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Abstract

Old age comes coupled with frailty and disease and, thus, the ageing of the
Wortld’s population has spurred the interest on the causes and mechanisms of
senescence. Senescence has long been a mystery, with no single universally
accepted theory accounting for its ultimate evolutionary causes (if indeed these
causes exist). Perhaps two of the most popular evolutionary explanations
proposed so far are the Mutation Accumulation Theory proposed by Peter
Medawar in 1951 and the Antagonistic Pleiotropy Theory, suggested by George
C. Williams in 1957. The large amount of data derived from Genome-Wide
Association Studies (GWAS) obtained over the last decade allows testing both
theories, provided that they can make predictions in terms of the genetic
architecture of complex human disease. However, if we want to take advantage
from GWAS data, we need to assure that they are sound, replicable and that they
contain information that is useful for our purposes. This PhD thesis deals with
both goals: we first assess the quality and replicability of information on genome-
disease associations and then we use it to explore the Mutation Accumulation
and Antagonistic Pleiotropy theories of senescence. Knowledge about the impact
of these theories will be important for an increasingly ageing population.

Resumo

A meirande parte das enfermidades xorden a idades avanzadas, e polo tanto, o
envellecemento global da poboacién motivou o interese nas causas e Os
mecanismos da senescencia. A senescencia foi de sempre un misterio, sen
ningunha explicacién para a sua derradeira causa evolutiva, se é que existe. Se
cadra, ddas das mais populares explicaciéns propostas polo de agora sexan a
Teorfa da Acumulacién de Mutacidns, suxerida por Peter Medawar no 1951 e a
Teoria da Pleiotropia Antagonista, formulada por George C. Williams no 1957.
A enorme cantidade de datos derivados dos estudos de asociacién de xenoma
completo obtidos na ultima década permitenos testar ambalas duas teorfas dado
que delas despréndense prediciéns sobre as enfermidades a niveis xenéticos. Inda
que, se queremos aproveitarnos destes datos temos que garantir que son solidos
e replicabeis, e que poden achegar verdadeira informacién de cara aos nosos
obxectivos. Hsta tese de doutorado comprende ambalas ddas fins: Primeiro
controlamos a calidade e replicabilidade dos datos xenémicos e logo utilizimolos
para explorar as duas citadas teorfas da senescencia. O cofiecemento achegado
polo presente traballo sobre o impacto das duas teorfas seran de grande utilidade
para unha poboacioén en continuo envellecemento.
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Prologue

“You there, Ephialtes...
I hape you may live forever.”

Leonidas (Spartan king, b. 540 a. C, attributed)

Spartans believed that those dying in battle deserved higher honors than
those who die (from age-related conditions) after a long life. That is why
the Spartan king Leonidas cursed Ephialtes to live a long life with the
burden of his treason after discovering his betrayal, because life is also

about suffering.

How have we shifted from an often fatalistic vision of long living in
ancient Greece era to the current knowledge about ageing and our
attempts to achieve a healthier and longer lifespan? In the present PhD
thesis we will move across the dynamic vision of longevity through time,
from Sumerian legends (2,000 BC) to the cutting-edge technologies that
currently let us read genomes and find the genetic keys to a better and
healthier ageing. Leveraging on the recent bloom of public tools and
genomic data, which allow researchers to perform new tasks in an
unprecedented way, I aim to help unraveling some of the explanations for
human ageing and why does it happen the way it does.

To my knowledge, this is the first time that an exhaustive and applied
analysis on ageing theories from a genome-wide perspective is performed,
with mostly satisfactory results.
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1. INTRODUCTION

“Do not try to live forever.
You will never succeed.”

Bernard Shaw (Irish writer, b. 1856);
The Doctor's Dilemma (1946)

1.1 HISTORICAL FACTS ON LONGEVITY AND DISEASE:

FIRST THEORIES ABOUT AGEING

1.1.1 Some legends and myths on ageing

Since the dawn of civilizations we have been craving for eternal living.
The oldest reference to the (by now) impossible enterprise of attaining
endless youth can be found in the Sumerian legend of
Gilgamesh(George and Mosley 2010), dating from 2100 BC. The legend
narrates how the Sumerian king Gilgamesh struggled to find a formula to
reverse ageing. At the end, he realized that such an effort made no sense
and that death was unavoidable so he gave up on his quest. This pro-
longevity dream has been recurrent across civilizations in time. However,
it has not been free of criticism. A debate between opposed visions of
longevity was already enunciated in an ancient Egyptian papyrus, the
papyrus Smith (Feldman and Goodrich 1999), known to contain a recipe
for a rejuvenation elixir. However, it also contains a statement raising

awareness of the limited possibility of reaching more than 60 years, a deed
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reserved only to those blessed by divinities. Actually, the average life
expectancy in ancient Egypt was about 35 years, and one-third of the
population died during childhood, so reaching more than 60 years was not
very common (Filer 1995). As I will discuss later, living longer than the
menopause age was not common until very recently, therefore age-related
diseases after the sixth decade were not usually observed. This is an
essential concept to bear in mind in order to understand the postulates of

the evolutionary theories of ageing.

Humans have been interested in the possibility of extending their lifespan
since very ancient times; however, it was not until Classical Greece that
the first theories of disease and ageing started to develop. Ancient
Greek mythology eventually represented the derived problems of living
forever through mythological stories, such as the myth of the Trojan
prince Tithonus. Eos, the goddess of dawn, fell in love with Tithonus,
who was a mortal. In her attempt for maintaining Tithonus as young as he
was, she asked Zeus to confer him immortality by feeding him with
nectar, the divine drink of the Olympian gods, but she forgot to ask for
eternal youth. Eos and Tithonus lived together for years, but after several
centuries he grew so old that he could not move and withered away so
much that had to be locked in a room. Then, Eos finished his pain by
transforming Tithonus into a grasshopper, and sent him back to Earth
(Finch 2010). The distinction between living forever and being eternally
young and vigorous illustrates the difference between healthy »s5. unhealthy
ageing. Indeed, we not only desire to attain a longer lifespan but a longer
and healthy one, that is, to avoid the age-related diseases and frailty usually
linked to senescence. Other stories like the Endymion myth raised similar

concerns about attaining endless youth (Jeune 2002).



Introduction

According to the Greek historian Herodotus, the legendary Aethiopian
tribe termed Macrobians (“big life”, in Greek) (Finch 2010) were
supposed to attain their large lifespan of 120 years by bathing in a
supposed “fountain of eternal youth”. Everyone who bathed there came
out fresh, glossy and younger. This legend may have given birth to the
popular tale that a fountain of eternal youth exists somewhere. According
to the legend, during the Spanish colonial times in Central America (16"
century) Ponce de Leén, the Governor of Puerto Rico, was told by Native
Americans that such a fountain was located in the Bimini Island
(Bahamas) and became obsessed with finding it to reacquire his

youthfulness. Obviously, he did not succeed.

Already in the 13" century, the Franciscan friar Roger Bacon, following
the Biblical example of Methuselah, who lived until 969 years,
hypothesized that humans were programmed to live up to ~1,000 years.
He argued that the constant decline in longevity and increasing frailty
were due to the corruption and ignorance transmitted from one
generation to the next, causing thus a deterioration in lifespan until
reaching a maximum of 80 years, an obvious observation linking again

senescence and pathology, despite the wrong interpretation.

1.1.2 A more sensible view of longevity

Even if pro-longevitists dominated the Enlightenment period, it has not
been always like this. A more prudent opposed view, even pessimistic
sometimes, existed already since the Greco-Roman era.

This more realistic vision of an ephemeral life, supported by Aristotle,
Galen, Empedocles and Hippocrates (Table 1), fostered the

advancement of science and modern medicine leading them to envisage
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the first theories of ageing and disease (Jeune 2002). Nonetheless, their
scientific ideas about medicine and ageing contrasted with those inherited
from previous centuries (from the 8" to 5" century BC). In ancient
Greece, the belief that lifespan was away from the control of mortals and
determined by gods was widespread. Homer left texts exemplifying this
vision, in which fate curtailed lifespan (Finch 2010). Homer thought that
the immortality of gods was achieved through diet. Their special
nourishment on nectar and ambrosia was the key to their eternal life, in
contrast with the bread and wine reserved for humans that caused them to
senesce. Actually, we currently know that the only intervention that can
delay the onset of the symptoms of ageing and extend lifespan is caloric
restriction (Heilbronn and Ravussin 2003). It is interesting to realize that
ancient Greeks were already linking diet and lifespan.

We may ask ourselves now whether this belief of mortality defined by diet
enlightened Empedocles to cite, maybe for the first time in history, the
use of drugs as a treatment for ageing-related conditions in one of his
poems (Empedocles and Leonard 1908). Still, Empedocles believed that
supernatural forces controlled other aspects of life such as the weather.

A further evolved and opposed vision to Empedocles was the naturalistic
vision of Hippocrates, considered the father of modern medicine, who
stated that all diseases had natural causes. As Hippocrates stated, exercise,
drink and food precisely chosen and combined were the key to guarantee
optimum health (Nutton 2007). Regarding ageing, the Hippocratic
Corpus (a collection of medical works) established a link between
advanced ages and susceptibility to disease, considering ageing as an
important factor influencing the treatment of conditions. The prevalent
medical theories in ancient Greece mainly discoursed upon the so-called
antagonistic humors. According to Hippocrates, these humors formed

the base of all living beings. Diseases and weaknesses resulted from an

4
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imbalance between these four fluids, namely: blood, black and yellow bile
and phlegm. Even Aristotle wrote some of his essays following this
humor conception. In the same line, Alcmaeon (Longrigg 1993) is
thought to have enunciated that disability and health depend on a
disequilibrium of heat and moisture, which at the same time goes fading
with age, just like an oil lamp. Each creature carries a specific level of
these conditions, which vanishes with age (Jeune 2002; Gilleard 2015). As
I will show, the idea of disease resulting from an imbalance was rescued
~2,000 years later when George C. Williams suggested his Antagonistic
Pleiotropy Theory of Senescence, which postulates that the key of
senescence is to be found on mutations that have two opposite effects on
the organism: beneficial when young and harmful when old. That is, there
is a tradeoff between the effects of mutations during different periods of
life, but more about this theory later on. In more quantitative terms, and
as the ancient Greece period was coming to an end, consciousness that
lifespan had a set limit was raising. In words of the musician and poet

Mimnermus:

“Would that my fated death might come at sixty,

unattended by sickness and grievous cares.”

