44 miRNA * (221)
jg * (222)
47 * (220)
48 Gamma radiation
49
50 DNA methylation * (223)
51 miRNA * (221,224,225)
gg Smoky coal emissions (for cooking
54 and heating)
55 DNA methylation * (226)
56 Chromium VI compounds
gg Histone marks * [233,234]
59
60
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Table IV. Epigenetic mechanisms and Volume 100E carcinogens

Page 26 of 41

Model
Human carcinogen Epigenetic mechanism " - References
Human samples | Cell lines | Animal model
Lifestyle and diet
Tobacco smoking
DNA methylation * (110,227-236)

(227,228,237-239)

Histone marks * (240)
Alcohol consumption

DNA methylation * (241-244)
* (245,246)
* (247-249)
Histone marks * (245,250)

* (193,194,251)

miRNA * (81,252,253)
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Table V. Epigenetic mechanisms and Volume 100 carcinogens

Agent Ma’°'f 2" mechanism Human cancer Comment
mechanism
Cervix, vagina,
Diethystilbestrol Estrogen Epigenetic breast,
receptor- reprogramming endometrium
dependent (limited evidence),
pathway testis (limited
evidence)
Epigenetc
silencing of
Hepatitis B virus Integration into Hepatocellular tumour
host DNA carcinoma, suppressor
cholangiocarcinoma | genes;
(limited evidence), interaction

non-Hodgkin
lymphoma (limited
evidence)

with aflatoxins

Chromium VI

Genotoxicity

Epigenetic effects

Lung, nasal cavity

compounds and paranasal
sinuses (limited
evidence)
lonizing radiation Energy transfer Epigenetic effects Many
in clusters
Coke production Genotoxicity Epigenetic effects Lung
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Abstract
Reproductive factors have been linked to both breast cancer and DNA methylation, suggesting methylation as
an important mechanism by which reproductive factors impact on disease risk. However, few studies have

investigated the link between reproductive factors and DNA methylation in humans.

Genome-wide methylation in peripheral blood lymphocytes of 376 healthy women from the prospective EPIC
study was investigated using LUminometric Methylation Assay (LUMA). Also, methylation of 458877 CpG sites
was additionally investigated in an independent group of 332 participants of the EPIC-Italy sub-cohort, using
the Infinium HumanMethylation 450 BeadChip. Multivariate logistic regression and linear models were used to
investigate the association between reproductive risk factors and genome wide and CpG-specific DNA

methylation, respectively.

Menarcheal age was inversely associated with global DNA methylation as measured with LUMA. For each
yearly increase in age at menarche, the risk of having genome wide methylation below median level was
increased by 32% (OR:1.32, 95%Cl:1.14-1.53). When age at menarche was treated as a categorical variable,
there was an inverse dose-response relationship with LUMA methylation levels (OR1>-14ys <11yrs:1.78, 95%Cl:1.01-
3.17 and OR:ysys <11yr5:4.59, 95%Cl:2.04-10.33; P for trend<0.0001). However, average levels of global
methylation as measured by the Illumina technology were not significantly associated with menarcheal age. In
locus by locus comparative analyses, only one CpG site had significantly different methylation depending on
the menarcheal age category examined, but this finding was not replicated by pyrosequencing in an

independent data set.

This study suggests a link between age at menarche and genome wide DNA methylation, and the difference in
results between the two arrays suggests that repetitive element methylation has a role in the association.
Epigenetic changes may be modulated by menarcheal age, or the association may be a mirror of other

important changes in early life that have a detectable effect on both methylation levels and menarcheal age.
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INTRODUCTION

In addition to genetic changes, epigenetic changes and particularly DNA methylation can play an important role
in the aetiology of chronic diseases such as cancer [1-5]. Gene specific promoter methylation can silence genes
involved in critical cellular processes such as cell cycle regulation, DNA repair or apoptosis. At the same time,
genome wide hypomethylation and in particular reduced methylation in repetitive elements such as Long
Interspersed Nuclear Element-1 (LINE-1) and Alu repeats has been associated with chromosomal instability and
mutations leading to chronic disease [1,3,4,6]. Methylation changes are most evident in tissues such as tumour
biopsies when compared to normal tissue. However, genome wide methylation changes in relation to disease
have been observed in surrogate tissues such as Peripheral Blood Leukocyte (PBL) DNA. Aberrant methylation
in PBLs has been previously associated with breast cancer [7,8], colorectal adenoma [9,10], gastric cancer [11],
head and neck squamous cell carcinoma [12], and bladder cancer [13]. A recent meta-analysis of all relevant
studies has shown that there is overall little evidence to support an association with cancer using surrogate
assays [14]. The exception has been one study based on a large population-based case-control study, the Long
Island Breast Cancer Study Project, LIBCSP, with over 2,100 peripheral blood samples, which revealed greater
global and promoter specific methylation in PBLs of breast cancer cases using LUMA [15]. Although the
potential influence of the disease onset on the methylome of blood DNA needs to be tested, these results
suggest that methylation in PBLs DNA can serve as a biomarker for chronic diseases such as cancer; it also

points to a role of aberrant methylation in carcinogenesis.

Environmental exposures influence epigenetic changes, including methylation levels, particularly in utero and
in early life[16,17]. In fact, genomic methylation has been shown to differ with respect to several accepted
disease risk factors. These include age, race, anthropometric measures, environmental exposures and dietary
factors [18—-22]. For example, a prudent dietary pattern characterized by high intake of vegetables and fruit
was shown to be associated with a lower prevalence of genomic hypomethylation (17, 19). Also, alcohol
drinking and low dietary folate were found to impact on genomic DNA methylation — genome wide and gene
specific [8,19]. In addition, in a multiethnic birth cohort in New-York City [18], BMI was not found to be
associated with DNA methylation, but elsewhere, in women of childbearing age, a higher BMI was associated
with lower global methylation [23]. In line with the latter finding, Zhang et al. [22] showed that higher physical

activity is associated with higher global methylation in a cancer free population.

