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Preface

This thesis was written at the Campus Mar of the Global Health Insti-
tute Barcelona (ISGlobal), former Centre for Research in Environmental
Epidemiology (CREAL), between 2013 and 2017, and it was supervised
by Dr. Juan R. Gonzalez. This work consists of a compilation of the
scientific publications co-authored by the PhD candidate according to the
procedures of the Biomedicine PhD program of the Department of Exper-
imental and Health Sciences of Universitat Pompeu Fabra.

The present document includes: 1) its abstract, 2) a general introduction,
3) two blocks of results with their own rationale, methods and discussions,
4) final conclusions, and 5) a description of future work.

This thesis focuses on the analysis of the exposome - understood as the
complete set of exposures a human being is in contact from conception to
death - and its molecular signatures.

The first part of the thesis aims to study the effects of artificial ultraviolet
radiation on transcription in humans to disentangle the molecular mech-
anisms underlying the last effects of ultraviolet radiation on heath. In
particular, I display two original scientific articles about its acute effects
on blood and skin human transcriptome, at level of gene and micro-RNA
expression. The second part of the thesis is based on the tools required
to analyses the exposome. In this part I present three original scientific
papers that corresponds to a set of four tools. The tools were developed
as R packages and cover the topics of: exposome data management, expo-
some data characterization and analysis, and exposome enrichment. Two
of this tools are already in Bioconductor and all them for are available
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through GitHub platform (http://github.com/isglobal-brge).

At the end of this document, in the “future work” chapter, I introduce the
HELIX project. The aim of this project is to characterize the early-life
exposome to advance our knowledge into the causal relationship between
the exposome and human health. The tools presented as result of this
thesis are currently being used in the HELIX project.

The printed version of this document is accompanied by a CD that in-
cludes: A) a PDF copy of it, B) the supplementary materials of the arti-
cles presented in chapter 3, C) the supplementary materials of the articles
included in chapter 4, and D) a registry of the copyright of each one of
the figures - from third-party scientific articles - used in this thesis.




Abstract

Most common diseases are caused by a combination of genetic, environ-
mental and lifestyle factors. These diseases are referred to as complex
diseases. Examples of this type of diseases are obesity, asthma, hyper-
tension or diabetes. Several empirical evidence suggest that exposures
are necessary determinants of complex disease operating in a causal back-
ground of genetic diversity. Moreover, environmental factors have long
been implicated as major contributors to the global disease burden. This
leads to the formulation of the exposome, that contains any exposure to
which an individual is subjected from conception to death. The study of
the underlying mechanics that links the exposome with human health is
an emerging research field with a strong potential to provide new insights
into disease etiology.

The first part of this thesis is focused on ultraviolet radiation (UVR) expo-
sure. UVR exposure occurs from both natural and artificial sources. UVR
includes three subtypes of radiation according to its wavelength (UVA
315-400 nm, UVB 315-295 nm, and UVC 295-200 nm). While the main
natural source of UVR is the Sun, UVC radiation does not reach Earth’s
surface because of its absorption by the stratospheric ozone layer. Then,
exposures to UVR typically consist of a mixture of UVA (95%) and UVB
(5%). Effects of UVR on human can be both beneficial and detrimental,
depending on the amount and form of UVR. Detrimental and acute ef-
fects of UVR include erythema, pigment darkening, delayed tanning and
thickening of the epidermis. Repeated UVR-induced injury to the skin,
may ultimately predispose one to the chronic effects photoaging, immuno-
suppression, and photocarcinogenesis. The beneficial effect of UVR is the
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cutaneous synthesis of vitamin D. Vitamin D is necessary to maintain
physiologic calcium and phosphorous for normal bone mineralization and
to prevent rickets, osteomalacia, and osteoporosis.

But the exposome paradigm is to work with multiple exposures at a time
and with one or more health outcomes rather focus in a single exposures
analysis. This approach tends to be a more accurate snapshot of the reality
that we live in complex environments. Then, the second part is focused
on the tools to explore how to characterize and analyze the exposome and
how to test its effects in multiple intermediate biological layers to provide
insights into the underlying molecular mechanisms linking environmental
exposures to health outcomes.




Resumen

Las enfermedades complejas se encuentran entre las mas comunes y son
causadas por una combinacién de factores genéticos y ambientales (con-
taminacién ambiental, estilo de vida, etc). Entre las enfermedades com-
plejas que se pueden destacar se encuentran la obesidad, el asma, la
hipertension o la diabetes. Diversos estudios cientificos sugieren que el he-
cho de padecer enfermedades complejas esta condicionado a la aparicién
o acumulacién de determinados factores ambientales. Asimismo, se ha
descrito que los factores ambientales son unos de los principales con-
tribuyentes a la carga mundial de morbilidad. Todo esto nos lleva a definir
el término exposoma como el conjunto de factores ambientales a los que
un individuo se ve expuesto desde la concepcién hasta la muerte. El es-
tudio de la mecédnica subyacente que vincula el exposoma con la salud es
un campo de investigacién emergente con un fuerte potencial para pro-
porcionar nuevos conocimientos sobre la etiologia de las enfermedades.

La primera parte de esta tesis se centra en la exposicién a la radiacién
ultravioleta. La exposicion a la radiacion ultravioleta proviene de fuentes
tanto naturales como artificiales. La radiacion ultravioleta incluye tres
subtipos de radiacién segtn su longitud de onda (UVA 315-400 nm, UVB
315-295 nm y UVC 295-200 nm). Si bien la principal fuente natural de
radiacién ultravioleta es el Sol, la UVC no llega a la superficie de la Tierra
debido a su absorcion por la capa estratosférica de ozono. En consecuencia,
la exposicion a radiacién ultravioleta a la que estamos usualmente someti-
dos consisten en una mezcla de UVA (95 %) y UVB (5 %). Los efectos
de la radiacion ultravioleta en humanos pueden ser beneficiosos o perju-
diciales dependiendo de su cantidad y forma. Los efectos perjudiciales
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y agudos de la radiacién ultravioleta incluyen eritema, oscurecimiento
del pigmento, retraso en el bronceado y engrosamiento de la epidermis.
Repetidas lesiones en la piel producidas por radiacién ultravioleta pueden
predisponer, en ultima instancia, a efectos crénicos de fotoenvejecimiento,
inmunosupresién y fotocarcinogénesis. El mayor efecto beneficioso de la
radiacién ultravioleta es la sintesis cutdnea de la vitamina D. La vitam-
ina D es necesaria para mantener el calcio fisiolégico y del fésforo para
la mineralizacion ésea y para prevenir el raquitismo, la osteomalacia y la
osteoporosis.