The idea suggests disability and disease from the seventh decade on.
However, we know that the onset for diseases curtailing lifespan always
came much earlier than the seventh decade, ages that were not easy to
reach at the time. Details about the onset of senescence and age-related

diseases will be discussed in sections 1.3 and 4.
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1.1.3 Onset of Galenic thinking

Galen (1% century CE) (Table 1), the Roman physician, surgeon and
philosopher is considered the most accomplished medical researcher of
antiquity. Inspired by Aristotle, Plato and Hippocrates, he inherited the
theory of humors and further developed it to formulate his Hippocratic
doctrine (Gilleard 2015; Nutton 2005). This combined the four humors,
the four elements (air, earth, fire, water) and the four qualities (heat,
coldness, moisture and dryness) deriving in, probably, the first theory of
ageing ever. In his theory, ageing was correlated with progressive coldness
and dryness because old humans run out of humors, and as a result
decline in organ function, vitality and muscle strength. Galen did not
consider ageing as a disease, but as a natural process. He smartly noted
that coldness not only affected the body, but also the mind, after seeing
many people becoming demented at extreme old ages. Contrarily,
“humid” and “warm” individuals will have greater chances of living a long
life. This theory was further extended by the Islamic world philosophers,
being Avicenna (10-11" century CE) the most important in this task
(Shoja et al. 2011). In particular, his Canon of Medicine was one of the most
exhaustive descriptions of Galen’s natural philosophy. This Galenic
model of ageing endured for centuries. It was the ground for several
essays written during the Renaissance, and kept influencing ideas on age
and the healthy ageing process well into the 18" century, and possibly

beyond.
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1.1.4 Challenging Galenism

Galen, by combining Aristotle’s philosophical work with the knowledge
he gained with dissections, created a system that explained the structure
and function of the human body. Galen’s treatises were the basis of
medical education in Europe well into the 11" century. Despite an overall
accuracy, certain scholars criticized Galen's works. Andreas Vesalius
was initially educated as a Galenist, but after moving from Paris to Padua,
he started dissecting human corpses by himself and comparing his
observations to Galen's affirmations. Soon, Vesalius realized that Galen
had committed some etrors of anatomical nature. Of relevance, Galen
mentions that the sternum was composed out of seven smaller bones,
when it is formed out of just three segments. Also, he stated that the
humerus was the longest bone of the body. At the light of this, it was
obvious that Galen had never properly compared a femur with a humerus
(Vesalius 1543). Later, in 1628, William Harvey's works on blood
circulation were published, which also discredited Galen when affirming
that blood was generated in the heart and the liver (Harvey 1628). There
were certainly a lot of misunderstandings in Galen's work. Indeed, Galen
never opened a human corpse to explore. This was prohibited by Roman
laws, and Galen could only use monkeys and cows to perform dissections.
However, it was neither Vesalius nor Harvey's intention to discredit
Galen. Certainly, the Galenic model of healthcare and Galenic “hygiene”
were both the foundations for one of the first English monographs on

geriatrics, written by John Floyer of Lichfield (Floyer 1724).

During the 18-19" centuries medical thinking evolved, mainly in the way a
patient was seen: from being considered a human, to a group of organs, to

an accumulation of cells. This was called the transition from the “sick-
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man” to “diseased tissue” (Jewson 2009). Unfortunately, this paradigm
shift did not come accompanied by an interest in re-formulating or
enunciating new ageing theories. This was only possible after the arrival of
the Cell Theory in 1838, contributed by Matthias Schleiden and Theodor
Schwann, which conferred the fundaments for the correct understanding

of human body and disease.

Already into late-modern times, it is widely acknowledged that the
foundations for modern geriatrics were developed after the works of
Marjory Warren (1897-1960), the mother of British geriatric medicine
(Denham 2011). Beyond writing more than 20 articles on geriatric
medicine (Matthews 1984), she took care of hundreds of elderly people,
who were despised by general physicians for considering them lost causes.
But she went further and was able to devise new treatments and strategies

to easy their age-related impairments.
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Date Name/Works Civilization Event or claims
Struggled to find a cure to
2650 . . . .
Gilgamesh Sumerian ageing, but soon realized he
BCE
would never find one
1501 . . Opposed views of attaining
BCE Papyrus Smith Egyptian longevity.
Tithonus & .
-- Endymion (Myths) Greek  Warnings on eternal youth
4-5th Aristotle, A more rational view of
Empedocles & Greek .
c. BCE .. longevity
Hippocrates
Istc. First theories of diseases and
Galen Roman .
CE ageing
11th c. . . Developed and spread
CE Avicenna Persian Galen's theories
13th Humans are initially
CE « Roger Bacon Modern  programmed to live 1,000
years
16th c. Andreas Vesalius & Modern Improved and corrected
CE William Harvey Galen's theories
16- René Descartes, . . .
17th c. Francis Bacon & Modern Believed that it was P ossible
to be super-centenarians
CE others
Matthias Schleiden Developed Cellular Theory,
19th ¢ . .
& Theodor Modern  setting bases for new ageing
CE ; .
Schwann and disease theories.
é(});h « Marjory Warren Modern  Basis for modern geriatrics

Table 1: Summary of the most notorious events, works and characters mentioned along
section 1.1, displayed in chronological order. Abbreviations: ¢.: century, BCE: before
current era, CE: current era.
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1.2 QUANTIFYING AGEING

“A belief in hell and the knowledge that every ambition is doomed to frustration at the hands of a
skeleton have never prevented the majority of human beings from behaving as though death were no more
than an unfounded rumor.”

Aldous L. Huxley (British writer, b. 1894);
Themes and Variations (1950)

Even before discovering the first genes that influence longevity, or before
the first modern evolutionary theories of ageing were formulated, pioneer
researchers were already using sophisticated experimental setups to study
ageing: From human genealogies to identify a heritable component for
longevity, to organismic models (both 7z vivo and in vitro) to understand the
influence of several parameters in ageing and Aow it progresses in animal

cells.

1.2.1 Graham Bell and the inheritance of longevity

The man initially acknowledged to have invented the telephone,
Alexander Graham Bell, devoted some time, by the end of his life, to
study and analyze human genealogies and lifespan. His idea was to explore
the inheritance of longevity; that is, whether coming from a long-lived
family would increase your odds of dying later. To this aim, he studied the
Hyde genealogy, a list of all the ~8,800 descendants of William Hyde, one
of the early North American settlers, who died in 1681. This study,
published in 1918 as: “The Duration of Life and Conditions Associated

with Longevity” (Graham Bell 1918) was a compendium of age records

11
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and analyses of longevity inheritance in the compiled pedigrees. The most
striking conclusion from this work was that longevity is inheritable. This is
something we know today as a fact, with heritability of longevity
estimated to be up to 25% (Skytthe et al. 2003; Hjelmborg et al. 2006), but
for the time it may not have looked that trivial. Going into detail, Graham
Bell observed that longevity was inherited from both parents; however, a
higher heritability was associated with paternal age. In particular, when the
father lived to be over 80, 11.3% of the offspring lived to be 80 or older.
In contrast, where the mother lived to be >80, only 7.7% of the offspring
lived to be >80 (Figure 1). This was confirmed almost a century later, with
the observation that paternal age at birth is positively associated with
longer telomeres (extremes of the chromosomes; shortening as we age,
see details on section 1.4) in offspring and that this effect is cumulative
across multiple generations, with subsequently delayed effects of ageing in
each generation (Eisenberg, Hayes, and Kuzawa 2012; Njajou et al. 2007).
This supports the triple connection between telomere length-aging-
lifespan suggesting robust genetic influence, possibly via an imprinting
mechanism, on telomere length regulation. In any case, Graham Bell's
observations were possibly due to chance, given the little statistical power
available to observe them in the dataset he used. However, he went
further with his studies on longevity. Motivated by his surprising result
that longevity was (at least partially) inheritable, Graham Bell started to
compile longevity records from the Washington D.C. area by asking kids
in schools how old were their parents and grandparents. He collected
these data in what he called “a human stud-book”. His goal was that when
this project was finished, children from long-lived parents would be able
to look up the names, contact and marry those whose ascendants had also
a long lifespan to ensure their future descendants would also live longer.

Even if this task may sound quite “eugenic”, it was never Graham Bell’s
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intention, not at least in the widely used pejorative sense of the word.
Indeed, at the time, mentally handicapped and antisocial people were
sterilized by law, something Graham Bell personally found disgusting
(Leroi 2005).

NuMBER oF CASES AVERAGE DURATION OF LIFE
MOTHERS AGE AT OEATH MOTHER'S AGE AT DEATH
— 60 60 -80 go+ — B0 60 =80 04
S T
o LY 206 184 423 | 455 | s27 |4%
i mg
(4]
% %
o
wil 25 328 172 358 | 380 | 450 |i
< 0T
3
2 2
2 gt
X0l 128 120 74 328 | 334 | 363 [ok
< IS

Figure 1: Table from Graham Bell’s book (1918). It shows the original numbers and
demonstrates how life duration depends on parent’s age, being more influenced by the
paternal than the maternal part (Left: number of individuals tested; right: average
duration of their lives).

1.2.2 First experiments on factors influencing lifespan in

Drosophila

If one types the word “ageing” in PubMed and goes to the oldest record,
you will find John Howard Northrop, an American biochemist, winner of
the Nobel Prize for his late works on enzymology. In his early years,
Northrop was interested in how several parameters influenced lifespan in
Drosophila sp. In his work published in 1925, Northrop evaluated the
influence of light intensity in the growth and the lifespan of the fruit fly

(Northrop 1925). His experiments showed that different light intensities

13



Introduction

had an effect on duration of the different developmental stages (larval and
imago). Anyway, this was not the first experiment on fly lifespan
performed by Northrop. In a previous experiment, Northrop and Loeb
showed that there is an optimum temperature over which life duration
increases (9 °C), until it creates a plateau (at 19 °C) (Loeb and Northrop
1916). A year later, in 1917, he showed that total duration of life was

correlated with starvation (Northrop 1917).

Northrop was not the only one in realizing that nutrition influenced
longevity. As mentioned above, ancient Greeks believed that the
immortality of gods was due to the nectar and ambrosia diet they
followed. In 1935, Clive Maine McCay and colleagues (McCay, Crowell,
and Maynard 1935) were the first to show experimentally that caloric
restriction led to a prolonged lifespan and delay of age-related diseases,
a finding still puzzling today’s scientists (Heilbronn and Ravussin 2003).
Their fundamental experiments were performed in rats, turning them into
the first animal model of ageing, even if we know today that this discovery
applies to a wide variety of other organisms, including our own species
(Heilbronn and Ravussin 2003). Amongst the first possible interpretations
proposed for this prolonged lifespan after caloric restriction was the free
radical hypothesis of ageing, formulated around 20 years later by
Denham Harman (Harman 1956). He postulated that ageing and age-
associated decay resulted from the deleterious effect of free radicals (ions
or molecules with an unpaired electron in the external layer) generated
from cell metabolism. Still, the initial 1956 paper contained only just a
suggestion of the free radical hypothesis as a possible mechanism behind
senescence. The definitive experimental proof of how free radicals cause
ageing did not arrive until 9 years later, in a paper by Harman himself

(Harman 1965). In detail, free radicals are generated as a by-product of the
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respiratory enzymes involved in the direct processing of molecular oxygen
and from the action of catalase on hydrogen peroxide. Among others
(Figure 2), these processes yield harmful oxygenated compounds and
peroxides formed from water and hydrogen peroxide by removal of one
hydrogen atom, commonly known as Reactive Oxygen Species (ROS)
(Stein and Weiss 1948). An imbalance in levels of these ions will later
impair the correct functioning and replication capabilities of the cell
(Finkel and Holbrook 2000). I cannot help recalling, once more, the
analogy between this imbalance and the theory of the antagonistic humors

devised by Hippocrates and others in ancient Greece times (Figure 2).

Mitochondria Enzymatic systems Ultraviolet light
Peroxisomes CAT, 50D, GPx lonizing radiation
Lipoxygenases Non-enzymatic systems Chemaotherapeutics
NADPH oxidase Glutathione Inflammatory cytokines
Cytochrome P450 Vitamins (A,C and E) Environmental toxins
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function st function
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and met%bolism damage pathways

Decreased proliferative
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Figure 2: Effect of Reactive Oxygen Species (ROS) in living cells. Optimum levels of
ROS are required for homeostasis, but an imbalance will cause impairment of
physiological function, leading to ageing and disease when an excess is observed (Figure
adapted from Finkel and Holbrook 2000).
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As mentioned before, caloric restriction implies a reduction in metabolic
rate, which at the same time entails a drop in circulating levels of free
radicals. But this is not the only perturbation the body suffers after caloric
restriction. Other main physiological effects of food restriction in the
organism include improvement of insulin responsiveness, triggering of
hormone secretion and modification of the neuroendocrine and
sympathetic nervous system function. Caloric restriction also modulates
the gene expression profiles in muscle, heart and brain (C. K. Lee,
Weindruch, and Prolla 2000; C. K. Lee et al. 2002). It is hypothesized that
any (or a combination) of these biological alterations are the triggers of a

delay in ageing related symptoms (Heilbronn and Ravussin 2003).