Reproductive factors were also shown to impact on global DNA methylation. Terry et al. [18] showed that

factors that impact on breast cancer risk, including a greater birth height, a later age at menarche, nulliparity,

and a later age at first birth were associated with higher global DNA methylation levels, but these results were
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not replicated in other studies [8,24]. However, the studies that investigate reproductive factors and epigenetic

alterations are few [25].

In the present study we aim to investigate the impact of a number of reproductive variables on DNA
methylation in PBLs of healthy individuals. The relationship was first investigated with genomic DNA
methylation measurements using LUminometric Methylation Assay (LUMA) in 376 women. LUMA is a cytosine
extension assay where the ratio of DNA CpG site cleavage by methylation sensitive restriction endonucleases
(Hpall) to the cleavage from methylation insensitive endonucleases (Mspl) is used to determine % global
methylation. Hpall cleavage occurs most frequently in CpG island promoters and repetitive elements thus
methylation at these sites heavily influences the LUMA methylation estimate. Subsequently, to replicate the
findings observed with LUMA, whole genome methylation patterns were obtained using lllumina 450K in an
independent group of 332 women. The lllumina 450K array covers 485,577 CpG sites achieving a high coverage

of the entire genome, excluding repetitive elements.
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RESULTS

LUMA methylation is associated with menarcheal age

Demographic, anthropometric, lifestyle, and reproductive characteristics for subjects included in Stage 1 are
presented in Table 1. The median LUMA genome-wide methylation in these subjects was 71.7% and the
standard deviation was 5.7%. Of all the anthropometric measures and lifestyle variables examined, only age at
menarche was found to significantly differ across quartiles of percent genome wide methylation (Table 2).
Higher genome wide methylation was associated with a younger age at menarche (Kruskal-Wallis P-
value=0.002), and this association was significant even after Bonferroni correction for multiple testing (Table
2). Age at blood collection, height , weight, BMI, physical activity, smoking status, daily alcohol, folate
consumption, age at FFTP, menopausal status, parity, breastfeeding, oral contraceptive (OC) use, hormone
replacement therapy (HRT) use and highest level of education achieved did not significantly differ between

subjects in methylation quartiles (Table 2).

The association between age at menarche and methylation was further examined using logistic regression to
adjust for potential confounders. When median methylation was used as a cut off, 194 subjects had
methylation below median levels and 182 had methylation levels above median. Using these two classes,
logistic regression showed that age at menarche was significantly associated with class occupancy. As shown in
Table 3, for every yearly increase in age at menarche, the risk of having below median methylation was
increased by 32% (OR: 1.32, 95%Cl: 1.14-1.53). When age at menarche was treated as a categorical variable,
there was an inverse dose-response relationship with methylation levels: for the age category 12-14 compared
to <l1lyears the OR was 1.78 (95% Cl: 1.01- 3.17), and for the age category 215 compared to <11lyears the OR
was 4.59 (95% Cl: 2.04-10.33) (P for trend<0.0001). These significant associations persisted even after
adjustment for relevant confounders: centre, plate number, age at blood collection, height, weight, total

physical activity, smoking status, daily alcohol consumption, and daily folate consumption.

lllumina 450k methylome analysis identifies an epi-allele associated with menarcheal age

In the second population group, 330 subjects (out of 332) had available information on age at menarche (Table
1). In contrast to LUMA global methylation, the median genome-wide methylation level using the 450k
ILLUMINA assay did not significantly differ between menarcheal age groups. Similarly, CpG island methylation
and promoter methylation were not significantly different between subjects in different menarcheal age
categories. However, there was a trend towards decreasing methylation with increasing age at menarche,

consistent with the LUMA results (Figure 1).
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When adjusting for case-control status, age, and position on the chip in a linear regression model with
methylation M-values as a continuous outcome, and age at menarche as a categorical variable (>11yrs vs.
<11yrs), age at menarche was significantly associated with methylation in a single CpG site (cg01339004),
located on the body of the SMADG6 gene (p<1.00x10~, genome-wide level significance) (Table 4, Figure 2).
When only those subjects that remained healthy for at least 5 years following recruitment and blood collection

were analysed, the same CpG site was found to be significantly associated with age at menarche (p=6.71x10®).

However, using bisulphite Pyrosequencing for the SMAD6 cg01339004 locus, we were unable to replicate this
finding in an independent sample set using a generalized linear model while adjusting for the same
confounders (n=185, p=0.07). Wilcoxon rank sum non-parametric test also did not reveal significantly
differential methylation between the two age at menarche categories (p=0.082) measured using bisuphite

pyrosequencing (Figure 2).
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DISCUSSION

In this study, age at menarche was negatively associated with LUMA genome wide methylation in a statistically
significant manner. The association of genome wide methylation with menarcheal age was the only strong and
consistent association we found and remained unaltered after adjustment for relevant confounders. Previous
study results on age at menarche and methylation were conflicting. Terry et al. [18] found that a later age at
menarche was associated with higher genomic global methylation later on in adulthood, but DNA methylation
was only assessed in 92 individuals and the authors used a different technique for measuring global
methylation ([*H]-methyl acceptance assay). On the other hand, Choi et al. [8] did not demonstrate a
statistically significant association between menarcheal age and global DNA methylation using LINE1

methylation as a surrogate for global methylation.

The negative association between LUMA methylation and later age at menarche is counter-intuitive because
(a) a later age at menarche is known to protect from breast cancer, and (b) lower global methylation is
expected to increase genome instability and thus increase cancer risk [8,26]. However, our observation is
consistent with the findings in the LIBCSP study, where breast cancer was associated with increased genome
wide methylation as measured with LUMA [15]. This apparent paradox could be explained by LUMA’s
characteristics, i.e. broad coverage in CpG dense regions, such as promoters, and decreased coverage in the
remaining genome [27]. Another potential explanation is that aberrant methylation associated with age at
menarche is unrelated to the methylation changes relevant to breast cancer, or that the association with age at

menarche is in fact confounded by other determinants of methylation levels.