El paradigma del exposoma es trabajar con miltiples exposiciones a la vez
en vez centrarse en una sola exposicién. Este enfoque permite tener una
vision mas parecido a la realidad que vivimos. Luego, la segunda parte se
centra en las herramientas para explorar cémo caracterizar y analizar el
exposoma y como probar sus efectos en multiples capas biolégicas inter-
medias para proporcionar informacion sobre los mecanismos moleculares
subyacentes que vinculan las exposiciones ambientales a los resultados de
salud.




Resum

Les malalties complexes es troben entre les més comuns i sén causades per
una combinacié de factors genetics i ambientals (contaminacié ambiental,
estil de vida, etc.). Entre les malalties complexes que es poden destacar
es troben 'obesitat, ’asma, la hipertensio o la diabetis. Diversos estudis
cientifics suggereixen que el fet de desenvolupar malalties complexes esta
condicionat a I'aparicié o 'acumulacié de determinats factors ambientals.
Seguint amb aquesta linia, s’ha descrit que els factors ambientals sén uns
dels principals contribuents a la carrega mundial de morbiditat. Tot aixo
ens porta a definir el terme exposoma com el conjunt de factors ambientals
als quals un individu es veu exposat des de la seva concepcié fins a la mort.
L’estudi de la mecanica subjacent que vincula el exposoma amb la salut
és un camp de recerca emergent amb un fort potencial per proporcionar
nous coneixements sobre I'etiologia de les malalties.

La primera part d’aquesta tesi es centra en I'exposicié a la radiacié ultra-
violada. L’exposicié a la radiacié ultraviolada prové de fonts tant naturals
com artificials. La radiacié ultraviolada inclou tres subtipus de radiaci
segons la seva longitud d’ona (UVA 315-400 nm, UVB 315-295 nm i UVC
295-200 nm). Si bé la principal font natural de radiacié ultraviolada és el
Sol, la UVC no arriba a la superficie de la Terra a causa de la seva absorci
per la capa estratosferica d’ozé. En conseqiiencia, 1’exposicié a radiacié
ultraviolada a la qual estem sotmesos usualment consisteixen en una bar-
reja d’UVA (95 %) 1 UVB (5 %). Els efectes de la radiacié ultraviolada en
humans poden ser beneficiosos o perjudicials depenent de la seva quantitat
i forma. Els efectes perjudicials i aguts de la radiacié ultraviolada inclouen
eritema, enfosquiment del pigment, retard en el bronzejat i engrossiment
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de I'epidermis. Repetides lesions a la pell produides per radiacié ultravio-
lada poden predisposar, en ultima instancia, a efectes cronics de fotoenvel-
liment, immunosupressio i fotocarcinogenesi. El major efecte beneficids de
la radiacié ultraviolada és la sintesi cutania de la vitamina D. La vitamina
D és necessaria per mantenir el calci fisiologic i del fosfor per a la miner-
alitzacié ossia i per prevenir el raquitisme, I'osteomalacia i ’osteoporosi.

El paradigma de l’exposoma és treballar amb multiples exposicions al
mateix temps en comptes de focalitzar-se en una sola exposicié. Aquest
enfocament permet tenir una visié més semblant a la realitat que vivim.
Després, la segona part del document se centra en les eines per explo-
rar com caracteritzar i analitzar I’exposoma i com provar els seus efectes
en miultiples capes biologiques intermedies per proporcionar informacié
sobre els mecanismes moleculars subjacents que vinculen les exposicions
ambientals als resultats de salut .
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Chapter 1

Introduction

1.1 Complex Diseases

Many of the most common diseases such as obesity, asthma, hypertension
or diabetes are caused by a combination of genetic, environmental and
lifestyle factors. These diseases are called complex diseases.

A central question in biology is whether observed variation in a particu-
lar disease is due to environmental or to genetic factors. Heritability is
a concept that summarizes how much of the variation in a disease is due
to variation in genetic factors [1]. Other causes of measured variation in
a trait are characterized as environmental factors. In human studies of
heritability, these are often apportioned into factors from “shared envi-
ronment” and “non-shared environment” based on whether they tend to
result in persons brought up in the same household more or less similar

to persons who were not.

Since heritability is estimated by comparing individual disease variation
among related individuals (in a population), heritability is specific to a
particular population in a particular environment.

Genome-wide association studies (GWAS) have been proven a powerful
tool for investigating the genetic architecture of complex diseases [2], [3],
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Chapter 1

in which several hundred thousand to more than a million single nucleotide
polymorphisms (SNPs) are assayed in thousands of individuals.

The underlying rationale for GWAS is that they look for common variants
for common diseases. So on, common diseases are highly attributable
to allelic variants present in more than 1-5% of the population [4], [5].
The allelic architecture of some conditions reflects the contributions of
several variants of great effect. In spite of this, the most common variants
individually or in combination confer relatively small increases in risk and
explain only a small proportion of heritability (a portion of phenotypic
variance in a population attributable to additive genetic factors) [6].

Table 1.1, from Manolio et. al. [7], summarizes the estimated heritability
for several complex traits. Age-related macular degeneration may provide
the best example of a common disease in which heritability is substantially
explained by a small number of common variants of large effect, but for
other conditions, such as Crohn’s disease, the proportion of heritability
explained is not nearly so large despite a much larger number of identified
variants.

Table 1.1: Estimates of heritability and number of loci for several complex
traits, from Manolio et. al. [7].