1.2.3 Cells age: How? More hypotheses

By the time the free radical hypothesis of ageing was being developed,
another explanation on Jow ageing occurs was parallelly and
unintentionally being unveiled. By then, vertebrate cells in culture were
believed to be immortal, only dying because of inaccurate culture
protocols. This was enunciated by the Nobel laureate Alexis Carrel (Carrel
1921) and this view was completely undisputed by then. This misleading
dogma would be challenged by Leonard Hayflick, a young North
American anatomist, who was tecruited in 1958 to run the Wistar
Institute's cell-culture laboratory. Hayflick repeatedly failed in growing cell
cultures, so he decided to undertake a series of careful experiments to
proof Carrel wrong. He devoted more than three years in generating a
series of clever experiments clearly showing that his protocols were not
erroneous and suggested that cells under culture could only reach a
certain number of divisions. The observation that some cell division

counting machinery was operating behind the ageing process was a
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completely new concept (Hayflick 1965). This restricted number of cell
divisions in culture is what today we know as the “Hayflick limif’ coined in
1974 by Sir Macfarlane Burnett, Australian Nobel laureate. This counting
mechanism was concluded out of two of Hayflick's findings. One,
cultured fetal cells only go through a characteristic number of population
doublings, and two; cryogenically preserved cells can recall the number of
times they have already divided, once they are unfrozen. Certainly, a still
unknown molecular mechanism was responsible for this peculiar clock;
however, the golden era of molecular biology had not yet dawned.

Still, the process of DNA replication was already known and it was not a
mystery that cells were not able to copy the ends of linear DNA, termed
telomeres. This flaw of not being able to copy the full strand at the 3' end
was known as the end-replication problem (Watson 1972). Even if
telomeres were known since 1938 (Muller 1962; McClintock 1941) their
function and structure were unknown. It was not until 1978 that the
experiments led by Elizabeth Blackburn and Joseph Gall revealed that the
telomeres of the protozoan Tetrahymena termophila were composed of a
series of repeats of the six nucleotides TTGGGG (Blackburn and Gall
1978). This was also confirmed for mammals, but the repeat sequence was
slightly different: TTAGGG (Moyzis et al. 1988). This series of tandem
repeats were in charge of avoiding the chromosomes to fray, just like the
small plastic pieces at the tip of shoelaces do. But since these sequences
degrade with each replication, once they are exhausted, cells stop
replicating. However, the link between senescence and telomere
shortening was not established until relatively few years ago. Once again,
Blackburn and colleagues discovered the reason behind why non-
senescent organisms did not have issues with telomeric attrition:
telomerase (Greider and Blackburn 1985), an enzyme that elongates and

re-synthesizes telomeres. Active telomerase was found in immortal cell
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lines and in a high number of human tumors. However, in humans
telomerase is only expressed during the embryonic period to account for
the many required cells, and in cells that need a high replacement rate,
such as sperm cells or lymphocytes, but not in somatic cells. The
expression of transfected telomerase in somatic cells induces telomere
length maintenance and this makes them exceed their maximum lifespan
by more than five times (Bodnar et al. 1998). There is no doubt today that
the senescent process described by Hayflick is a product of telomere
shrinkage, but nevertheless it is not its only cause (Lépez-Otin et al. 2013)
(Figure 3).
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Figure 3: Hallmarks of ageing. Besides genomic instability as a consequence of physical
DNA damage and telomere attrition, other causes triggering the senescence process have
been proposed. Epigenetic alterations in DNA methylation patterns, post-translational
modification of histones, and chromatin remodeling contribute to the process. Loss of
quality control in protein folding structures also spurs ageing. Adapted from Lépez-Otin
etal. (2013).

Longevity intra- and interspecies is partially genetically controlled, but we

do not know exactly what accounts for it and why does it happen. The

<

next section will be devoted more to the “why” do we age than to the
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“how”, by digging deeper into the formulation and evidence for the

bl

ageing theories that are the bases of the present PhD thesis.
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1.3 EVOLUTIONARY THEORIES OF AGEING

“Live fast, die young,
and have a good-looking corpse.”

Willard Motley (African-American writer, b. 1909);
Knock on Any Door (1947)

1.3.1 An unsolved problem of biology

“An unsolved problem of biology” is Sir Peter Medawar's title for a
conference he gave in London in 1951 (Medawar 1951). Of course, he
was alluding to the ageing or senescence process. After August
Weismann’s evolutionary theories, Medawar was the next to advance the
knowledge on the problem. In brief, Weismann's arguments on ageing
mention that the decline in fitness of a population is due to the old
individuals, which are harmful for the population, and that thus the
healthy and young individuals must displace the old ones (Weismann
1891). Medawar considered that there was some truth on such a reasoning
and thus refined it to build his theory of senescence. Medawar started by
reckoning that the main causes of diseases at the beginning of the 20"
century were infectious diseases such as pneumonia and tuberculosis,
which posed a quite common impairment in life duration. Today, we have
largely expanded our lifespan, which has almost doubled since 1900
(Roser 2016). As a consequence, the main causes of death nowadays are
cancers and cardiovascular diseases. A hundred years ago, it was quite rare
to see these diseases prevail in any population, but mainly because these

diseases have a typical onset in middle-late ages, which were not easily
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reached by the early 20™ century (R. Caspari and Lee 2004; Roser 2016).
Ancient Greeks and Egyptians were already aware that reaching post-
menopausal ages was not common, and that people at such ages were
often afflicted with disease. This post-menopausal morbidity is

fundamental for the evolutionary ageing theories that will be detailed next.

In Medawar's own words:

“We have already entered a new era in the biological history of the human race.”

Maybe this was the view that motivated Medawar to formulate his
hypothesis on ageing, relying on the previous works of Ronald A. Fisher
on death rates in relation with reproductive values (Fisher 1930). With
this, Medawar developed his ageing theory, which would be the first
evolutionary model of ageing in mammals (Medawar 1946; Medawar
1951). In particular, assuming that genes act at different times in life, then
a gene whose action increases survival during reproductive periods will
affect fitness more positively than a gene showing effects after
reproductive periods. This observation led Medawar to formulate his main
claim: that the strength of natural selection declines with age. That is, the
action of natural selection will be more effective in improving
performance in fertile stages than later in life. As a result, late acting
deleterious alleles will accumulate at higher frequencies, a postulate which
recalls the name given to the theory, the “Mutation-Accumulation

Theory of Senescence” (MA from now on) (Rose 1991).

Medawar went further with this idea by suggesting that the scenario could
also be slightly different: the very same allele could exert its effects at

different periods in life. This implies that a genetic variant increasing
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fitness early in life during reproductive stages could be favored despite a
negative trade-off late in life, when the organism is no longer able to
reproduce. This argument was the base for the development of another
ageing theory, named the “Antagonistic Pleiotropy Theory of
Senescence”, (AP from now on) extended, refined and further developed
by George C. Williams, in 1957 (G. C. Williams 1957) although the full
name of the theory was coined by Michael R. Rose in his 1991 book (Rose
1991). These two ageing theories will be central in the course of the

present work.

Both theories predict an early period without senescence with mortality
independent of age, to decline towards a state in which mortality rates
increase, the most important hallmark of senescence (G. C. Williams
1957). However, according to the MA theory, deleterious effects of late
acting genes merely accumulate unopposed by selection after the
reproductive stages, while according to the AP theory these deleterious
late acting genes have been positively selected because of a beneficial
effect early in life being maintained in the population as the result of

adaptation (Gavrilov and Gavrilova 2002).
1.3.1.1 Pleiotropy

The name of one of the two main theories I will be dealing with along this
work implies the term “pleiotropy”. Pleiotropy is a quite complicated
phenomenon with contrasting meanings and interpretations. In general
terms, it makes reference to a gene affecting two or more traits. However,
multiple variations on the definition of pleiotropy have been proposed
including the application of the “pleiotropic” adjective to a molecule, an

allele, a genetic marker, a gene or any other entity related to diseases or
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complex traits. For this dissertation I will focus on the classical definition
of the action of a single genetic variant upon more than one biological
process (Plate 1910). In context, the AP theory is called like that because a
same mutation affects several traits, particularly exerting protective effects

from disease early in life, but acting detrimentally later on.

1.3.2 Conditions and postulates of the AP theory

In his 1957 paper, Williams formulated his theory under the assumption
that senescence, depicted in the original paper as physiological decay
once sexual maturity is reached, is an undesired character in human
evolution. It brings disease, decay and in last instance, death. However, it
is prevalent to all humans. There should be another force which favors its
establishment, and variations in senescence patterns should come as a
result of a balance between both forces. Williams proposed that this other
force acting in synergy with senescence was natural selection, coming
from the action of mutations, or alleles, with differential effects on fitness
at different ages. In a few words, genetic variants associated with late
onset diseases (at the post-reproductive age) segregate in a population
partly because they have a positive effect on fitness while in reproductive
periods. I am quoting here an easy example to better understand the

application of the theory. In words of Williams (1957):
“...we might imagine a mutation arising that has a favorable effect on the calcification of

bone in the development period, but which expresses itself in a subsequent somatic

environment in the calcification of the connective tissue of arteries.”
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For this to apply there should be four conditions or factors that have to

be assumed (G. C. Williams 1957):

- The living being should have a soma, key for the reproductive process,
but which is not transmitted either sexually or asexually to the offspring.

Briefly, somatic and reproductive cells should be different entities.

- Natural selection should be capable of acting on alternative alleles.

- If somatic effects in an individual are seen at different life stages, it
necessarily involves pleiotropic genes with contrary effects on fitness at
different ages. However, Williams does not mention a single example of
such genes, although he was already aware of simple pleiotropic Drosophila
genes with influences in lifespan (E. Caspari 1952; Gonzales 1921). The
big bang on genetics of ageing would be still to come. See section 1.4.

- And finally, the probability of reproduction should drop as we age.
Complementarily, in his seminal paper Williams enumerates a series of
nine testable deductions from the AP theory, or expectations that will

tulfill the theory:

1. Senescence should be seen where conditions specified in the theory are met, and

never where the assumptions are absent.

The theory asserts that senescence is a derived characteristic of the soma.
We should just find it whenever a soma is present. But: How to deal with
asexually reproducing organisms? They are all simply copies of the same
organism, and even if there is a certain “corporal”, deterioration suffered
is never alike the senescence suffered by metazoans. Besides sexually

reproducing organisms, other species are capable to either show or not
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senescence independently of fulfilling the assumptions of the theory

(Jones et al. 2014).

2. Low adult mortality rates should be correlated with low senescence rates and

vice versa.

Mortality rates in a population should be the best proxy for senescence. It
has been observed in several species that mortality imposed by
environmental conditions (extrinsic senescence) fosters intrinsic
senescence (Stearns et al. 2000; Bryant and Reznick 2004; P. D. Williams
et al. 2006). As an example, Williams mentions flying birds as species with
low intrinsic senescence due to low mortality rates, probably because of

the fact that they fly, and can escape predators easier (Healy et al. 2014).

3. Senescence onsets earlier in organisms that reproduce during the whole life,

than in those that start reproducing after a certain age is reached.