Given the conflicting reports in the literature[8,15,18], we aimed to replicate, in a dataset with whole genome
methylation data, the association between age at menarche and DNA methylation that we observed with the
LUMA technology. This was done by using the robust lllumina technology. This approach also enabled the
identification of specific genes that might be involved in the mechanistic pathways linking menarcheal age with
disease. In contrast to the findings of LUMA, genome wide methylation in this second dataset did not
significantly differ between subjects in different menarcheal age groups. However, there was a non-significant
trend towards decreasing methylation with increasing age at menarche, consistent with the LUMA findings
(Figure 1). The lack of association in this dataset could be caused by differences in coverage between the two
assays used. LUMA assesses methylation of a specific restriction enzyme site (Hpall, CCGG), which occurs most
frequently in CpG island promoters — also covered by the 450K array — but also in repetitive elements.
However, the Infinium HumanMethylation 450 BeadChip, due to its probe design, does not interrogate
repetitive elements which are found to be differentially methylated in many cases of neoplasia [28,29]. For

example, satellite and SINE repeats were found to be enriched with hypomethylated Differentially Methylated
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Regions (DMRs) whereas LINE was enriched with hypermethylated DMRs in malignant peripheral nerve sheath
tumours compared to normal Schwann cells [30]. If age at menarche is related to methylation patterns in these
repetitive elements, the hypomethylation would not have been evident in the 450K chip but it would have
been detected in the LUMA assay. This suggests that the LUMA based association is being driven largely by

methylation differences in repetitive elements, where age at menarche could have a greater effect.

In the locus by locus analysis, methylation of a single CpG site was shown to be associated with age at
menarche. However, in an independent sample set, this finding was not replicated. Given the multiple
comparisons in the locus by locus analyses in the lllumina dataset, one cannot rule out the possibility that this
finding is the result of chance, and given that the independent sample set did not replicate this finding using an
alternative method, we conclude that it is likely to be a false positive association. However, further validation
in further independent data sets, with a greater sample size may increase the power sufficiently to detect

possible associations between methylation of individual loci and age at menarche.

The mechanistic link which could explain the association between menarcheal age and genome-wide DNA
methylation, but not in individual CpG loci is yet to be determined. However, endogenous oestrogen exposure
is a strong candidate for epigenetic changes since an earlier age at menarche exposes a woman to a greater
cumulative amount of endogenous oestrogens over her lifetime, and there have been reports which show that
oestrogen impacts on DNA methylation. More specifically it was shown that oestrogen receptor (ER) positive
breast tumour tissues have differential methylation at several CpG loci compared to ER negative tumours
[24,31] and oestrogen induced breast tumours have differential DNA methylation patterns in ACl rat mammary
gland tissue [32]. Further investigation into the role of oestrogen on repetitive element methylation is,

therefore, warranted.

It is also possible that age at menarche is an indirect indicator of other macroscopic changes that may impact
on DNA methylation. It is widely accepted that development is plastic and the sensitivity of the epigenetic
system to environmental factors is heightened during periods of developmental plasticity such as childhood,
adolescence and puberty [17]. Epigenetic modifications in response to environmental exposures at these
critical periods are often subtle initially and even though they do not lead to phenotypic changes at the time of
exposure, they may lead to increased risk of dysfunction and disease later on in life [17]. Trends in the past
decades show a rapid shift towards an earlier age at menarche and this is more pronounced in developed
countries [33]. This trend is too steep to be attributed to genetic changes. Instead, environmental exposures at
the periods of developmental plasticity are likely to be the cause of the dramatic decrease in age at menarche.

For example, childhood obesity disrupts the hormonal milieu leading to an increase in adipocyte secreted
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leptin, or in adrenal secreted androgens, all of which impact on menarcheal onset [34]. Pre or neo-natal
nutrition as well as early life exposure to endocrine disrupting chemicals (EDCs) can also lead to hormonal
imbalances impacting on age at menarche [17]. Given that these exposures occur at the periods when the
epigenetic signature is more plastic, they might also lead to aberrant DNA methylation changes which will be
inherited during cell divisions and be detectable years later. Therefore, the aberrant DNA methylation pattern
observed in adulthood might not be related to menarcheal age per se but to an early life environmental

exposure, like diet, that impacts both on age at menarche and on DNA methylation.

This study suggests an association between age at menarche and DNA methylation. All samples in this study
were collected prior to the onset of disease, and the changes observed were present in the blood of individuals
when they were still healthy, at least five years prior to their diagnosis, limiting the potential influence of the
presence of cancer (reverse causality) on the methylome of blood DNA. In addition, the sample sizes examined
— 376 subjects for LUMA and 332 subjects for lllumina 450K Methylation are fairly large datasets, allowing for
sufficient power to detect significant methylation changes if present. However, one important limitation of our
study was the lack of information on other early life exposures, therefore it was impossible to investigate
whether such exposures confound the observed association between age at menarche and DNA methylation.

Thus, this hypothesis needs to be further investigated in birth cohorts.

Overall, our results suggest that DNA methylation changes, particularly in repetitive elements, may be
associated with menarcheal age. However, it is also possible that some important changes taking place in early
life and which are associated with age at menarche —in particular nutrition — have a detectable effect on

methylation levels.
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MATERIALS and METHODS

Stage 1: genome wide methylation with LUminometric Methylation Assay (LUMA)

Study Participants: All participants signed an informed consent and the study protocol was approved by the
Ethics Committee of the International Agency for Research on Cancer.