Disease # Loci Herit. Explained Herit. Measure Ref.

Age-related  macular 5 50%  Sibling recurrence risk 8]

degeneration

Crohn’s disease 32 20%  Genetic risk (liability) 9]

Systemic lupus erythe- 6 15%  Sibling recurrence risk [10]

matosus

Type 2 diabetes 18 6%  Sibling recurrence risk [11]

HDL cholesterol 7 5.2%  Residual-phenotypic [12]
variance”

Height 40 5%  Phenotypic variance [13]

Early onset myocardial 9 2.8%  Phenotypic variance [14]

infarction

Fasting glucose 4 1.5%  Phenotypic variance [15]

*Residual is after adjustment for age, gender, diabetes.

After 10 years of GWAS [16], it has been shown:

e Complex Diseases Are Highly Polygenic. More than 10,000 asso-
ciations have been reported between genetic variants and one or
more complex diseases through GWA studies. GWAS associations
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have proven highly replicable, both within and between populations
under the assumption of adequate sample sizes. A conclusion from
GWASs is that for almost any complex disease, many loci contribute
to standing genetic variation. This means that for most diseases
polymorphisms in many genes contribute to genetic variation in the
population.

Pleiotropy Is Pervasive. This means that the paradigm of “one gene,
one function, one trait” is the wrong way to view genetic variation
in humans. This conclusion appears after: 1) mendelian mutations
for a specific diseases are frequently associated with other traits; 2)
pedigree studies have reported genetic correlations between traits
and diseases (same variants affects two or more diseases at the same
time); and 3) analytical methods that estimate genetic correlations
from GWAS data have provided evidence for widespread pleiotropy.
Then, the study of diseases in isolation might lead to the wrong
inference.

The Importance of Sample Size to Detect Association. The number
of discoverable loci associated with a specific disease depends on the
disease and on sample size. But all show a sharp increase at a crit-
ical sample size. This observation implies that larger experimental
sample sizes will lead to new discoveries, and that is exactly what
has occurred over the last decade. To date, there has been no trait
with evidence of a plateau of the number of risk loci discovered with
increasing sample size.

First Steps of Personalized Medicine. A long the last decade, the ex-
perimental design of GWAS led to remarkable discoveries in human
genetics: understanding of the genetic architecture of some complex
diseases; the discovery of variants and genes that play a relevant
role in biological pathways for complex diseases; and providing sets
of candidates of therapeutics and molecular targets. Into the future,
“personalized medicine” will use knowledge and strategies (as well
as prevention interventions or risk stratification) that, directly or in-
directly, will be built on information obtained in first step by GWAS
results.
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The questions arise as to why so much of the heritability is apparently
unexplained by GWAS findings. It is important to find an answer to this
question because a substantial proportion of individual differences facing
disease susceptibility is known to be due to genetic factors. Then, under-
standing these genetic variations may contribute to prevention, diagnosis
and treatment of diseases. GWAS have identified hundreds of variants
in many dozens of traits, but for many traits they have explained only a
small proportion of estimated heritability [17].

While any explanations for this missing heritability have been suggested
consensus is lacking. Proposed explanations includes much larger numbers
of variants of smaller effect yet to be found; rarer variants with possibly
larger effects that are poorly detected by available and commercial geno-
typing arrays (that focus on variants present in 5% or more of the popu-
lation); structural variants poorly captured by existing arrays; low power
to detect gene-gene interactions; and inadequate accounting for shared
environment among relatives [7].

It is reasonable to assume that allelic architecture (number, type, effect
size and frequency of susceptibility variants) may differ across traits. Also,
that missing heritability may take a different form for different diseases
[18]. Unfortunately, current knowledge is too limited to distinguish these
possibilities [7].

Immune and infectious agents have been recognized as among the strongest
selection pressures in human evolution [19], and immune-related genes
have been strongly implicated in Crohn’s disease and other immune-mediated
diseases [6], suggesting either that pleiotropic effects of these variants re-
duce the efficiency of negative selection or that strong environmental per-
turbation in modern societies might expose the disease risk associated with
these variants.

In this line, several empirical evidence suggest that exposures are necessary
determinants of complex disease and that operate in a causal background
of genetic diversity [20].

For instance, genetically-stable populations experience profound alter-
ations in cancer incidence across generations and in migrations which have
been subjected to different environments [21]-[23].

4
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1.2 Global Burden Disease of Environmental Ex-
posures

The Global Burden of Diseases, Injuries, and Risk Factors Study (GBD)
is the largest and most comprehensive effort to date to measure epidemi-
ological levels and trends worldwide [24]. Led by the Institute for Health
Metrics and Evaluation (IHME) at the University of Washington, the GBD
quantifies the comparative magnitude of health loss to diseases, injuries,
and risk factors by age, sex, and geography over time. One of their last
update published in 2015, evaluated 300 diseases and injuries in 195 coun-
tries (by age and sex), from 1990 to 2013 [25].

In this study, they focused on three groups of risk: “behavioral”, “environ-
mental and occupational”, “and metabolic”. Risks factors were organized
into a four level hierarchy with first level blocks of environmental and
occupational, behavioural and metabolic. the next level in the hierarchy
included nine clusters of relative risks with more detail in the third and
four levels.

The environmental and occupational, risks included “unsafe water, san-
itation, and hand-washing” (with 3 nested risk factors), “air pollution”
(with 3 nested risk factors), “other environmental risks” (with 2 nested
risk factors) and “occupational risks” (with 6 nested risk factors; one of
them, “occupational carcinogens” included another 14 nested risk factors).
The behavioural risks contained “child and maternal malnutrition” (with
5 nested risk factors from that “suboptimal breastfeeding” has another 2
nested risk factors and “childhood under-nutrition” has 3 nested risk fac-
tors), “tobacco smoke” (with 2 nested risk factors), “alcohol and drug use”
(with 2 nested risk factors), “dietary risks” (with 14 nested risk factors),
“sexual abuse and violence” (with 2 nested risk factors), “unsafe sex” and
“low physical activity”. Finally, metabolic risks included 6 nested risk
factors (with body-mass index and blood pressure among others).