4. In sexually dimorphic species, senescence onsets faster in the sex with the

higher mortality rates and less pronounced increase in fecundity.

It is widely known that, in general, males present higher rates of

senescence.

5. Senescence comes always as a general deterioration.

It is not just an issue of a specific organic system. Otherwise, the selection

against deterioration in that system would free from senescence the other

systems, which is not real.
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6. Post-reproductive period should be absent from the normal life-cycle of any

species.

Studies have shown that only ~50% of the individuals in Late Paleolithic
went over 8 years of life, and during the Neolithic only a half reached 26
years (Ascadi and Nemeskéri 1970). Also, less than 1,000 years ago, life
expectancy at birth was no higher than 29 years, and Native Americans
rarely survived past 50 years, age that is currently reached by ~95% of

population from developed countries.

7. Time of reproductive maturation should mark the onset of senescence.

8. A fast development should correlate with a faster senescence

The sooner an individual reaches maturity, the sooner senescence will

start.

9. An increased longevity should be the result or consequence of reduced fitness in

youth (Figure 4).

B 2t
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Figure 4: Fitness effects of the phenomenon of antagonistic pleiotropy. Individual F
carries mutations allowing it to reproduce double than § in the same time interval,
despite the cost of dying eatlier, an inconvenience posed by those same mutations
favoring reproduction eatly in life.
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1.3.3 Eatrly tests of the Theory

Even if the theory was well received in the scientific community, it was
not until 1980 that the theory was experimentally proved, using Drosophila
flies (Rose and Chatlesworth 1980). Brian Charlesworth and Michael R.
Rose, two British evolutionary biologists, developed a series of
experiments (Rose and Charlesworth 1980) to test the MA and AP
theories. They did not find much support for MA theory, but they did it
for the AP theory, by comparing egg counts in two populations of
Drosophila; one reproducing early and the other later. They showed that
increases in later reproductive output are associated with reduced early
reproductive performance, lower reproductive rate and increased
longevity. Also, they observed negative genetic correlations between
fecundity and longevity. These observations are both consistent with the
AP theory of senescence. But it would not be until fifteen years later that
Charlesworth proved that the AP theory is mathematically consistent
(Charlesworth 1994). One year after the first experimental proof, the same
authors obtained again negative genetic correlations between eatly
tecundity and longevity in Drosgphila (Rose and Charlesworth 1981), in
tune with the AP theory again, although no confidence intervals were
provided for these correlations. Several pieces of evidence came later on
that were based on different methodologies: between-line correlations in
laboratory populations, sib analysis of quantitative genetic variation and
chromosomal extraction experiments (Rose 1991). Also, evidences came
from other species, such as the turf grass Poa annua and the seaweed fly
Coelopa frigida, for which analogous observations were made (Law 1979;
Butlin and Day 1985). Wrapping all this up, it seems that the AP theory
measured as negative correlations between early fecundity and longevity,

at least in some Drosophila populations, does actually apply. In his 1991
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book (Rose 1991), Rose highlights two of the clearest demonstrations of
the AP theory. The first of them is the abnormal abdomen allele in Drosophila
mercatorunz, a mutant that causes a great increase in fecundity, but at the

cost of a reduced lifespan (Templeton and Rankin 1978).

The other main group of evidences for the AP theory comes from the
nematode Caenorbabditis elegans. Experiments performed using this small
nematode worm have revealed the first gene ever isolated directly
affecting lifespan, age-7 (Friedman and Johnson 1988). Mutant worms
developed an increase in lifespan, but also a reduction in early fertility.
This first case of genetically-derived longevity boost will be subject to
longer discussion in section 1.4. Walker et al. (2000) carried out an elegant
experiment in a set of wild type and age-7 mutants. Initially, the two
groups were grown in normal conditions and no evidence for differential
trade-offs involving longevity and fertility was seen. On the contrary, if
both strains were raised in a harsh environment, wild type worms showed
increased fertility at early ages at the cost of shorter lifespan. The
conclusion we can take from this last paper is that the AP theory only
“works” under natural wild conditions. Indeed, several authors raised this
concern, leading to the conclusion that Williams’ statements were slightly
incomplete (Abrams 1993; P. D. Williams and Day 2003; Reznick et al.
2004).

Despite all these positive proofs, already predicted by Williams, negative
correlations between reproduction and longevity were not systematically
observed. On his initial paper, Williams argued that senescence started
right after reproductive maturation is reached, establishing thus a
connection between “faster development and early senescence”.

Contrarily, Economos and Lints (1986) demonstrated that Drosophila
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specimens with different growth rates did not present variation in total
lifespan. The evolutionary gerontologist Caleb E. Finch also raised in
1990 several concerns about the generality and applications of the AP
theory in his book (Finch 1990).

1.3.4 Recent empirical evidence

Since the 2000's we have witnessed a great number of accurate
comprehensive experiments proving or refuting instances of the AP
theory. According to Williams' second avowal, a high rate of extrinsic
mortality implies an earlier onset of senescence and vice versa. Using
Drosophila, this was demonstrated in one of the best empirical supports for
this ageing model (Stearns et al. 2000). However, translation of the
findings to natural populations might be misleading (P. D. Williams et al.
20006). Problems such as population density issues might arise, in the sense
that a high extrinsic mortality rate reduces the population, and surviving
individuals might benefit from more resources. A couple of experiments
illustrating the response of wild populations to extrinsic mortality rates
were performed in eatly 2000's. The first experiment (Bryant and Reznick
2004) compared rates of senescence between two natural populations of
guppies (Poecilia reticulata) living in a water stream where predation was
barely present. However, one of the two populations had been previously
moved there from a high predation brook. Confirming theoretical
predictions, the latter population presented higher rates of senescence as a
consequence of adaptation to extrinsic pressure. Contrarily, when these
populations were reared in laboratory conditions, the derived population
from high predation conditions showed slower senescence rates

compared to the other wild population (Reznick et al. 2004).

30



Introduction

All this variety of data leads to a fundamental question: how can
senescence be measured in a consistent way that can be compared across
model organisms? On his 1957 paper, Williams proposed that the best
proxy for senescence was mortality rate. Nonetheless, several other
indices have been suggested (P. D. Williams et al. 2006). In the previously
mentioned paper by Reznick et al. (2004) paper, the authors used the “fast
start response” as a proxy for senescence. This is an indicator of the
ability of fishes to escape predators, an ability that should decrease with
age. When they evaluated this response in both types of fish, the native
high predation population showed a steeper deterioration for this
measure. Together with the experiment of C. elegans set under starvation
that I mentioned above (Walker et al. 2000), this remits us to the previous
observations that Williams' theory, even if true, cannot explain the
enormously varied and complex array of life histories that can be

observed in nature.

Further evidence from long-term observational studies of vertebrates
comes from Hendry et al. (2004), showing that senescence in a natural red
salmon population (Oncorbynchus nerka) is predicted by the AP theory.
Higher vertebrates were also used as models to test the AP theory. In one
study performed in 2006 by Charmantier et al., the authors used life-
history data coming from a swan cohort closely monitored during 36
years. They found that increased early reproduction brings faster

senescence because of genetic tradeoffs, fulfilling the expectations of the

AP theory.

However, predictions of the AP theory in humans have not been widely

and convincingly performed. Only certain tests and instances of
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antagonistic pleiotropic behaviors were observed in humans, but only

concerning particular diseases and genes.

1.3.5 Mutation accumulation and antagonistic pleiotropy in

humans

A certain number of human diseases were shown to evolve either under
the MA or the AP theories. Here, I will briefly review two of the most

well known: Huntington's disease and haemochromatosis.

1.3.5.1 Huntington’s disease

Huntington's  disease (HD) is a rare autosomal dominant
neurodegenerative disease, which generally onsets at post-reproductive
stages. Antagonistic pleiotropy has been suggested (Carter and Nguyen
2011; Albin 1993; Serensen, Fenger, and Olsen 1999) as a mechanism to
explain its prevalence and manifestation in late ages (Carter and Nguyen
2011). Increased fitness (as measured by number of siblings) in HD
affected individuals was already reported during the sixties and seventies
(Shokeir 1975; Albin 1993) even before the causative molecular
mechanism of the intergenerationally increasing number of CAG
trinucleotide repeats in HD was known (MacDonald et al. 1993). At the
same time, HD patients have been shown to present reduced rates of
some cancers when compared to controls (Nesse 2001; Serensen, Fenger,
and Olsen 1999). Such reduction has been associated to an increase in p53
tumor suppressor activity (Eskenazi, Wilson-Rich, and Starks 2007),
which induces a higher apoptosis rate. While this higher apoptosis rate

may be the cause for the neurodegeneration episodes in HD, it has been
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suggested that it may also be protective for progression of malignant
cancer cells. Thus, a yet unknown mechanism increasing fertility and a
higher cell apoptosis rate in HD patients represent two potential cases of
antagonistically pleiotropic behavior in carriers of this condition.
However, an explanation for the increasing fitness benefit has not been
tully provided for this trait, and MA could provide a more suitable and

conservative explanation for it (Charlesworth 1994).

1.3.5.2 Haemochromatosis

Hereditary haemochromatosis (HH) is an autosomal recessive disorder,
which increases the amount of blood iron with age (Adams and Barton
2007). It is more frequent in populations of European ancestry (~10%)
(Distante et al. 2004), where 90% of affected patients present the C282Y
missense mutation (rs1800568) in the HFE gene (Weinberg 2008).
Affected individuals benefit from the associated enhanced dietary iron
absorption during their early reproductive ages. This additional iron load
results in a more efficient immune system, particularly against Salmonella
typhi and Mycobacterium tuberculosis. Notably, the diseases caused by these
pathogens (typhoid fever and tuberculosis, respectively), although
prevalent throughout human evolution, expanded with the crowded
conditions of large cities (Weinberg 2008). The deleterious effects of the
C282Y mutation appear after the fertile period, when increased iron
accumulation can represent up to a 33% morbidity increase for C282Y
homozygotes (Whitlock et al. 2006). In particular, conditions like certain
infections, neoplasias, cardiomyopathy and other neurodegenerative,
endocrine and orthopedic diseases have been suggested to be fostered and

worsened by raised iron loads (Weinberg 2007).
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In spite of such more or less clear examples of human diseases fulfilling
the expectations of the MA or AP theories, evaluation of the AP theory
using human demographic data are quite scarce and barely shed
some light on whether the theory applies to us as a species, at least in
terms of particular Williams’ postulates. Initially matching theoretical
expectations, one study (Westendorp and Kirkwood 1998) found out that
individuals live longer, especially women, at the cost of reproductive
success. This was seen as the fulfillment of one of the predictions of the
AP theory, but several methodological flaws were identified in that study
(Gavrilov and Gavrilova 1999; Gavrilov and Gavrilova 2002) and,
additionally, the authors failed to reconcile their observations with
previous work returning opposite results and in fact did not even cite it
(Le Bourg et al. 1993). All these contradictory results call for further,
deeper and more accurate research to definitely verify George C. Williams'

predictions.