Epidemiologic data and blood samples collected from the European Prospective Investigation into Cancer and
Nutrition (EPIC) were used. EPIC is an ongoing study designed to investigate diet, nutrition, lifestyle and
environmental factors with respect to cancer incidence. The cohort consists of 519,978 participants from 23
centres in 10 European countries - Denmark, France, Germany, Greece, Italy, the Netherlands, Norway, Spain,
Sweden and the United Kingdom. Information on lifestyle, diet, anthropometric measures and environmental
exposures were collected using questionnaires at recruitment and were standardized across the different
participating centres. Blood was also collected from the majority of subjects at recruitment [35]. For the LUMA
investigation, 600 individuals — half breast cancer cases and half controls — from the EPIC cohort were chosen.
Of these, 77 subjects were initially excluded: 1 subject was a duplicate, there was not enough DNA for 24
subjects, and 52 samples produced no or a weak signal. Of the remaining 523 subjects with reliable
measurements, we investigated 376 women in this specific study, who remained free of cancer for at least 5
years following blood collection.

Genome wide DNA Methylation: LUMA was used to quantify genome wide methylation levels [27,36] in PBLs
in the blood of subjects, collected at recruitment. Genomic DNA was extracted using standard protocols. LUMA
gives a measure of % global methylation using the ratio of DNA cleavage by methylation sensitive (Hpall) and
methylation insensitive (Mspl) restriction enzymes. In LUMA, polymerase extension assay by Pyrosequencing is
employed to determine cleavage. The LUMA method was validated using DNA controls of known DNA
methylation status [37]. In the assay, 5-Aza-dC treated and CpG methylated Jurkat genomic DNA (New England
Biolabs, Ipswich, MA) were used as methylated and unmethylated control samples. Genome wide methylation
is expressed as a percentage obtained from the equation:

Genome wide Methylation (%) = [1-(Hpall2G/3T)/(MspIZG/2T)*100 [37].

Statistical Analyses: We first compared the distribution of a number of anthropometric measures, reproductive
factors, and lifestyle characteristics such as age at blood collection, height, weight, parity, age at first full term
pregnancy, breastfeeding and hormone use across quartiles of percent global methylation. The quartile cut offs
were the 25" 50" and 75" percentile methylation values in controls. For continuous variables, the non-
parametric equivalent of one-way analysis of variance (ANOVA), the Kruskal-Wallis test, was used as genome

wide methylation was not normally distributed. For categorical variables, chi-square test was used.
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The reproductive variables that were statistically differentially distributed between methylation quartiles were
investigated further. The resulting profile of genome wide methylation distribution was skewed and several
transformations failed to normalize it. In addition, various GLM models investigated failed to adequately
describe the outcome distribution. As a result, the methylation outcome was dichotomized — above and below
median methylation — and unconditional logistic regression was used to evaluate the association between
exposure variables and DNA methylation, the latter being the dependent variable. All significant variables were
included both as continuous and categorical when relevant (e.g. age at menarche <11y, 12-14y, >15y). Based
on the available literature, the logistic regression model was fully adjusted for centre, plate number, age at
blood collection, height, weight, total physical activity, smoking status, daily alcohol consumption, and daily
folate consumption. All confounders were entered into the model as continuous variables with the exception

of smoking status which was treated as categorical — past, never, present.

All analyses were performed using STATA (Release 11; College Station, TX: StataCorp LP).

Stage 2: locus-by-locus analysis with lllumina 450K to replicate the findings of LUMA genome wide
methylation analysis
Study Participants: All participants signed an informed consent and the study protocol was approved by the

ethics committee of the Human Genetics Foundation (HuGeF).

The EPIC Italy sub-cohort consists of 32,578 female subjects recruited from 5 different centers — Varese, Turin,
Florence, Naples, and Ragusa. From this subcohort, 166 breast cancer cases and 166 controls, matched on date
of birth (+ 5 years), seasonality of blood draw, and date of recruitment were selected. However, since for this
investigation case/control status is not the outcome and since at the time of blood collection all individuals
were healthy, all 332 blood samples were treated as healthy blood. Nevertheless, given the long latency period
of neoplasia, analyses were carried out on all subjects with age at menarche information (n=330) as well as on

only the subjects that remained healthy at least 5 years following recruitment and blood collection (n=240).

lllumina 450K methylation: DNA was extracted from buffy coats or blood cell fractions using the
QlAsymphony DNA Midi Kit (Qiagen, Crawley, UK). 500 ng of DNA was bisulphite-converted with the EZ-96
DNA Methylation-Gold™ Kit, used according to the manufacturer’s protocol (Zymo Research, Orange, CA, USA).
Next, the 450K DNA methylation array by Illumina (Infinium HumanMethylation 450 BeadChip) was
performed on 4 pl of bisulphite-converted DNA, following the lllumina Infinium HD Methylation
protocol. This array includes 485,577 cytosine positions of the human genome (482,421 CpG sites
(99.4%), 3091 non-CpG sites and 65 random SNPs; hereafter the term CpG will be used to refer to all of these,
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unless otherwise specified). Briefly, a whole genome amplification step was followed by enzymatic end-point
fragmentation and hybridization to HumanMethylation 450 BeadChips at 48°C for 17 h, followed by single
nucleotide extension. The incorporated nucleotides were labelled with biotin (ddCTP and ddGTP) and 2,4-
dinitrophenol (DNP) (ddATP and ddTTP). After the extension step and staining, the BeadChip was washed
and scanned using the lllumina HiScan SQ scanner. The intensities of the images were extracted using
the GenomeStudio (v.2011.1) Methylation module (1.9.0) software, which normalizes within-sample data
using different internal controls that are present on the HumanMethylation 450 BeadChip and internal

background probes.

Statistical Analyses: Methylated and unmethylated intensities for each probe were provided by GenomeStudio
software. In addition to the methylation value for each probe, corresponding detection p-values were also
provided by GenomeStudio software (lllumina). The detection values indicate the confidence that can be
placed on a B-value reading. As a first step, all readings with a p-value>0.05 were considered as non-detected

s0 as to not influence downstream pre-processing and analyses.