They adopted the World Cancer Research Fund grading the evidences
assessing an association between a risk factor exposures and an outcome
in four levels: 1) convincing, 2) probable, 3) possible, and 4) insufficient.
Only convincing and probable risk outcome pairs were taken into account.

5
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N boli Environmental
% attributed burden: 1.26% (30894 509 DALYs) % attributed burden: 12:73% (311956 253 DALYs)
% of total burden: 0-51% (12567525 DALYs) % of total burden: 5:18% (126 900157 DALYs)

Metaboli

9% attributed burden: 13-99% (342850762 DALYs)
% of total burden: 5-69% (139467 682 DALYs)

Behavioural M Environmental
% attributed burden: 9-54% (233666 074 DALYs)
% of total burden: 3-88% (95052627 DALYs)

Behavioural N Metabalic
% attributed burden:

16.74% (410059 870 DALYs)
% of total burden:

6-81% (166807561 DALYs) ’
havie M Envir lia} holi
% attributed burden: 5.54% (135743126 DALYs)
% of total burden: 2.25% (55218717) DALYs)
Behavioural
L il burden % attributed burden: 40-25% (985974 474 DALYs)
59:32% (1453255919 DALYs) % of total burden: 16-37% (401082890 DALYs)
Attributed burden
40-68% (99554059 DALYs)

Figure 1.1: Proportion of all-cause DALYs attributable to behavioural, envi-
ronmental and occupational, and metabolic risk factors and their overlaps for all
ages in 2013, from GBD 2013 [25].
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Figure 1.2: Global DALYs attributed to level 2 risk factors in 2013, adapted
from GBD 2013 [25].
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All risks combined account for 57.2% (95% uncertainty interval 55.8-58.5)
of deaths and 41.6% (40.1-43.0) of disability-adjusted life-years (DALYs).
As shown in Figure 1.1, 17.73% DALYSs attributable to environmental risk
factors (for all ages in 2013). Figure 1.2 shows effects of different categories
of environmental risk factors by disease.

Two exposures studied by the GBD 2013 and GBD 2015 are relevant in
terms of public health: tobacco smoke (from behavioural) and air pollution
(from environmental and occupational). The first due to its large effects

effects [26], air pollution due to the wide range of affected populations
[27].

The case of “tobacco smoke”

A B
Global Global
604 60—
3
g 40 40
g 1
[}
g H
= 204 20
/ .
- a |
01— T T 1 0 L T T T 1
0 20 40 60 80 V] 20 40 60 80
Age (years) Age (years)
Birth year
~#- 1910 #1915 - 1920 -# 1925 1930 1935 1940
1945 1950 1955 1960 1965 1970 1975
1980 1985 1990 -s— 1995 —s— 2000 —s— 2005

Figure 1.3: Prevalence of daily smoking over time at the global level by men
(A) and women (B), adapted from GBD Smoking 2015 [26].

In 2015 smoking was the second leading risk factor for early death and
disability worldwide. Claiming more than 5 million lives every year since
1990 its contribution to overall disease burden stills growing.
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The GBD Smoking 2015 [26] investigated differences in smoking preva-
lence and attributable burden according to the Socio-demographic Index
(SDI). Figure 1.3 shows the prevalence patterns by year according to age.
Additionally, they assess age and sex patterns by birth cohort across lev-
els of development and performed a decomposition analysis of potential
drivers of smoking attributable disease burden over time.

Worldwide in 2015, the age-standardized prevalence of daily smoking was
25% (95% UI 24.2-25.0,) in men and 5.4% (5.1-5.7) in women. 51 coun-
tries and territories had significantly higher prevalence of smoking than the
global average for men, and these countries were located mainly in central
and eastern Europe and south-east Asia. For women, 70 countries, mainly
in western and central Europe, significantly exceeded the global average
[26]. Figure 1.4 shows the ranking of smoking as a risk factor worldwide.

Despite a global decrease, several countries still had a high prevalence of
smoking among individuals aged between 15 and 19 years.

In 2015, 6.4 million deaths (95% UI 5.7-7.0) were attributable to smoking
worldwide, representing a 4.7% (1.2-8.5) increase in smoking-attributable
deaths since 2005. In both 2005 and 2015, smoking was the second-leading
risk factor for attributable mortality among both sexes, following high-
systolic blood pressure.

Rank
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Figure 1.4: Rankings of smoking as a risk factor for all-cause, all-age at-
tributable DALY's for both sexes combined in 2015, fragment from GBD Smoking
2015 [26].
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There were 148.6 million (95% UI 134.2-163.1) smoking-attributable
DALYs worldwide in 2015. Moreover, as can be seen in Figure 1.4, smoking
was the leading risk factor for attributable disease burden in 24 countries.

Overall, in 2015, cardiovascular diseases (41.2%), cancers (27.6%), and
chronic respiratory diseases (20.5%) were the three leading causes of
smoking-attributable age-standardized DALYs for both sexes. Of all risk
factors, smoking was the leading risk factor for cancers and chronic respi-
ratory diseases [26].

The case of “air pollution”

Exposure to ambient air pollution increases mortality and morbidity and
shortens life expectancy [28], [29]. GBD 2015 estimated the burden of
disease attributable to 79 risk factors in 195 countries from 1990 to 2015.
GBD 2015 identified air pollution as a leading cause (in top 10 leading
causes from 2005 to 2015) of global disease burden, especially in low-
income and middle-income countries [25].

A comparison of the percentage change in risk exposure from 1990 to 2015
with the level of attributable DALYs in 2015 helps to identify large risks
for which a long-term increase in global exposure has occurred.
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Figure 1.5: Deaths attributable to ambient particulate matter pollution in 2015,
fragment from GBD Air Pollution 2015 [27].