1.3.6 A third main theory of ageing

The senior author of the aforementioned polemical paper, Thomas L.
Kirkwood, a South African evolutionary biologist, proposed a third main
theory to explain ageing: The Disposable Soma Theory. The Disposable
Soma Theory (DS from now on) was formulated in 1977 (Kirkwood
1977) and was later developed by himself and Holliday (Kirkwood and
Holliday 1979). It frames senescence as a resource allocation problem by
suggesting that organisms must choose between dedicating energy to
favor reproduction, thus accelerating senescence, or investing it in soma
preservation and growth with the trade-off of an increased lifespan and

delayed senescence. Depending on the outcome of both processes certain



Introduction

options will produce higher and more optimal fitness than others.
Kirkwood recognizes that DS it is just a special instance of the AP theory
(Kirkwood and Holliday 1979):

“The disposable soma theory is, in a sense, a special case of Williams' (1957)
Pleiotropic gene hypothesis, the gene in question controlling the switch to reduced accuracy
in somatic cells. The good effect of the gene is the reduced investment of resources in the

soma, while the bad effect is nltimate somatic disintegration or ageing”

Williams (1957) stated that no organism could manifest senescence unless
his soma was separated from the germ line. Given the nature of the DS
theory, it is important to make the separation here between the somatic
and reproductive part of an organism. The germline must be kept at a
level that preserves life across the generations, whereas the soma just acts
to preserve the actual generation. In brief, soma is just a larger container
for reproductive material.

Particularly, Hpydra sp. (Cnidaria) are non-senescent organisms if
maintained under benign conditions and asexual reproduction (Jones et al.
2014; Schaible et al. 2015). A peculiarity of the Hydra sp. is that its
germline is also its soma, so both are effectively one, making Williams
right once more, according to his first postulate. Schaible et al. (2015);
Schaible, Sussman, and Kramer (2014) suggested that a certain instance of
DS might still be applied to Hydra. In the case of the species H.
magnipapillata the natural continuous cell turnover replaces its cells
completely after 3-4 weeks, resulting into a very effective way of
preventing the accumulation of damage. At the same time this happens,
resources are also invested in renewing reproductive cells, thus preventing
senescence (Schaible et al. 2015). In short, hydras have no soma to be
disposable (Kirkwood 2001). However, a clearer example may apply to a

certain Hydra species, H. oligactis, who enters a fast-senescence period right
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after sexual reproduction is triggered by detrimental environmental
conditions, dying within ~150 days. This last species has to deal with a
true resource allocation problem, following the DS theory, by stopping
self-repairing and then investing all resources in sexual reproduction
(Yoshida et al. 2006; Brien 1953). But the non-senescent Hydra sp. is more

the exception than the standard rule to ageing patterns in the wild.

It is crucial to realize that all three theories explained so far (MA,
AP and DS) can act at the same time and are not mutually
exclusive, as recognized by many authors (e.g. Gavrilov and Gavrilova

2002).

1.3.7 Is senescence is a universal phenomenon?

According to the British evolutionary biologist William D. Hamilton,
senescence is a demonstrated universal phenomenon (Hamilton 1966). In
this paper Hamilton supports the vision that “semescence is an
Inevitable outcome of evolution”, with increasing mortality and fertility
loss once reproductive maturity is reached. That statement was and is
harshly criticized, and fostered a large debate (Vaupel et al. 1998; Vaupel
et al. 2004; Rose et al. 2007), in which I will dig into later. In his key paper
on senescence Hamilton attempts to explain the aging process by
assessing how the time of action of a gene induces different effects on the
fitness of the organism. He shows that natural selection can shape survival
and fertility differently, forcing them to evolve slightly independently. To
formulate and prove his theory, Hamilton relied upon the works of
Ronald A. Fisher (Fisher 1930), centered on age-specific fertility and

survival probabilities and analyzed the relationship between fertility and
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survival rate with age. Later works of John B. S. Haldane (Haldane 1941),
Medawar (Medawar 1951; Medawar 1946), and G. C. Williams (G. C.
Williams 1957) used this conception, but none of them formally
demonstrated Fisher's predictions. Hamilton was the first to

mathematically prove this right.

Criticism of the “Hamiltonian” vision of senescence was started by
two seminal papers back in 1992. Curtsinger et al. (1992) and Carey et al.
(1992) demonstrated that Drosophila and medflies (Ceratitis capitata) do not
show the expected patterns of senescence. Both studies found that there
is no specific increase in mortality after the attainment of sexual maturity,
contrasting with the life-span paradigm conceptualized by Hamilton. A
further exhaustive literature exploration of death rates in six animal
species by Vaupel et al. (1998) showed that mortality rates, namely
senescence, do not universally increase after sexual maturity. This
generated a sub-debate about the extant several types of senescence:
Positive senescence, as depicted by Hamilton, negligible senescence;
already defined by Finch (1990), and negative senescence. This latter
term was lastly introduced by Vaupel, Baudisch and colleagues in three
seminal works (Vaupel et al. 2004; Baudisch 2005; Baudisch 2008) and
stands for death rates falling with age, instead of increasing. In a
theoretical framework, Vaupel et al. (2004) showed that it was
conceptually possible to develop negative senescence for certain species
under certain conditions, proving Hamilton's predictions were not always
correct. Further theoretical demonstrations by Baudisch (2005) proved
that the MA theory may have been relatively unimportant during human

evolution, casting more doubts on the Hamiltonian vision of senescence.
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But supporters for the Hamiltonian vision of senescence countered this
vision. Finch (2009) noted that one cannot not claim that centenarians do
not show negligible senescence, and Rose (Rose et al. 2007) demonstrated
that even if the models by Vaupel and Baudisch are interesting for life-
history models, they emphasize the magnitude of their findings at the light
of clonally reproducing organisms for which the Hamiltonian models
cannot apply. According to Rose (Rose et al. 2007), Hamilton's equations
had been misinterpreted. The explanation was latent in Hamilton's
original paper, but formally developed later (Mueller and Rose 1996;
Rauser, Mueller, and Rose 2000).

To reconcile both visions of senescence, and to better understand the
evolution of ageing in our own and other species, published in 2014 a
comprehensive study of ageing patterns across the tree of life (Jones et
al. 2014). This study revealed the need of a broader understanding of
ageing in the wild and showed that classical ageing theories might not
suffice to explain the enormous amount of variation of life-history
trajectories analyzed. By comparing mortality and reproduction on 46
species of animals and plants they revealed the extant high diversity of
senescence patterns in living organisms, ranging from those that show
“classic” senescence, to those that show negative senescence like the
desert tortoise (Gopherus agassizii) or plants like the white mangrove
(Avicernia  marina); and those that ignore senescence, such as the

aforementioned Hydra sp. (Figure 5).

These mechanisms oriented to revert, to accelerate or to ignore ageing
must be, at least partially, genetically determined. The following section
will look in more close detail at the genetics of ageing and at the inner

mysteries of a long-standing and fascinating conundrum.
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Figure 5: Patterns of senescence in the wild for 46 species across the tree of life. Moving
down the graph, the rate of senescence is decreasing, until the last row where we see
instances of organisms with negative senescence. Adapted from Jones et al., (2014).
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1.4 THE GENETICS OF AGEING

“Some things are more precions
because they don't last long.”

Oscar Wilde (Irish writer, b. 1854);
The Picture of Dorian Gray (1890)

The genetic architecture of a trait is used to define the undetlying genetic
basis of a phenotypic trait, composed by the distribution of causal
variants, allele frequencies, effect sizes and the patterns of pleiotropy,
dominance and epistasis they maintain (Visscher, Mcevoy, and Yang

2010).

In contrast with Graham Bell’s times, the knowledge on genetics accrued
during the last five decades has allowed researchers to study diseases and
ageing from an internal perspective. Several genotype-phenotype
association strategies are now available: from classical linkage mapping
methods to high-throughput genome-wide association studies, that allow
finding genetic associations. The initial studies on the genetics of ageing
already pinpointed genes that control lifespan, but these single genes
cannot fully explain the complex nature of the processes of ageing,

longevity and their related diseases.

Currently, genome-wide association studies (GWAS) are the choice
method to find the polygenic bases not only of common diseases, but also
of such complex traits. Moreover, public access to the new wealth of

genome-wide disease data places us in an optimal position to test
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hypotheses such as the two evolutionary theories I am presenting in this

thesis.

1.4.1 Longevity is (also) in your genes

On present times no one challenges the view that longevity has a relatively
high inheritable component. These observations were already made, even
if not with ideal precision, by Graham Bell a hundred years ago. As we
have seen, evolutionary theories consider senescence as physiological
decay, and undoubtedly it comes with increased risk of certain age-related
diseases. Senescence could be conceptualized like any another complex
trait, such as height, body mass or cancer. Apart from scarce large effect
variants, it is shaped by lots of genetic variants with medium to small
effects contributing to the phenotype in several ways. This is the kind of
variants that GWAS are empowered to detect. A phenotype varying
between individuals in a population can be affected by environmental
conditions and genetics. The variation in a trait attributed to genetics is
termed heritability (H?. It is formally defined as the proportion of
phenotypic variation (Ip) that is explained by variation in genetic values

(g, or H? = g/ 1”p (Wray and Visscher 2008).

Estimated from studies in twins, heritability of survival over eighty years
old is estimated to be over 25% (Skytthe et al. 2003; Hjelmborg et al.
2000), with genetics playing a larger role for people living after the top 5%
of maximum longevity (Tan et al. 2008; Sebastiani, Solovieff, et al. 2012;
Schoenmaker et al. 2006). Heritability of longevity differs between
sexes, estimated to be 0.23 for males and 0.20 for females (Herskind et al.

1996), although some studies point up to 0.50 (Yashin et al. 1999). From
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this, we can easily deduce that senescence or longevity also have their own

characteristic genetic architectures.

1.4.2 Unraveling the genetic architecture of complex traits: The

Common Disease — Common Variant hypothesis.

Disease phenotypes have classically been the main focus of studies
investigating the genetic architecture of complex traits. For instance, the
first experimental studies in the early 50s and 60s found strong
associations between common variations in 4BO and HI.A genes and
several types of cancer and autoimmune diseases (Bodmer and Bonilla
2008). Interestingly, these alleles present large effect sizes along with large
allele frequencies. For instance, 8% of individuals of European ancestry
carry the HLLA-B27 allele associated to ankylosing spondylitis with huge
original effect sizes reported (Schlosstein et al. 1973). In the 80s, the study
of complex disease genetics with positional cloning methods ramped up
thanks to the availability of genomic maps through restriction fragment
length polymorphism (Botstein et al. 1980). However, the most successful
findings were spotted as false positives by later studies (Botstein and Risch
2003) and the main successes were shown to be restricted to familial
forms of disease (e.g. BRCAT and risk for young-onset breast cancer).
The failure of linkage methods when applied to complex phenotypes
prompted a fierce debate on the methodology necessary to unravel disease
causal variants. In the late 90s, several landmark studies explored the
methodological challenge of unraveling disease-associated variants of low
risk (Lander 1996; Risch and Merikangas 1996; Chakravarti 1999; Reich
and Lander 2001). For instance, Risch and Merikangas compared linkage

to association methods and showed the latter would be more empowered
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to find low-risk alleles in the absence of allelic heterogeneity. The authors
also acknowledged that strict significance thresholds would be necessary
to avoid an inflation of false positives (since large numbers of

polymorphisms across the whole genome ought to be tested).