Background noise correction was then performed as background fluorescence can contribute an additive error
to each signal intensity leading to a reduced dynamic range for the methylation reading. Given that signal
intensities can be red or green, and given the technical variation in fluorescent signal depending on the
intensity colour, dye bias also had to be taken into account using the method described by Triche et al.[38]. The
analysis of other classical quality control measures (such as staining, extension, hybridization, or bisulphite
conversion) provided by GenomeStudio did not reveal any major quality issues.

The methylated and unmethylated intensities provided by GenomeStudio were used to calculate methylation
B-values based on the equation:

Beta (B)= max (M,0)
Max(M,0) + Max(U,0) + 100

where M is the intensity of the methylated signal and U the intensity of the unmethylated signal at each probe.

Beta values were later peak based corrected (PBC) as suggested by Dedeurwaerder et al. [39] in order to

correct for the bias arising from the two different probe designs on the array. In order to correct for batch

effects, COMBAT was then used [40,41]. Lastly, missing data were imputed using KNN (k-nearest neighbours)

method once, implemented in knn.impute function from R-CRAN.
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In order to replicate the results observed with LUMA, methylation beta values across all probes were averaged
per individual to derive a measure of genome-wide methylation per subject. Similarly, probes in CpG islands
and promoter regions were averaged per subject. Wilcoxon-rank sum tests were performed to examine
whether genome-wide, CpG island and promoter methylation was significantly different between subjects in

the three menarcheal age groups examined with LUMA (<11y, 12-14y, 215y).

In addition, locus by locus analysis of methylation was performed using a linear regression model. Quantile
normalization was performed prior to regression using the R package “preprocessCore” from Bioconductor. In
order to satisfy the normality assumptions of a linear regression model, beta methylation values were
converted to M-values as described in [42] and entered into the model as a continuous outcome. M-values
were also peak based corrected and COMBAT adjusted for chip number to correct for batch effects. Only age at
menarche, the only significant reproductive variable in LUMA analysis, was investigated here. Age at menarche
was treated as a categorical outcome (<11yrs vs. >11yrs). This categorization was chosen since in the LUMA
data, both menarcheal age categories above 11yrs old were significantly associated with methylation when

compared to a menarcheal age of <11 years.

Q-values, measuring the maximum False Discovery Rate (FDR) from the Benjamini and Hochberg method were
derived for each probe analysis, and overall Type | error was controlled for by conservatively applying
Bonferroni multiple testing correction. The per-test significance cut-off value was set to 1.00x10”. The analysis
was performed first on all 332 subjects and then repeated only on the 240 subjects that remained healthy for
at least five years following recruitment. The linear model was adjusted for age, case-control status and chip
position. All confounders were entered into the model as continuous variables with the exception of chip

position.

Stage 3: single locus (SMADG6, cg01339004) pyrosequencing analysis to replicate the findings of locus by locus
lllumina 450K analysis

Study Participants: The participants used in this stage were also subjects of the EPIC Italy sub-cohort. One
hundred ninety-five women, with available information on age at menarche, were selected for bisulphite
pyrosequencing based on sample availability from other studies. Eight of these subjects overlapped with the

subjects used in Stage 2.

Bisulphite Pyrosequencing was used to quantify CpG specific methylation at the SMADSG6 locus in these

individuals using standard protocols [43]. The primers used for cg01339004 were Forward ([BIOTIN]-
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TGGTATAGTAGTGGTTTGGTATAAGAT), Reverse (TACCACCCACCCATTCACTCTATAA) and Sequencing Primer
(TCTATAAATAAACAAACTAAAACC).

Statistical Analyses: Out of the 195 samples analysed, for 10 samples the pyrosequencing results did not pass
quality check. Wilcoxon rank sum non-parametric test was performed to examine whether SMAD6 cg01339004
methylation was different between age at menarche categories (<11 vs. >11years). In addition, a generalized
linear regression model with SMADG6 cg01339004 methylation as a continuous outcome and with age at
menarche as a categorical variable (<11 vs. >11years) was run to correct for confounding variables — age at

blood collection and case-control status — as in the case of the Illumina 450K analysis.
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555  Figure 1 — Boxplots of median genome-wide methylation between the three menarcheal age categories.
556  A: Median % global methylation as measured with LUMA in Stage 1. Bi. Genome-wide methylation across all
557 probes (averaged per individual). Bii. Genome-wide methylation across probes on CpG islands (averaged per
558 individual). Biii. Genome-wide methylation across probes on promoter regions (averaged per individual)
559

560

561  M"= Median methylation value

562  p= p value from Wilcoxon rank-sum test comparisons

563

321



564
565
566
567
568
569
570
571
572
573

Figure 2 — Analysis of SMADG6 cg01339004 probe methylation

Ai: Boxplot of B-value methylation of cg01339004 probe as measured with Illumina 450k beadchip in Stage 2.
Aii: Boxplot of methylation level of cg01339004 probe as measured with bisulphite pyrosequencing in Stage 3.
B: Volcano plot: Difference in median methylation between the two menarcheal age groups (>11 (n=268) vs.
<llyears, (n=62), against the —log(P-Value) of a linear regression analysis with methylation as a continuous
outcome (M-values) and age at menarche (>11 vs. <11lyears) as a categorical exposure, adjusting for age, case-
control status, and chip position. C. Q-Q plot on P-values from a linear regression analysis with methylation as a
continuous outcome (M-values) and age at menarche (>11 vs. <11years) as a categorical exposure, adjusting

for age, case-control status, and chip position.
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Table 1 - Subject demographic, anthropometric, lifestyle, and reproductive characteristics, by analysis stage

Covariate

Age

Height

Weight

+

BMI®
- <25kg/m’
- 25-30 kg/m’
- 230 kg/m’
Physical Activity

Smoking Status
- Current Smoker
- Former Smoker
- Never

Daily alcohol consumption

(g/day)

Daily folate consumption

Range
Median
Mean (SD¥)
Range
Median
Mean (SD)
Range
Median
Mean (SD)

n (%)

n (%)

n (%)
Range
Median
Mean (SD)

n (%)
n (%)
n (%)