Air pollution is a complex mixture of gases and particles whose sources and
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composition vary spatially and temporally. Population-weighted annual
mean concentrations of particle mass with the aerodynamic diameter less
than 2.5 pm (PM 2.5) and tropospheric ozone are the two indicators used
to quantify exposure to air pollution. PM 2.5 is the most consistent and
robust predictor of mortality in studies of long-term exposure [30], [31].
Ozone, a gas produced via atmospheric reactions of precursor emissions, is
associated with respiratory disease independent of PM 2.5 exposure [32],
[33].

Deaths attributable to long-term exposure to PM 2.5 in 2015 varied sub-
stantially among countries (Figure 1.5). also along time were PM 2,5 in-
creased by 11.2% from 1990 (39.7 ug/m?) to 2015 (44.2 ug/m?), increasing
most rapidly from 2010 to 2015.

In high-income countries, exposure to ambient PM 2.5 contributed to 4.3%
of total deaths in 2015 versus 9.0% in upper-middle income, 8.7% in lower-
middle-income, and 4,9% in low-income countries. These differences in
attributable mortality mostly reflect the fraction of total deaths from car-
diovascular disease among countries.
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Figure 1.6: Deaths attributable to ambient particulate matter pollution by year
and disease, from GBD Air Pollution 2015 [27].

Cohen et. al. estimated the burden attributable to PM 2.5 for is-
chaemic heart disease (IHD), cerebrovascular disease (ischaemic stroke and
hemorrhagic stroke), lung cancer, chronic obstructive pulmonary disease
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(COPD), and lower respiratory infections (LRI) [34]. Evidence linking
these diseases with exposure to ambient air pollution was judged to be

consistent with a causal relationship on the basis of criteria specified for
GBD risk factors [25].

Finally, they conclude that long-term exposure to PM 2.5 contributed
to 4.2 million deaths in 2015, representing 7,6% of total global deaths.
Household air pollution from solid fuel use was responsible for 2.8 million
deaths (Figure 1.6).

1.3 The Exposome Concept

As previously illustrated, environmental factors have long been implicated
as major contributors to the global disease burden [25]. This lead to the
formulation of the exposome, concept first described by Wild on 2005.

The exposome is composed of every exposure to which an individual is
subjected from conception to death. Therefore, it requires consideration
of both the nature of those exposures and their changes over time [35]. The
consideration of the nature of the exposures generates three domains (Fig-
ure 1.7): internal environment, specific external environment and general
external environment [36].

First, the general external exposures domain includes the wider social,
economic and psychological influences on the individual, for example: so-
cial capital, education, financial status, psychological and mental stress,
urban-rural environment and climate. Second, the specific external ex-
posures is an extensive range which includes infectious agents, chemical
contaminants, diet, lifestyle factors (e.g. tobacco, alcohol...), occupation
and medical interventions. Last, the exposures in the internal domain
include all the internal biological processes in response to the external ex-
posures domain, to maintain homeostasis and which are influenced by the
genome (further in this thesis called molecular signatures).

Measures in one domain or another may reflect to differing degrees one
component of the exposome, e.g. the urban environment (general exter-
nal), pesticides (specific external) and inflammation (internal) [36].
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Figure 1.7: The effects and interactions between the different domains con-
stituting the exposome (specific and general external environments and internal
environment) and health risk. Figure inspired by Vrijheid [37].

This original concept proposed by Wild was further expanded by Rappa-
port and Smith [38], who functionalized the exposome in terms of circu-
lating chemicals in the body that reflect both exogenous and endogenous
exposures. In other words, the exposome represents the combined ex-
posures from all sources that reach the internal chemical environment.
Subsequently, Miller and Jones refined the concept.

There are 3 distinct differences between Wild (old) definition and Rappa-
port and Smith plus Miller & Jones (new) definition:

1. The concept of the cumulative biological responses, representing
body’s response to external forces and chemicals.

2. The inclusion of behavior, including lifestyle as a dynamic interac-
tion with our surroundings, our relationships, our interactions, and
physical and emotional stressors.

12
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3. The addition of “endogenous processes” that are affected by complex
exposures. Our bodies are complex biochemical reaction vessels with
countless reactions occurring at any time. The lingering damage seen
as DNA mutations, epigenetic alterations, protein modifications...
is the evidence of a real effect and may be present decades after
exposure.

This last version of the definition of the exposome led to understand that
the levels of endogenous molecules (internal exposome) and specific exter-
nal exposures do not need to be the same.
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Figure 1.8: Each curve represents the cumulative distribution of chemical con-
centrations from a particular source category, from Rappaport et. al. [22].

So, as proposed by Rappaport et. al. 2014, measuring the exposome in hu-
man blood offers am an interesting approach for interrogating biologically
relevant exposure-associated processes, because blood transports chemi-
cals to and from tissues and represents a reservoir of all endogenous and
exogenous chemicals in the body at a given time [39]. Figure 1.8 shows
the cumulative distributions of blood concentrations for the four sources
of chemicals studied by Rappaport et. al. 2014 (endogenous chemical -
with 1,223 elements -, food chemical - with 195 elements -, pollutant -
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with 94 elements - and drug - with 49 elements).

The dynamic nature of the exposome presents one of the most challenging
features of its characterization. To fully characterize an individual’s ex-
posome would require either sequential measures that spanned a lifetime
(Figure 1.9). Therefore, innumerable cross-sectional measures of the expo-
sure profile building to a continuous real-time monitoring will be required,
which cumulatively would represent the exposome of the individual.
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Figure 1.9: Exposome requires multiple measurements over human life including
in utero exposures (prenatal exposome - not included in the schema), from Wild
[36].

The exposome captures the essence of nurture; it is the summation and
integration of external forces acting upon our genome throughout our lifes-
pan [40]. This measurable quantity of the exposome represents a biological
index of our nurture and is the context in which specific exposures have
an impact on health [41].

Exposure during fetal or early life to environmental chemicals has been
associated with adverse fetal growth and with developmental neurotoxic
and immunotoxic effects in children [42], [43]. This clears up with two
situations: 1) up to now the environment and child health field focused
on single exposure health effect relationships [44], and 2) environmental
exposures during fetal stages linked with structural and functional changes
in later life stages, predisposing to disease [45].