A variety of papers also explored the issue of disease architecture from the
perspective of disease evolution and from the use of simulations
(Pritchard 2001; Reich and Lander 2001; Rosenberg et al. 2010). These
studies explored wide ranges of the effects of risk variants on the fitness
of carriers (i.e. the effect a risk variant will have upon the probabilities of
survival and reproduction of an individual) to answer questions on the
frequency and number of alleles expected in loci playing a major role in
the architecture of complex traits. These studies showed that a regime of
weak purifying selection would prevent the fixation of disease variants,
leaving them at intermediate frequencies. Given its correlation with
heterozygosity (Visscher et al. 2012) these alleles would contribute most
of the genetic variance of disease. In other words, simulation studies
suggested that a relatively restricted set of common variants (frequencies
>(0.05) could account for a large proportion of the heritability. All these
ideas helped in the establishment of the Common Disease - Common
Variant (CD/CV) hypothesis. This paradigm states that common
variants in susceptibility genes account for most of the genetic risk of
complex disease and other polygenic traits, including ageing. The slightly
deleterious effects of these variants in the fitness of affected individuals
explain their relatively high allele frequencies. Their frequency would
counterweight the low relative risks of these variants, thus explaining the
large prevalence of complex disease in modern populations. Along with
strong criticisms from some authors (Weiss and Terwilliger 2000) the

CD/CV hypothesis was established as the paradigm in human genetics
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and paved the way for the wave of linkage disequilibrium-based

association studies.

1.4.3 Hunting the first ageing genes

Senescence as a complex and common trait can be framed within the
CD/CV hypothesis, in the sense that many intermediate frequency
variants contribute to it. However, the first steps in the identification of
ageing-related genes were made by isolating some large effect genes.

The first keystone on the puzzle was set in 1983. Klass, Nguyen, and
Dechavigny (1983) used populations of the nematode C. elegans to identify
mutations in a gene named age-1, which controlled lifespan, but authors
thought that this extension was due to caloric restriction, the only
procedure confirmed to boost lifespan by then (Masoro 1985). Some years
later (Friedman and Johnson 1988), age-7 would be truly confirmed as a
gene directly controlling mean and maximum lifespan. The recessive
mutant allele age-7(hx5406) in C. elegans posed an increase of 40-65% in
mean lifespan and 60-110% increase in maximum lifespan. This lifespan
lengthening does not come alone and implies pleiotropic effects by
reducing hermaphrodite fertility, fitting Williams' predictions (1957),
although this may be a cause of slower ageing, rather than its
consequence. This gene codes for a downstream component of the PI3-
kinase/PDK/Akt pathway, which possibly affects spermatogenesis or

other metabolic processes resulting in decreased fertility.
The second clear-cut example of a gene discovered to modulate ageing is

the daf-2 gene, also from C. elegans (Kenyon et al. 1993). Curiously, it also
belongs to the PI3-kinase/PDK/Akt pathway. When any of the three
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studied mutations within this gene was knocked out, nematode's
maximum lifespan extended more than double. However, the activity of a
second downstream gene, daf-76 is also needed. The authors have
hypothesized that blocking the signaling on these genes will produce an
analogous effect to that produced when caloric restriction is applied
(Kenyon et al. 1993). Caloric restriction and related metabolic pathways
seem to be a major determinant of longevity in most of the species,

including humans, nematodes and flies (Heilbronn and Ravussin 2003).

Drosophila, another “gold standard” laboratory animal, also seems to
manifest extended lifespan when manipulating some of these metabolic
related genes (Helfand and Rogina 2003; Tatar, Bartke, and Antebi 2003).
The highly similar response observed after modifying metabolic genes in
worms, mice and flies demonstrates the high evolutionary conservation of

pathways affecting ageing across species.

1.4.4 Linkage disequilibrium mapping and the candidate gene

€ra

At the turn of the new millennium and parallel to the ongoing Human
Genome Project, linkage disequilibrium-based association mapping was
established as the choice method to unravel the genetic bases of complex
traits. Linkage disequilibrium (LD) (Figure 6) is the nonrandom
segregation of two or more alleles at different loci during meiosis (Hill

1974; Lewontin and Kojima 1960).
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Figure 6: Linkage disequilibrium representation. |a| Polymorphic locus with
alleles 4 and a. |b| A mutation occurs changing allele B to 4. This happens on a single
chromosome with either allele .4 or « at the first locus (A in this case). So, only three out
of the four possible haplotypes will be observed in the population. The 4 allele will
always be found with the 4 allele at the adjacent locus on the same chromosome. |c]|
The association between alleles at the two loci will gradually be disrupted by
recombination. |d| This will create the fourth possible haplotype and an eventual
decline in LD among the markers in the population as the recombinant chromosome
(a, b) increases in frequency. Adapted from Ardlie, Kruglyak, and Seielstad (2002).

These loci are said to be in linkage disequilibrium when the frequencies of
gametes with a pair of alleles x and y is different from the product of their
corresponding allele frequencies (Slatkin 2008). The LD-based
association mapping method aims at establishing statistically supported
associations between genetic markers and the phenotype of interest. In
contrast to classical genetic linkage studies (Bodmer and Bonilla 2008),
association mapping ascertains the transmission of the phenotype with
particular alleles instead of with the entire loci. In the context of disease
studies, genetic associations arise when specific alleles are more frequent
in cases (individuals with a certain phenotype) than in controls (without
the phenotype) (Ziegler, Konig, and Pahlke 2010; Histbacka et al. 1994).
Associations between alleles and phenotypes arise either when the tested

marker is causal (direct association), or in the more likely scenario that the
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variant under study presents strong LD with the marker that in turn

causes disease (indirect association).

In consequence, candidate association studies present two requirements
regarding genetic variation: First, prior biological knowledge is necessary
to select loci that “make biological sense” (Thomas 2004) or contain clues
of participation in the etiology of the phenotype of interest. Second, dense
spacing of markers is necessary to cover extensively the ascertained
candidate loci. Two broad classes of genetic variations can be
distinguished in our genomes according to their size: Single nucleotide
polymorphisms (SNPs) and structural variation. SNPs are just point
mutations of a single base. SNPs are the marker of choice for association
studies due to their abundance in our genome (>62 million, according to
dbSNP), but an understanding of the strength of LD in human genomes
is necessary for a proper design of population-based association studies. A
very initial study based on simulations estimated that LD would not
extend, on average, beyond 3 kilobases (Kruglyak 1999). Subsequent
studies based on actual data established the existence of discrete haplotype
blocks that extend for several tens of kilobases before being punctuated
by recombination hotspots (Daly et al. 2001). The possibility of
characterizing haplotype blocks by the genotyping of a low number of
SNPs (named tagSNPs) that may be shared across populations (Gabriel
et al. 2002) prompted the establishment of the HapMap project in 2002.
The widespread availability of SNP markers expedited the publication of
candidate gene association studies using case-control designs (Hirschhorn
et al. 2002; Hirschhorn and Altshuler 2002). In this design, frequencies of
variants at the ascertained SNPs are compared in populations of cases and

controls. Their penetrance and relative risks can be approximated in
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association studies by calculating the strength of association using, for

instance Odds Ratios (OR) (Figure 7) in the case of binary traits.

Cases (n=1,000) VS, Cantrols (n=1,000)
(express the trait) (do not express the trait)
® ) @ ® @ o
I |
v
L T
Cases 62% 38%
Controls 49% 51%

x2 = 34.2, p-value = 4.9x10~?
_ Please|C)/ Pleontrol|C)
~ Plcase|T)/ P(eontrol|T)
_ 0.62/0.49
©0.88/0.51

OR 1.7

Figure 7: Case-control association study design. Note how ORs are calculated.

Conditions that are better approximated as quantitative traits (e.g. height
or blood pressure) can be assessed through linear regression methods.
The identification and replication of several associations through
candidate gene approaches, such as CT1.44 and type 1 diabetes or NOS2

and Crohn’s disease, created a huge wave of hype in the community.
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1.4.5 Candidate genes for ageing

More in line with the present work, ageing or senescence can also be a
phenotype of interest to tackle by association mapping. After all,
“senescent people” are a group of individuals that share phenotypic and
genotypic characteristics. Pioneering studies tested loci previously known
or suspected to have a role in human ageing or longevity. Mainly,
mutations close to APOE and FOXO3A genes were consistently
replicated (Christensen, Johnson, and Vaupel 2006; Willcox et al. 2008;
Schichter et al. 1994), but also some others (Budovsky et al. 2013;
Stessman et al. 2005). The APOE gene was postulated as a candidate
because a certain allele notoriously increases the risk for Alzheimer’s and
heart disease (Christensen, Johnson, and Vaupel 2006; Schichter et al.
1994; Davignon, Gregg, and Sing 1988). Ortholog of FOX03.A4 is known
to increase lifespan in C. elegans, Drosophila and mice (Murphy 20006).

Despite the handful of genes identified using these more classical
methods, the genetic variance explained for senescence phenotypes most
likely does not come only from a handful of loci, but from the combined
action of many common polymorphisms, usually of a small effect size.
Definitely, the true complexity of the genetic architecture of ageing,
senescent or longevity phenotypes cannot be captured through traditional

linkage, familiar association, or candidate gene methods.
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146 A call for a gold standard technique: Genome-Wide
Association Studies (GWAS)

The plethora of questionable associations that infested the field of
candidate-gene studies could have ruined the prospects of ever
discovering the genetic basis of disease and other complex traits. Criticism
was independently raised by John P. A. Ioannidis et al and Joel N.
Hirschhorn et al. (Ioannidis et al. 2001; Hirschhorn et al. 2002) Ioannidis
et al., reviewed 370 studies and 36 genetic associations, showing that ORs
in first and subsequent replication attempts were only modestly correlated,
with a considerable number of cases in which this discrepancy went
beyond what would be expected by chance. They also evaluated up to
which extent the so-called “winners’ curse” was real. This is: results obtained
in the first studies tend to overestimate real ORs, when compared to
subsequent studies, highlighting thus spurious inflated findings. Outcomes
of this experiment revealed up to eight associations initially published by
prestigious journals that were affected by this phenomenon. Nonetheless,

other associations remained solid after the analysis.

Similarly, Hirschhorn et al. (2002) reviewed >600 associations reported as
positive findings. They showed that only 6 out of 166 associations studied
more than 3 times were replicable. A wealth of statistical, biological and
sociological reasons has been put forward to explain replication failures.
Among these; population stratification, linkage disequilibrium, gene-gene
and gene-environment interactions or weak genetic effect and lack of
power were proposed as putative failures of candidate-gene association

studies.
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The poor outcome of candidate-gene association studies called for a more
trustable system of evaluating gene-disease connections. Genome-wide

association studies’ (GWAS) era had arrived.

1.4.6.1 What is in a GWAS?

Despite contrary predictions (Hirschhorn et al. 2002), technological
development of commercial chips for high-throughput genotyping
improved the availability of polymorphisms to a density of up to several
SNPs per kilobase making it feasible to look for common variants
associated to complex traits by means of GWAS. Additionally, unraveling
of genome-wide LD patterns informed about the possibility to capture
~80% of the predicted >10 million of common SNPs segregating in
human populations with a scattered selection of just 0.5 to 1 million SNPs
(Visscher et al. 2012). As in candidate gene association studies, GWAS
rely on comparing allelic or genotypic frequencies between cases and
controls, but on the whole genome. Significant departures of expected
frequencies between both groups will result in an associated signal (Figure
8). Most traits, such as human height or even ageing, tend to present
continuous variation across individuals. This is because they are controlled
by large numbers of genes and each causal variant explains a tiny fraction
of the overall phenotypic variation. In this regard, GWAS have arisen as
one of the most powerful tools to unravel the alleles that underlie
individual phenotypic variation.

The first GWAS were published in 2005 and 2006 (Klein et al. 2005;
Dewan et al. 2006). Even if using few markers and samples (<100,000
SNPs genotyped upon <200 individuals), both studies managed to find
common variants associated to age-related macular degeneration thanks to

the large effect size of causal variants (OR>2). In 2007, the Wellcome
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Trust Case Control Consortium published a GWAS for seven different
diseases using a set of 3,000 shared controls (WTCCC 2007). The
WTCCC paper became a landmark due to the large number of samples
used (2,000 per disease), the confirmation of the small effect of
population stratification in Europeans, the setting of genome-wide
significance thresholds and the replication of previous signals. Dropping
costs of commercial arrays and the development of computational tools
helped in the exponential increase of published GWAS (Welter et al. 2014;
Clarke et al. 2011).