Range

Median
Mean (SD)

Range

Stage 1
(n=376)*
334-756

52.7
52.9 (9.4)
136.8 - 185.0
160
160.1 (6.7)
39.6-110.2
64.5
66.2 (11.2)

182 (48.4)
141 (37.5)
53 (14.1)
Inactive: 34
(9.0)
Moderately
Inctive:
85 (22.6)
Moderately
Active: 210
(55.9)
Active: 45 (12.0)
Missing: 2 (0.5)

79 (21.1)
65 (17.4)

230 (61.5)
0-51.2

3.5
6.5 (8.4)
90.4-1113.0
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Stage 2
(n=332)*
34-70
54
52.5(7.1)
139.5-177.5
159.3
159.0 (6.4)
42.8 -106
63.5
64.4 (11.2)

164 (49.4)
118 (35.5)
50 (15.1)

1-5
3
2.6(0.8)

69 (20.9)
66 (20.0)

195 (59.1)
0-88.7

1.9
8.7 (13.1)
45.3 -586.2

Stage 3
(n=195)*
35-65
49
49.4 (7.3)
137.5-176.0
159
158.7 (6.7)
44 -103.5
62
63.8 (9.8)

98 (50.3)
70 (35.9)
25(12.8)

0.5-30
8.5
10.0 (6.9)

35(17.9)
48 (24.6)

112 (57.5)
0-62.6

3.3
9.6 (13.0)
52.6 - 644.8



(ug/day)

Median 268.5 236.1 264.1
Mean (SD) 291.5 (107.9) 247.3 (82.0) 276.9 (95.4)

Age at Menarche

- <1lyrs n (%) 72 (19.4) 62 (18.8) 47 (24.1)

- 12-14yrs n (%) 242 (65.2) 234 (70.9) 134 (68.7)

- 215yrs n (%) 57 (15.4) 34 (10.3) 14 (7.2)
Age at FFTP*

- <25yrs n (%) 147 (45.6) 118 (35.5) 65 (41.9)

- 25-30yrs n (%) 131 (40.7) 118 (35.5) 69 (44.5)

- >30yrs n (%) 44 (13.7) 96 (29.0) 21 (13.6)
Parous

- No n (%) 45 (12.0) 29 (8.8) 40 (20.5)

- Yes n (%) 330 (88.0) 301 (91.2) 155 (79.5)
Breastfeeding

- No n (%) 109 (30.0) 108 (32.7) 75 (48.4)

- Yes n (%) 255 (70.0) 222 (67.3) 80 (51.6)
Menopausal Status

- Premenopausal n (%) 175 (46.5) 155 (46.7) 90 (46.2)

- Postmenopausal n (%) 201 (53.5) 177 (53.3) 105 (53.8)
HRT* use

- Ever n (%) 29 (7.8) 13 (3.9) 34(17.4)

- Never n (%) 343 (92.2) 317 (96.1) 158 (81.0)
OC* use

- Ever n (%) 176 (46.9) 131 (39.7) 94 (48.2)

- Never n (%) 199 (53.1) 199 (60.3) 101 (51.8)

*Failure of category counts to add up to this value denotes missing values
1 SD: Standard Deviation, BMI: Body Mass Index, FFTP: First Full Term Pregnancy, HRT: Hormone Replacement

Therapy, OC: Oral Contraceptive

324



Table 2 — Anthropometric and lifestyle variables in healthy controls with respect to LUMA genome wide

methylation quartiles (Stage 1).

Variable

Age at blood collection

Height
Weight
BMI *
Physical Activity
- Inactive
- Moderately
Inactive
- Moderately
Active
- Active
- Missing

Smoking Status

- Current Smoker

- Former Smoker

- Never

- Unknown

Alcohol consumption —

lifetime average (g/day)

Dietary folate intake
(s/day)

Age at menarche
Age at FFTP*
Menopausal Status

- Pre

Parous

Post

Surgical Post

No

Yes

Unknown

Breastfeeding

Units

Mean * SD
Mean * SD
Mean * SD
Mean * SD

N, (%)
N, (%)

N, (%)

N, (%)
N, (%)

» (%)
» (%)
%)
%)

Mean = SD

N
N
N
N

I(
I(

Mean = SD

Mean + SD
Mean + SD

N, (%)
N, (%)
N, (%)

N, (%)
N, (%)
N, (%)

1:
23.0-68.4 %
(n=103)
52.9+8.5
159.0+6.1
66.0+12.3
26.2+5.1

4(3.9)
29 (28.2)

60 (58.3)

9(8.7)
1(0.9)

58 (56.3)
23 (22.3)
22 (21.4)
0(0.0)
7.0£8.6

294.6 +
121.9
13.2+1.7
253+35

42 (40.8)
60 (58.3)
1(0.9)

12 (11.7)
90 (87.4)
1(0.9)

Methylation Quartile: Cut-offs

2:
68.5-71.7 %
(n=91)
52.2+8.5
160.7+6.4
66.5+10.5
258+4.1

9(9.9)
22 (24.2)

45 (49.4)

15 (16.5)
0(0.0)

59 (64.8)
12 (13.2)
20 (22.0)
0(0.0)
6.9+9.7

276.9+96.7 293.1+104.2 301.0+105.3

13.3+1.7
26.2+3.9

47 (51.6)
43 (47.3)
1(1.1)

7(7.7)

84 (92.3)
0(0.0)
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3:
71.8-74.0 %
(n=93)
53.1+10.0
160.8 + 6.7
64.8+11.3
25.1+4.4

11(11.8)
16 (17.2)

54 (58.1)

11(11.8)
1(1.1)

49 (52.7)
20 (21.5)
23 (24.7)
1(1.1)
5.4 46.4

125+1.4
24.8+4.0

46 (49.5)
45 (48.4)
2(2.1)

13 (14.0)
79 (84.9)
1(1.1)

4:
74.1-80.0 %
(n=89)
53.6+10.7
160.0+ 7.5
67.7+10.4
26544

10 (11.2)
18 (20.3)