14
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The role of the impact of prenatal exposome in human health has been
highly explored. There is evidence that shows that manipulation of the
environment in the prenatal and infancy stages can be associated with
permanent changes in physiology and/or structure:

e The link between the nature of infant feeding to later health conse-
quences [46].

e The relationship between birth size and later risk of disease [47]-[49].

e Prematurity independent of growth retardation is associated with
long-term metabolic consequences [50].

e Offspring of women subjected to severe undernutrition in early preg-
nancy did not have reduced birth weight but do have an increased
risk of obesity [51].

Many of these environmental changes are associated with permanent al-
terations in gene expression regulated by epigenetic factors such as DNA
methylation and histone alteration. Gluckman et. al proposed the “devel-
opmental origins of health and disease” (DOHaD) paradigm that leads to
the recognition that early life influences can alter later disease risk. DO-
HaD phenomenon can be considered as a subset of the broader processes
of developmental plasticity by which organisms adapt to their environ-
ment. The adaptive processes allow genotypic variation to be preserved
through transient environmental changes and they may affect a single or-
gan or system, but generally, they induce integrated adjustments in the
mature phenotype, a process underpinned by epigenetic mechanisms and
influenced by prediction of the mature environment [45].

The study of the underlying mechanics that links the exposome with hu-
man health is an emerging research field with a strong potential to provide
new insights into disease etiology [52].

One example of a successful effort is the National Health and Nutrition
Examination Survey (NHANES). Measured factors include environmental
exposures such as chemicals, nutrients, and infectious agents. It also in-
cludes other indicators of environmental exposures such as self-reported
nutrient consumption, physical activity, and prescribed pharmaceutical
drugs [53]. With systematic information on exposures, environment-wide
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association studies (ExWAS) could become much more powerful and com-
plement GWAS and deep sequencing studies [54].

1.4 Molecular Signatures of Exposome

Research has clearly established that the environment plays a significant
role in our health and in the development of diseases. At the same time
studies of genetic variants and disease have been conducted to reveal links
between environmental exposures and health outcomes. Other studies
have identified environmental factors as significant contributors to disease,
yet the specific exposures of concern are poorly defined [55], [56].

The main goal in exposome analysis is to understand how chemicals are
altering human biology to explain its association with human health out-
comes [57]. Such effects could include binding to macromolecules, induc-
ing structural changes and disruption of biological pathways. The need
remains for a systematical evaluation of the environmental contributors to
health and disease [58], [59].

Although the term biomarker refers to any measurable state in a living
organism, a useful biomarker can differentiate between biological states,
particularly those represented by diseased and healthy populations. Dis-
covery of new biomarkers is important for epidemiology, which seeks causes
of diseases (biomarkers of exposure), as well as for diagnosis and treatment
of diseases (biomarkers of disease). Moreover, biomarkers of exposure can
also take into account a given specific exposome period (prenatal, early
life, adulthood...). To this end, the different layer of molecular signatures,
as well as their relations must be taken into account. Figure 1.10 illus-
trates a simplification of the hierarchy between the different molecular
signatures.
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Figure 1.10: Simplification of the hierarchy of the molecular signatures (differ-
ent omic data types).

At the bottom of the pyramid both the genome and epigenome are located.
While the genome includes the codification of any function any cell type
can do, the epigenome is in charge to cover and uncover those genomic
regions needed by each one of the cell types. For this, any aberrations
in the genome, such as copy number variations (CNVs) or chromosomal
inversions, and any epigenetic perturbations, as changes in methylation
patterns or histone modifications, may have an impact in the transcrip-
tome. Modifications in transcriptome levels affects the levels and types
of proteome, that at its time effects, joint with external risk factors, the
proportions and patterns in metabolome. The joint effect of the cascade
modifications in each level of the pyramid triggers the alterations in dis-
easeome (also called phenome).

Example of defining biomarkers of exposure is the case of Reese et. al.
They looked for biomarkers in newborns of sustained smoking by the
mother during pregnancy. They result in a set of methylation probes
(CpGs) that can be easily applied to other newborn studies having methy-
lation data and lacking cotinine levels [60].

Disease biomarker discovery has grown over the last years guiding the
development of drugs and diagnostic products. Moreover, it has vigorously
embraced the omics revolution and thereby offers hope that whole new
classes of biomarkers of disease will be found. Parallel developments of
biomarkers of exposure have been more modest, not only because these
biomarkers lack clear commercial interests, but also because knowledge-
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driven designs are still favored over omic tools for characterizing exposures.

1.4.1 The Three Elements of Epigenetics

Epigenetics is defined as the study of heritable changes in gene expression
that occur without changes in DNA sequence [61]. Epigenetic mechanisms
are flexible genomic parameters that can change genome function under
exogenous and endogenous influences. There are three (see Figure 1.11):
DNA methylation, histone modifications and miRNA expression.

This layer of regulatory information is essential for proper development
of cellular function. The genome is static and present in all cells, the
epigenome is variable by cell, tissue and developmental stage. then, it
determines of cellular functions and identity. These mechanisms also rep-
resent an adaptive intermediary that interprets and responds to environ-
mental factors, resulting in alterations in the transcriptome.

Epigenome patterns have been characterized in different tissues and time
points in international projects such as ROADMAP [62] and ENCODE
[63]. They do not act alone but in combination determining chromatin
states which have specific regulatory functions (i.e. enhancers vs repres-
sors) [64].

5-methylcytosine (5MeC) represents 2-5% of all cytosines in mammalian
genomes and is found primarily on CpG dinucleotides. Methylation is in-
volved in regulating many cellular processes, including chromatin structure
and remodeling, X-chromosome inactivation, genomic imprinting, chromo-
some stability, and gene transcription [65], [66]. Generally, gene promoter
hypermethylation is associated with decreased expression of the gene [67].
However, more than 90% of all genomic 5MeC are not directly related to
gene function as they lie on CpG dinucleotides located in transposable
repetitive elements [68]. Then, global hypomethylation, as well as hy-
pomethylation of transposable repetitive elements, have been associated
with reduced chromosomal stability and altered genome function [69], [70].