GWAS present two key differences with respect to candidate gene studies.
First, there is an inherent issue related to numbers. Previously, a few tens
of markers and, at most, a few hundreds of individuals were analyzed. In
contrast, GWAS studies test millions of markers (many of which are
just imputed, that is, zuferred using statistical techniques) in thousands of
individuals gathered from diverse cohorts. Second, GWAS are said to be
“hypothesis-free”: they do look for common risk effects, but they do so
by looking at SNPs scattered across the genome and without any a priori
list of candidate loci (Ziegler, Konig, and Pahlke 2010). Thus, the
adjustment for multiple testing constitutes an important decision in

. e two most used cut-offs are 5 X 10~ and 5.
GWAS. Th d ff: 5% 1077 TCCC 2007 d 5.0

X 107® (strict Bonferroni), but there are several available methods
available to select proper significance thresholds (McCarthy et al. 2008)
(Figure 8).
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Figure 8: Manhattan plot showing p-values from a GWAS. X-axis represents SNPs
ordered by physical distance and Y-axis represents the p-value attained in GWAS. SNPs
over the line are those considered genome-wide significantly associated (5 X 1077) with
the trait, according to the WTCCC (2007).

At the time of writing this thesis, more than 2,500 published studies were
recorded in the public catalog of GWAS (NHGRI-EBI GWAS Catalog,

www.ebi.ac.uk/gwas/) maintained by the European Bioinformatics

Institute (Welter et al. 2014). However, GWAS present a heavy bias
towards using exclusively individuals of European genetic ancestry. In
2010, an early survey of GWAS publication patterns found that >80% of
studies did not use any cohort of non-European ancestry (Rosenberg et al.
2010), although this bias has decreased in recent years (Fu, Festen, and
Wijmenga 2011). Interestingly, non-European GWAS present challenges
related to imputation ability, genomic coverage, and statistical power (due
to the ascertainment of SNPs in commercial arrays). However, several
reasons fuel the case for GWAS generalization across populations to
better achieve the objectives of complex disease mapping (Rosenberg et

al. 2010). The ability to detect disease variants can vary if they have
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different effect size or present disparate allele frequencies across
populations (Adeyemo and Rotimi 2009). Additionally, the use of diverse
populations allows taking advantage from the variation in LD across
ethnical groups and thus help in the fine mapping to narrow the location
of causal variants (Visscher et al. 2012). In any case, comparisons of
GWAS replicability have reported high rates of concordance across
populations (Marigorta and Navarro 2013).

1.47 Knowledge gained from GWAS and potential

applications.

By mid-2016 there were more than 4,000 loci that have been robustly
associated to disease with a p-value < 5.0 X 10° (Welter et al. 2014). The
number of loci identified for each disease has increased exponentially
when compared to associations discovered and replicated through
candidate gene approaches. This observation emphasizes the limitations
of an approach based on biological candidates compared to the
“hypothesis-free” design of GWAS. Pathway analysis of the discovered
loci has provided unsuspected insights into the biological mechanisms of
human complex phenotypes. The range of new understanding applies to
specific traits (e.g. ILZ3R role in ankylosing spondylitis) as well as shared
etiology across phenotypes (eg loci associated to disparate autoimmune

disorders).

After the confirmed low replicability of candidate gene studies GWAS
were eventually seen in a similar pessimistic way. In the next section I will
dig a bit into this debate. Evaluating the reliability of GWAS by studying
its replication patterns through time, and their ability to predict disease

genetic risk, are two of the results derived from this PhD thesis. These are
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important preconditions to be met if one wants to use these data to
perform the task of examining two evolutionary theories of ageing relying

in such data.

1.4.8 Translating GWAS findings to clinic

The prospects for personalized genetic medicine depend on the ability to
translate true GWAS findings into the clinical setting. One immediate
possibility lies in the development of genetic profiles based on GWAS risk
markers available through consumer testing (Jakobsdottir et al. 2009;
Kraft et al. 2009; S. H. Lee et al. 2008). Potentially, genetic profiles based
on risk markers may distinguish between high-risk and low-risk groups of
individuals for particular disease phenotypes. So far, additive models
constructed from a few GWAS variants have been shown to lack the
power to pinpoint individuals that will develop a given complex disease

(Jakobsdottir et al. 2009).

The current performance of predictions for individual genomes remains
unclear (Burga and Lehner 2012; Jelier et al. 2011) and only the
combination of larger sample sizes and improved genomic coverage will

raise to the hopes for personalized genetic testing.

Results derived from this PhD thesis highlight the importance of
integrating evolutionary biology into medicine, and how disease prediction
accuracy of current genetic association results could, in the future, help
informing decisions in healthcare. These and other complementary results

will be further discussed in section 3.2.
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1.4.9 Novel strategies uncovering senescence factors

Progress in the genomics area accelerated once the human genome was
completed in 2001 (Lander et al. 2001), and continues to advance as high-
throughput-omics technologies become more accessible (Goodwin,
McPherson, and McCombie 2016). Accessible “Big Data” public
databases (Lappalainen et al. 2015; Mailman et al. 2007) allowed
researchers to develop further work reusing genome-wide data for new
purposes and lines of research, with optimal results (Pickrell et al. 2016;

Fortney et al. 2015).

All along the writing of this thesis I have been linking the concepts of
disease and senescence. Both of them tend to come together, although
one does not necessarily imply the other (Erikson et al. 2016). An inherent
problem to study ageing through GWAS is that centenarians are
uncommon (less than 0.02% in the US Census Bureau for 2010) and
gathering a large and reliable cohort of individuals can be costly.
However, it is true that genetic variants associated with age-related disease
are more likely to be associated with longevity (Fernandes et al. 2016).
Taking advantage of this principle, Fortney et al. (2015) gathered genome-
wide data from a meta-analysis of 24 disease and traits related with ageing.
Using genome-wide p-values from each of these traits they selected the
top scoring SNPs and created a QQ plot with the p-values obtained for
these SNPs in the largest GWAS for longevity by that time (n=801
centenarians) (Sebastiani, Solovieff, et al. 2012) against what could be
expected by chance. This allowed them to identify loci for 9 diseases
genetically overlapping with longevity, emphasizing the value of public
data to discover new loci related to this condition. This represents a

remarkable advance, considering that the only hit consistently replicated in
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GWAS of ageing were only a handful of variants near APOE/TOMM40,
also involved in Alzheimer (Sebastiani, Solovieff, et al. 2012; Deelen et al.
2011; Deelen et al. 2014; Broer et al. 2015). Additionally, another locus at
chromosome 5q33.3 was associated with longevity at genome-wide

significance in one study, but has not been replicated yet (Deelen et al.

2014).

A way to bypass the mentioned limitation of gathering a significant
amount of centenarian samples is to use indirect methods. Pilling et al.
(2016) used public genotype data (UK Biobank; n=75,000) where age at
death for parents of middle-aged genotyped individuals was collected.
They conducted a GWAS on longevity using an individual’s parents age of
death as a proxy and were able to replicate previously ageing-related loci,

many of them related also to disease

1.4.10 High-throughput sequencing and the genetics of

senescence

Next-generation sequencing has also turned into a very useful and
promising tool to unravel the heritability of diseases (Eichler et al. 2010).
The interest of uncovering genetic factors that contribute to age-related
diseases spurred the motivation of discovering particular variants, either
common or rare, leading to super-centenarian ages. The sequencing
of two super-centenarians (>114 years old) (Sebastiani et al. 2012)
revealed that rare, but also common variants, play a role in longevity. Both
of the individuals sequenced suffered from ageing-related conditions. This
prompts us to make a distinction between common ageing (involving

disease) and healthy ageing, a distinction that Greek myths already made.
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Recently, Erikson et al. (2016) sequenced a cohort (n=600) of healthy
aged people (median age: 84 years), that is, free from a certain spectrum of
age-related conditions. The main finding was that healthy ageing is a
different phenotype from longevity. This was partially a consequence to
enrichment with disease protective genetic variants. Protection against
cognitive decline was among the culprits of achieving a vigorous ageing.
In other words, fit ageing is not simply the result of pure luck, a finding

that has been recently reconfirmed (Schwarz et al. 2016).

Sequencing strategies were also applied to reveal secrets of longevity in
other organisms known to present extraordinary patterns of senescence.
Among others, two clear examples of long-lived organisms had their
genomes sequenced, namely Hydra magnipapillata (already discussed
in section 1.2) (Chapman et al. 2010) and the bowhead whale (Keane et
al. 2015). In the Hydra genome paper authors did not describe any direct
genetic controller responsible for immunity to senescence; rather, they
found that Hydra's genome is characterized by bursts of transposable
element expansions, horizontal gene transfer, trans-splicing, and
simplification of gene structure and gene content. A combination of these

elements can be responsible for the peculiar life cycle of the organism.

On the contrary, the genome of the bowhead whale (longest lived
mammal), shed light on its longevity by identifying positively selected
genes and whale specific coding mutations associated with cancer and
aging, besides other minor and major genetic changes related to several

physiological processes, which may explain its long life.

These approaches call for a diversified perspective if we wish to fully

understand ageing and senescence, abandoning the anthropocentric vision
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of current research in the field given the high diversity of senescence
patterns across the tree of life (Figure 5) (Jones et al. 2014). Resources on
a wide variety of genetics of ageing through the tree of life fostered
initiatives like AnAge (de Magalhaes et al. 2009; de Magalhies, Curado,
and Church 2009), where all the genes that had been at least once related

to ageing or senescence phenotypes in any organism are gathered.
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2. OBJECTIVES

“And meanwhile time goes about its inmenorial

work of mafking everyone look and feel like shit.”

Martin Amis (British writer, b. 1949);
London Fields (1989)

The increasing ageing of the World’s population has spurred the interest
on the causes and mechanisms of senescence, the physical decay of
organisms with age which implies infirmity, physiological decay and
increased disease risk. Senescence has long been a mystery and, as of
today, there is no single universally accepted theory that accounts for the
ultimate evolutionary purpose of senescence (if indeed there is one). Two
of the most popular evolutionary explanations proposed so far are the
Mutation Accumulation Theory, proposed by Medawar in 1951, and the
Antagonistic Pleiotropy Theory, suggested by Williams in 1957. However,
an exhaustive assessment at genome-wide level of the impact of their
effects in the senescence of our species has not yet been carried out. This

is the main objective of the present work.

Within this context, this PhD thesis presents four specific goals:
1. To test the soundness of GWAS findings by assessing both, their

replicability patterns across time and their quality when used to predict

disease risk.
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2. To study comorbidity from the perspective of the genetic risk of
complex disease considering, for the first time, the age of onset of
diseases as a fundamental factor. Derived results may unveil a series of
potentially medically relevant comorbidities, especially those involving

early and late onset diseases.

3. To test whether the Mutation Accumulation Theory of Senescence can
explain the patterns of mutation-selection balance shown by disease-

associated alleles, discovered by GWAS in current human populations.

4. To assess, for the first time, up to which point the predictions of the
Antagonistic Pleiotropy Theory of Senescence are met at the genome-

wide level in humans.

As explained in the introduction, the fulfillment of the first specific goal is
critical for us to ensure the proper formal testing of the two theories of
ageing discussed in this work. Only if GWAS data are sound does it make
sense tackle the other goals and use these data to test evolutionary ageing

theoties.
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3. RESULTS
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3.1.