51 (57.3)

10 (11.2)
0 (0.0)

47 (52.9)
22 (24.7)
19 (21.3)
1(1.1)
6.7 +8.6

12.8+1.7
25.0+3.7

40 (44.9)
49 (55.1)
0(0.0)

19 (21.3)
70 (78.7)
0 (0.0)

p-value®
0.863
0.424

0.316
0.112

0.404

0.596
0.822

0.386

0.002*
0.132

0.545

0.075



No N, (%)

- Yes N, (%)

- Unknown N, (%)
OC* use

- No N, (%)

- Yes N, (%)

- Unknown N, (%)
HRT* use

- No N, (%)

- Yes N, (%)

- Unknown N, (%)

Highest Education
- None
- Primary
- Technical/
Professional
- Secondary
- University

- Unspecified

N, (%)
N, (%)
N, (%)

N, (%)
N, (%)
N, (%)

30(29.1)
70 (68.0)
3(2.9)

50 (48.5)
53 (51.5)
0(0.0)

93 (90.3)
3(2.9)
7 (6.8)

10 (9.6)
45 (43.7)
15 (14.6)

12 (11.7)
12 (11.7)
9(8.7)

19 (20.9)
70 (76.9)
2(2.2)

53 (58.2)
38 (41.8)
0(0.0)

84 (92.3)
6 (6.6)
1(1.1)

6 (6.6)
41 (45.1)
9(9.9)

21(23.1)
13 (14.3)
1(1.0)

26 (28.0)
62 (66.7)
5(5.3)

47 (50.5)
46 (49.5)
0(0.0)

81(87.1)
10 (10.7)
2(2.2)

7 (7.4)
36 (38.7)
18 (19.4)

17 (18.3)
14 (15.1)
1(1.1)

34 (38.2)
53 (59.6)
2(2.2)

49 (55.1)
39 (43.8)
1(1.1)

85 (95.5)
4 (4.5)
0(0.0)

6 (6.8)
35(39.3)
20 (22.5)

17 (19.1)
10 (11.2)
1(1.1)

0.086

0.512

0.399

0.264

® For continuous variables, P-value was derived from Kruskal-Wallis test. For categorical variables, P-value was

derived from a chi square test, with the exclusion of “Unknown” categories due to their small cell counts. Both

reflect the association between quartiles of methylation and the investigated variables.

*Significant at the Bonferroni-corrected significance cut off (P=0.003) for multiple comparisons

* BMI: Body Mass Index, FFTP: First Full Term Pregnancy, HRT: Hormone Replacement Therapy, OC: Oral

Contraceptive
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Table 3 — Logistic Regression for percent genome wide methylation (LUMA levels below vs. above median) by

age at menarche as a categorical variable and other relevant confounders

Variable

Center

Plate number

Age at blood collection (continuous)

Height (continuous in cm)
Weight (continuous in kg)
Total physical activity index — sex
specific (continuous activity
categories)
Smoking status

- Never

- Past smoker

- Current smoker
Daily alcohol intake (continuous in
g/day)
Daily folate intake (continuous in
ug/day)
Age at menarche (continuous in
years)
Age at menarche (categorical)

- <1lyearsold

- 12-14 years old

- 215yearsold
P for Trend

Methylation
Median  SD
NA
NA
NA
NA
NA
NA

71.62+6.25

7218 £4.51

70.73 £5.17
NA

NA

NA

72.59+£4.49

71.62£5.93
70.12+6.33

® Each OR is adjusted for all other variables in the table

*Significant at the 0.05 level
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Adjusted OR?

0.99
0.94
0.98
0.98
1.01
1.03

1.00
0.85
0.98
1.01

1.00

1.32

1.00

1.78
4.59

95% Confidence

Interval
0.97-1.02
0.80-1.10
0.96-1.00
0.95-1.01
0.98-1.03
0.78-1.37

0.46-1.55
0.56-1.72
0.99-1.04

0.99-1.00

1.14-1.53

1.01-3.17
2.04-10.33
<0.0001*

P-value

0.518
0.400
0.254
0.354
0.453
0.813

0.592

0.954

0.354

0.863

<0.0001*

0.048*
<0.0001*



Table 4 - Significant CpG sites in a linear regression model

Q- Regression CpG Position
P- Chromosom CpG Island’s
TargetID value*  Coefficient** Gene Relative to
value* e number Name
* * Gene
cg0133900 8.83E- SMAD
0.0392 -0.2765 15 Body NA
4 08 6

Methylation treated as a continuous outcome (M-values: PBC and COMBAT on chip) and menarcheal age
category (>11 vs. <11 years) treated as a categorical exposure. Adjusting for age at blood collection, case-
control status, and position on the chip.

Analysis of all subjects or of only the 240 subjects that remained healthy for at least 5 years following

recruitment yielded the same results.

*P value from a liner regression model where methylation is treated as a continuous outcome (M-values: PBC
and COMBAT on chip) and the effect of age at menarche as a categorical variable (>11 vs. <11 years), adjusted
for age, case-control status, and chip position.

**Q value: False Discovery Rate (FDR) corrected P-value

*** The regression coefficient for each probe; change in methylation for having an age at menarche >11years

vs. <11 years.
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Abstract

Objective: To investigate trends in obesity prevalence in recent years and to predict the obesity prevalence in 2015 in
European populations.

Methods: Data of 97 942 participants from seven cohorts involved in the European Prospective Investigation into Cancer
and Mutrition (EPIC) study participating in the Dicgenes project (named as "Diogenes cohort” in the following) with weight
measurements at baseline and follow-up were used to predict future obesity prevalence with logistic linear and non-linear
{leveling off) regression models. In addition, linear and leveling off models were fitted to the EPIC-Potsdam dataset with five
weight measures during the observation peried to find out which of these two models might provide the more realistic
Resuilts: During a mean follow-up period of & years, the obesity prevalence in the Diogenes cohort increased from 13% to
17%. The linear prediction model predicted an overall obesity prevalence of about 30% in 2015, whereas the leveling off

model predicted a prevalence of about 20%. In the EPIC-Potsdam cohort, the shape of obesity trend favors a leveling off
maodel among men (R*=0.98), and a linear model among women (R*=0.99).