DNA methylation is a covalent modification by which methyl groups are
to the DNA molecules. Methylation can change the activity of a DNA
segment without changing the sequence and it is heritable by somatic cells
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after cell division. Perturbations in methylation during fetal growth and
early lifetime can lead to irreversible changes in structure and function.
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Figure 1.11: Epigenetic mechanisms, by National Institutes of Health.

DNA methylation is the main epigenetic biomarker investigated in molec-
ular epidemiology studies in relation to environmental exposures. A com-
mon finding in this studies is the small epigenetic effect that is associated
with exposures. A reasonable answer for this situation is proposed by Bre-
ton et. al. when referring to the consequences of these small effects. Small
effects result to be magnified over time, raising the risk for developing dis-
eases, so we do not find larger effects just because they are incompatible
with continued development [71].

microRNAs (miRNA) are single-stranded RNAs of 21-23 nucleotides in
length that are transcribed from DNA but not translated into proteins
(non-coding RNAs). Mature miRNAs are partially complementary to one
or more messenger RNA (mRNA) molecules. miRNA main function is to
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down-regulate gene expression by interfering with mRNA functions [72].
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Figure 1.12: Formation and function of micro-RNA, by Wikipedia.

Research provided pieces of evidence to support two distinct modes of
miRNA-mediated translational repression, one acting at the initiation
phase of protein synthesis [73] and the other at a stage post-initiation [74].
While the majority of miRNAs are located within the cell, some miRNAs,
commonly known as circulating miRNAs or extracellular miRNAs, have
also been found in the extracellular environment, including various bio-
logical fluids and cell culture media [75]. miRNAs derive from regions of
RNA transcripts that fold back on themselves to form short hairpins [76].

miRNAs function via base-pairing with complementary sequences within
mRNA molecules. As a result, these mRNA molecules are silenced, by
one or more of the following processes [77], [78]:

e (Cleavage of the mRNA strand into two pieces.
e Destabilization of the mRNA through shortening of its poly(A) tail.

e Less efficient translation of the mRNA into proteins by ribosomes.

20



Bioinformatic Tools for Exposome Data Analysis

As already seen, the most studied environmental factor in relation to
methylation is smoking, also in miRNA [79]. Vrijens et. al. conducted a
systematic review looking for miRNA as potential signatures of environ-
mental exposure. Table 1.2, adapted from the systematic review, shows
the miRNA related to smoking from “in vivo” studies.

Table 1.2: In vitro studies on the effects of smoking on differential miRNA
expression, from Vrijens et. al. [80].

miRNA | miRNA function Regulation Tissue/cell type

miR-15a | Tumor suppressor J Primary bronchial epithelial cells
miR-125b | Targets p53, stress response

miR-199b | Oncogene activation

miR-218 Tumor suppressor

miR-31 Apoptosis, tumor suppressor T Normal and cancer lung cells
miR-21 Fatty acid synthesis, apoptosis 1 Human squamous carcinoma cells
miR-452 | Targets CDK1 J Human alveolar macrophages

1.4.2 Transcriptomics and Beyond

Transcriptome analysis in molecular epidemiology studies has become a
promising tool in order to evaluate the impact of environmental exposures.
These analyses aim to help in establishing the exposome both by identi-
fying the chemical nature of the exposures and the induced molecular
responses. Transcriptomic signatures can be regarded as a biomarker of
exposure as well as markers of effect which reflect the interaction between
individual genetic background and exposure levels [81], [82].

Recent research has shown the usefulness of measuring transcriptomics
responses induced by environmental factors in order to:

e Define new biomarkers of exposure and effect at gene expression
level.

e Identify relevant gene—environment interactions.

e Establish mechanistic pathways involved in both initiation and pre-
vention of disease.

An already published study about the effects of the blueberry-apple juice
in human transcriptome revealed that most of the gene expression changes

21



Chapter 1

Figure 1.13: Gene-protein codification process.

were produced in biological pathways involved in the immune system. Cell
adhesion and lipid metabolism pathways were also perturbed.

Transcriptome was also a target for the study of smoking effects on human
health. Example of this is the study presented by Paul and Amundson
where they targeted 300 genes with significantly different expression, of
which 170 genes were up-regulated and 130 genes were down-regulated in
smokers [83].

The proteome is the set of proteins expressed in a given type of cell, at a
given time, under defined conditions. As seen in Figure 1.13 the proteins
results from gene codification and more than one protein can be produced
from one gene due to alternative splicing events. Then, exposure to en-
vironmental exposures often elicits a change in cellular signaling which is
carried out in part by changes in the post-translational state of proteins,
for instance changing their abundance levels.

Alterations in the proteome, as seen in the transcriptome, have an impact
on human health. Following the smoking topic, research has seen that
many of the substances included in tobacco smoke readily pass through
the placental barrier [84]. So on, maternal smoking significantly affected
72 protein out of 392 protein analyzed by Huuskonen et. al.: 27 pro-
tein levels were increased and 45 protein decreased their volumes. The
protein affected included constructs of hemoglobin subunits, protective
proteases, and proteins directly involved in cellular structure or carbon
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dioxide metabolism [85].

Other studies linked aberrations in proteome with the exposome and hu-
man diseases. For instance, the immune response is trigged intermediate
when air pollutants enter the body. Such a response is observable by as-
sessing levels of small proteins such interleukin-15 (IL-13), interleukin-6
(IL-6), among others. These cytokines are prominent inflammatory sig-
naling mediators that contribute to widespread neuroinflammation in the
children’s brain [86].

Metabolic profiling (metabolomics) is now used routinely as a tool to pro-
vide information-rich data-sets for biomarker discovery, promoting and
augmenting detailed mechanistic studies. Hence it can be used to ex-
plore the integrated response of an organism to environmental changes.
Numerous metabolic phenotyping studies have investigated the impact of
anthropometric factors such as age, sex, and obesity in an attempt to
understand the human metabolome [87], [88].

Gu et. al. identified 25 metabolites associated with smoking status. In
their findings, they identified associations with metabolites involved in the
benzoate, caffeine, vitamin, steroid, amino acid and carbohydrate path-
ways, which potentially underscore smoking associated aetiological mech-
anisms [89]. These findings may have implications regarding the etiology
of smoking-related diseases. In the same direction, Rolle-Kampczyk et.
al. performed a metabolic profiling of serum from cord blood discovering
that the effects of environmental tobacco smoke on the fetal metabolome
are affected in a different way than the maternal metabolome [90].
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Objective

The aim of this Ph.D. thesis is to study the role of environmental exposures
on human molecular signatures. The thesis begins by studying the role of
a single exposure, while the second part aims to provide tools for extending
such analyses to the exposome paradigm. Both scopes are related to the
analysis of the impact of the exposome on human molecular signatures.
The specific objectives are:

1. To study the effect of ultraviolet radiation (UVR) on the blood and
skin transcriptome, including both mRNA and miRNA in an exper-
imental design.

(a) Scientific Article I: Analysis of the effect of solar fluorescent
simulated radiation on human blood transcriptome.

(b) Scientific Article II: Analysis of the effect of UVB on human
skin transcriptome.

2. To develop bioinformatics tools under R programming language for
the analysis of the exposome and multiple omic data-sets.

(a) Scientific Article III: Development of a coordinated data orga-
nization system for multiple omic data-sets.

(b) Scientific Article VI: Development of a framework to perform:
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e exposome data characterization; including exposures stan-
dardization, transformation and description.

e univariate association analysis between exposome and dis-
easome.

e univariate and multivariate association analysis between
exposome and multiple omic data-sets.

(c) Scientific Article V: Development of a tool to perform queries
to Comparative Toxicogenomics Database (CTD™) for expo-
some enrichment analysis.
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Effect of Ultraviolet
Radiation in Human
Transcriptome

3.1 Rationale

Exposure to ultraviolet radiation (UVR) occurs from both natural and
artificial sources. UVR can be classified into three regions according to
its wavelength (see Figure 3.1): UVA (315-400 nm), UVB (315-295 nm)
and UVC (295-200 nm). The main natural source is the Sun. However,
radiation under 295 nm in wavelength does not reach Earth’s surface due
to the absorption by the stratospheric ozone layer. As a result, UVR
from Sun typically consist in 95% of UVA and 5% of UVB. On the other
hand, artificial UVR sources are widely used in industry and health care
organizations for their germicidal properties.

The health effects of UVR on humans can be beneficial or detrimental,
depending on the amount and form of UVR, as well as on the skin type
of the individual exposed. Detrimental and acute effects of UVR include
erythema, pigment darkening, delayed tanning and thickening of the epi-
dermis. Erythema, redness of the skin that occurs with sunburn, is a
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Wavelength
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Figure 3.1: UVR spectrum and the chemical physical and biological effects,
from Matsumura and Ananthaswamy [91].

cutaneous inflammatory reaction that can be accompanied by warmth
and tenderness. In fair skin types, sunlight may induce a transient flush
of erythema during or immediately after exposure. A delayed erythema
response is common in all skin types, and peaks between 6-24h [92]. Re-
peated UV-induced injury to the skin, may ultimately predispose one to
the chronic effects photoaging (the development of deep wrinkles, leath-
ery skin, dilatation of blood vessels, and multiple dark spots on the Sun
exposed skin), immunosuppression, and photocarcinogenesis [93], [94].

The main established beneficial effect of UVR is the cutaneous synthesis
of vitamin Dj3. Vitamin D is necessary to maintain physiologic calcium
and phosphorous for normal bone mineralization and to prevent rickets,
osteomalacia and osteoporosis [95].

Vitamin Dj is synthesized endogenously in human skin following expo-
sure to UVB radiation in sunlight, which spontaneously photoisomerizes
7-dehydrocholesterol to pre-vitamin D3 [96], [97]. Pre-vitamin D3 is sub-
sequently converted to vitamin D3 by thermal isomerisation, which then
enters the circulation and is hydroxylated in the liver to long-lived 25-
hydroxyvitamin D (250HD3) [98]. This process is seen in Figure 3.2.

Since foods are naturally low in vitamin D main source for most people is
by solar exposure. The solar zenith angle, which varies by latitude, sea-
son and time of day, determines the amount of absorption and scattering
of solar UVB radiation and thus the intensity of sunlight at ground-level
[100]. The association between solar UVB and vitamin D is not straight-
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forward, since living in a sunny climate does not ensure sufficient vitamin
D status [101], [102]. Vitamin D availability also depends on personal and
lifestyle factors including skin pigmentation (increased melanin in darker
skin naturally blocks cutaneous synthesis of vitamin D3) [103], age (the
amount of 7-dehydrocholesterol in the skin decreases with age) [104], di-
etary and supplemental intake [105] and sunlight exposure (when and how
long unprotected skin is exposed) [106].

Besides vitamin D production, UVR has also been related to other ben-
eficial effects. Ecological and epidemiological studies have suggested that
UVB exposure and vitamin D protects against several cancers [107], [108].

For all this, we planned to study the effects of UVR on transcription
in humans to disentangle the molecular mechanisms underlying the last
effects of UVR on heath. In particular, we investigated the acute effects
of UVR exposure on both blood and skin human transcriptome, at level
of gene expression and micro-RNA expression.

3.2 Methods

3.2.1 Blood Analysis Design

Nine healthy males from UK and with similar anthropometric and sun-
sensitive skin type II were selected for the study. The whole body of the
participants was exposed to 3 standard erythemal dose (SED) of fluores-
cent solar simulated radiation (FSSR). FSSR imitates real solar exposures
and compresses UVA and UVB at similar proportions.

Five participants were exposed in spring (March-April), and 4 in summer
(July-September). Blood samples for the nine vol