Conclusion: Our data show an increase in obesity prevalence since the 1990ies, and predictions by 2015 suggests a sizeable
further increase in European populations. However, the estimates from the leveling off model were considerably lower.
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National, regional, and global trends in adult
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Abstract

Background: Overweight and obesity prevalence are commonly used for public and policy communication of the
extent of the obesity epidemic, yet comparable estimates of trends in overweight and obesity prevalence by
country are not available.

Methods: We estimated trends between 1980 and 2008 in overweight and obesity prevalence and their
uncertainty for adults 20 years of age and older in 199 countries and territories. Data were from a previous study,
which used a Bayesian hierarchical model to estimate mean body mass index (BMI) based on published and
unpublished health examination surveys and epidemiclogic studies. Here, we used the estimated mean BMIs in a
regression model to predict overweight and obesity prevalence by age, country, year, and sex. The uncertainty of
the estimates included both those of the Bayesian hierarchical model and the uncertainty due to cross-walking
from mean BMI to overweight and obesity prevalence.

Results: The global age-standardized prevalence of obesity nearly doubled from 6.4% (95% uncertainty interval
5.7-7.2%) in 1980 to 12.0% (11.5-12.5%) in 2008. Half of this rise occurred in the 20 years between 1980 and 2000,
and half occurred in the 8 years between 2000 and 2008. The age-standardized prevalence of overweight increased
from 24.6% (22.7-26 7%) to 34.4% (33.2-35.5%) during the same 28-year period. In 2008, fernale obesity prevalence
ranged from 1.4% (0.7-2 2%) in Bangladesh and 1.5% (0.9-2.4%) in Madagascar to 704% (61.9-78.9%) in Tonga and
74.8% (66.7-82.1%) in Nauru. Male obesity was below 1% in Bangladesh, Democratic Republic of the Conge, and
Ethiopia, and was highest in Cook lslands (60.1%, 52.6-67 6%) and Mauru (67 9%, 60.5-75.09).

Conclusions: Globally, the prevalence of overweight and obesity has increased since 1980, and the increase has
accelerated. Although obesity increased in most countries, levels and trends varied substantially. These data on
trends in overweight and obesity may be used to set targets for obesity prevalence as reguested at the United
Mations high-level meeting on Prevention and Control of NCDs.

Keywords: Overweight, Obesity, Prevalence, Population health, Risk transition, Global health,
Noncommunicable diseases
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FW: Copyright Permission

EASO Administrator [admin@easo.org] QA N &

To: Demetriou, Christiana

05 August 2013 12:
Dear Christiana,
You can use the data. Please note you will need to reference it with ‘EASQO Childhood Obesity Task Force’.

Kind regards,
Rosie

From: Demetriou, Christiana [mailto:christiana.demetriou08@imperial.ac.uk]
Sent: 29 July 2013 12:01

To: admin@easo.org
Subject: Copyright Permission

Dear Sir/Madam,
I am hoping to include Figure 2 of the attached publication in my PhD thesis which investigates secular trends in obesity and epigenetic health effects.
The figure, with a more detailed legend, is also available under the URL:

http://www.easo.org/childhood-cbesity-cotf/facts-a-statistics

What is the procedure for obtaining copyright permission to include this figure in my thesis?
I contacted the IASO but they said that I should contact you instead.
Thank you in advance for your help,

Christiana Demetriou
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4 jsita@isita-org.com
29 May 2013 09:57

Hi Christiana, please write to Marica Danubio (in cc), as
the Editor of the JASs I am happy that someone uses our

material.

I will be happy to get through your work when you feel it
appropriate, the topic sounds very interesting.

thanks for your correctness.

regards

« Demetriou, Christiana 0

Sent ftems 29 May 2013 13:24

Dear Marica Danubio,

I am hoping to reuse Figure 2 of the attached publication in my PhD thesis, investigating secular trends and their impact on DNA

methylation.
I have e-mailed the editor of the journal and received her permission (see e-mail below).
Would it be ok also with you for me to use this figure?

Thank you in advance,
Christiana Demetriou

+ mariaenrica.danubio@cc.univaq.it on behalf of Marica Danubio [marica.dan.. Q@ @& & Adions-

In response to the message from Demetriou, Christiana, 29/05/2013
To: Demetriou, Christiana
30 May 2013 16:08

- You replied on 30/05/2013 16:19.

Dear Christiana Demetriou,
yes, of course you can use Figure 2.
Best wishes,

Marica Danubio
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Re: Copyright Permission Request

Jonathan Bradshaw [jonathan.bradshaw@york.ac.uk]

To: Demetriou, Christiana

27 May 2013 19:12

»

Dear Christiana —
Yes of course.
T

On 27 May 2013 15:55, Demetriou, Christiana <christiana.demetriou08(@imperial.ac.uk> wrote:
Dear Prof. Bradshaw,

I am a PhD candidate and I was hoping to re-use in my thesis Figure 4 of the publication (attached):

Marmot M, Allen J, Bell R, Bloomer E, Goldblatt P. WHO European review of social determinants of health and the health divide. Lancet 2012; 380:
1011-29.

However, from the authors' note, | understood that the copyright for Figure 4 rests with you and Mrs. Emese Mayhew at the University of York. -
Is this correct?

If so, could | kindly ask for permission to re-use this figure in my PhD thesis?
Thank you in advance for your time and help,

Christiana Demetriou

Visit: http://php.york.ac.uk/inst/spru/profiles/jrb.php
Professor Jonathan Bradshaw CBE, FBA.
Department of Social Policy and Social Work -
University of York

Heslington

York

YO10 5DD
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