Marigorta UM, Rodriguez JA, Navarro A. GWAS replicability
across time and space. In: Appasani K, editor. Genome-Wide

Association Studies. Cambridge: Cambridge University Press;
p. 53-66. DOI: 10.1017/CB0O9781107337459.006

The standard procedure to validate scientific findings is by assessing their
replicability in subsequent studies. In our case, if we wish to use GWAS
data for further goals, we need to confirm that they are reliable and
robust. This exercise is the main aim of this first results section, where we

evaluated the replicability of the GWAS discoveries across time.
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Results

3.2

Rodriguez JA, Marigorta UM, Navarro A. Integrating genomics
into evolutionary medicine. Curr Opin Genet Dev. 2014
Dec;29:97-102. DOLI: 10.1016/j.gde.2014.08.009

Evolutionary medicine is an emerging field whose origins date back to
George C. Williams and which considers illness in the context of
evolutionary adaptations. The two cornerstone evolutionary theories of
senescence that we are trying to demonstrate in the present thesis
constitute two evolutionary explanations for disease in old ages. Once we
confirmed that GWAS produced solid and replicable results, we aimed to
evaluate up to which point this information can be translated to
the medical field by, for instance, helping to predict genetic disease risk
and informing healthcare decisions from an evolutionary point of view.
The suitability of these data to inform complex disease risk is
another key condition to satisfy if we wish to anticipate disease onset.
Still, two main problems that thwart the widespread application of

genomics into evolutionary medicine will be discussed.
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Results

3.3.

Rodriguez JA, Marigorta UM, Hughes DA, Spataro N, Bosch
E, Navarro A. Antagonistic pleiotropy and mutation
accumulation influence human senescence and disease. Nat
Ecol Evol. 2017 Jan 30;1(3):55. DOIL  10.1038/
s41559-016-0055

(Under Review in: Nature Ecology and Evolution)

Two of the most widely known evolutionary theories to explain
senescence are tested here using, for the first time, genome-wide
human complex disease data. We found clear evidences that actual

data fit the predictions of both theories.

95


https://www.nature.com/articles/s41559-016-0055

4. DISCUSSION

“That you get ngly when you get old. It’s all perfectly simple.
In fact I can tell you how it’s going o go.

Everything seems fine until you're about 40.
Then something is definitely beginning to go wrong.”

Martin Amis (British writer, b. 1949);

when asked about ageing and beauty.

The last chapter of the introduction highlighted both, the opportunity that
public data pose to conduct research in genomics of ageing and the
interesting and unexpected results that can be produced. Public availability
of these data leaves us in an optimum position to test two evolutionary

ageing theories in an unprecedented way.

This discussion will be articulated in three parts. The first two parts
(sections 4.1 and 4.2) will be dedicated to elaborate on the main findings
reported in results section 3.1 and 3.2 and will discuss how GWAS have
produced consistent and mostly solid results, whether these can be
directly translated to the medical field and the possible drawbacks of such
a step. The last section of the discussion (4.3) will be finally devoted to
demonstrate that by using this robust and trustworthy public data I can
shed new light over a problem that has remained unsolved problem for

centutries.
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4.1 RELIABILITY OF GWAS DATA

A final purpose of the quest for disease-related genetic markers is to take
profit from them to help anticipating the risk, onset and progression of
diseases. This is what we know as medical genomics. GWAS have
fostered this field since they arose about ten years ago. However, the
soundness and quality of GWAS data are crucial if we wish to push
forward this emerging field. Replicability of any GWAS finding in an
independent set of individuals constitutes a standard key step in validating
new discoveries. GWAS entered the genomic scene called to be the
solution to the lack of replicability inherited from the candidate-gene era
(Lohmueller et al. 2003). However, a systematic evaluation of the
replication in GWAS since they appeared had not been yet fully

performed until the completion of this PhD.

A first exploratory analysis on GWAS’ replication patterns was carried out
earlier in our research group, focusing in geographical replication. In
particular, earlier work by Marigorta et al. (2011) showed that candidate-
genes’ lack of replicability was due to populational differences. In a later
and deeper analysis, Marigorta and Navarro (2013) using exclusively
GWAS variants demonstrated that common risk variants are highly shared

within Eurasian populations.

The first GWAS were performed with relatively low sample sizes (Klein et
al. 2005) discovering variants of high effect size. However, high effect size
variants are not very common and will be efficiently captured even by
early low-powered studies. GWAS were aiming to disentangle the genetic

architecture of complex diseases, which usually involves many variants
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with medium to small effects, requiring sample sizes several orders of

magnitude higher than those seen in the first GWAS.

Most of the success of unmasking small effect variants was due to meta-
analyses, where individuals from several independent studies were
combined to increase discovery power, as a consequence of increasing
sample size (Appendix 1). The first wave of these studies was performed
during a time (around 2010) in which skepticism about GWAS was
encouraged by the fact that the heritability of the diseases under study
explained by GWAS hits was below expectations. In that sense, these
meta-analyses were crucial to reassure the validity of GWAS. Following
this, we currently know that hits returned by the leading WTCCC study in
the first semester of 2007 (WTCCC 2007) have been subsequently
replicated over and over again, as have many other hits coming from
other GWAS, as we can see in Figure 12. That figure shows that results
from GWAS are not only comprising new discoveries, but also abundant
replicas of previous findings. This picture contrasts sharply with the
landscape generated during the candidate gene era, during which barely

3.6% of results were robustly replicable (Hirschhorn et al. 2002).
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Figure 12: Results derived from GWAS during the period 2005-2013. I represent newly
discovered loci and subsequent replicas (considered independent if lying under 200
kilobases from an existing hit), for Eurasian populations for the 46 diseases with the
highest number of loci discovered. Replicas are cumulative across semesters.

An interesting view can be gained from replicability trends when
comparing different groups of diseases (Figure 13). Findings on mental-
related phenotypes did not present any replica until 2011, when large
sample sizes became available, reflecting their highly polygenic

component.
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Figure 13: Numbers of discovered loci, first replicas, and repeated replicas for three

different categories of disease. (a) Two disorders of the CNS, namely schizophrenia and

bipolar disorder; (b) immune-mediated disorders (n = 17); (c) cancer (n = 11).

On the contrary, immune mediated phenotypes quickly got their replicas,
while cancers were mostly benefited by meta-analyses that could be
conducted at quite regular time intervals. The distinct replication patterns
observable for different types of disease reflect their underlying genetic
architectures, shaped by natural selection and other phenomena in ancient
times. This highlights the need of accounting for evolutionary approaches
if we want to translate these findings to a clinical setting, as emphasized

next.
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4.2 INTEGRATING GENOMICS INTO EVOLUTIONARY MEDICINE

The field of medical genomics offers an interesting perspective about the
origin of some diseases. Essentially, evolution provides the context that
helps explaining why we get sick the way we do (Nesse and Williams 1998;
Nesse and Williams 1994). After all, what we see today as a disease that
impairs reproductive fitness may have been placed in a totally different
scenario in the past, reflecting adaptations to ancient environments or
conditions. The idea that natural selection, and broadly, evolutionary
biology, can help us understand human disease was firstly enunciated by
Paul W. Ewald (Ewald 1980), Randolph M. Nesse and George C.
Williams (G. C. Williams and Nesse 1991), who started the field of
“evolutionary medicine”. They and others (G. C. Williams and Nesse
1991; Nesse and Williams 1994; Nesse and Stearns 2008) emphasize that
disease should be actually seen as a combination of at least three elements:
the evolutionary history of the human lineage; changing environment of
the past and the current evolutionary forces to which we are exposed. A
deeper understanding of these three elements and their interactions will be
fundamental for the advance of medicine. We have just seen that a high
number of signals discovered by GWAS had a replica in subsequent
studies, showing that indeed (some) truth lies in them. Gaining the insight
offered by the study of the genomics of disease will be of key relevance
for the field. When both approaches are combined the result is

“evolutionary genomics medicine” (EGM).
The MA and AP theories propose an explanation for senescence and age-

related diseases, offering an evolutionary explanation to a medical

problem. These two theories were proposed more than 50 years ago.
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However, despite all previous work on both theories, public genome-wide
data on genetic association to complex disease had never been put in the
context of understanding senescence. Public availability, robustness and
demonstrated replicability allow carrying out detailed tests of both, MA
and PA.

In what follows, I will discuss how two obstacles currently hinder the
direct integration of evolutionary knowledge in medical decisions and how

by overcoming them we could foster EGM.

4.2.1 Dissociation genotype-phenotype

The first obstacle stems from the dissociation between genotype-
phenotype. This problem derives from the enormous difficulties in the
translation of the observable phenotypes to the molecular machinery
behind them. The molecular pathways responsible for even the most
obvious phenotypic adaptations, such as the textbook examples of our
opposable thumb and capacity for language, remain largely unknown
(Lewontin 1974; Culotta and Pennisi 2005; Nielsen et al. 2005). Being able
to bridge this gap between observed genetic variation and phenotypic
variance is not a straightforward task, but it is vital if we want to take

profit from the discoveries made.

Anyway, how translatable are genetic markers to real phenotypes? Up to
which point? By using public data (WTCCC 2007) we show that genetic
discoveries made during the highpoint of the GWAS era (2008-2014) had
a significant positive impact when used to predict if an individual will
develop a disease. Besides being replicable, GWAS data have shown a real

value when translated to clinical terms. As expected, we obtained different
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results for the five conditions studied, which pointed to differential
genetic architectures and varied environmental or genetic contributions to
the traits. This pattern is coherent with what we obtained previously when

evaluating replicability across groups of diseases.

The general increase in prediction ability observed over time was mainly
due to larger sample sizes (See Figure 3 in the article, section 3.2),
reinforcing the general patterns also seen previously (Appendix 1).
Prediction ability for Crohn’s disease and bipolar disorder was particularly
increased, even though other conditions may need larger sample sizes or a
refinement of the approaches to account for environmental variance to

detect the infinitesimal architecture of these traits.

4.2.2 Dissociation fitness-phenotype

To apply the principles of EGM (G. C. Williams and Nesse 1991; Nesse
2008), we also need to consider how disease, health and fitness were
associated in the past. This leads to the second obstacle: Dissociation
fitness-phenotype. An important proportion of the diseases or responses
of our body that we consider detrimental exist because they eventually
represented a protective response. Ideally, what EGM needs is a proxy of
the impact of a disease into reproductive fitness. This is an important
issue if we wish to certainly test evolutionary medicine theories,
particularly in the case of the AP theory. As explained in the introduction,
the AP theory suggests that deleterious mutations associated with early
onset diseases will impair fitness during or after the fertile periods. In this
sense, we are taking for granted that most of the early onset conditions of

today, which we are using for our study, were detrimental to fitness in the
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past. I cannot help but thinking that, for example, vitiligo probably did
not result in too much impairment at the time of reproduction during
Paleolithic times. Some other pathologies, such as childhood cancers,
were clearly detrimental. However, the impact of some conditions in
reproductive fitness remains intriguing. In our work we have compared
the current prevalence of seven disorders across five large world areas.
Results are showing that even very close regions have strikingly different
prevalence of the same disease (Figure 14), reflecting the assorted
population histories of regions and the difficulties of inferring net fitness

impact of a disease.

3000 -
» 4
>_2000
4
<
o
1000 —
I T 1 I T I I
L & @ P F &£
N
S

Disease

Region . C Europe . W Europe . E Africa . W Africa SE

Figure 14: Disability-Adjusted Life Years (DALYs) lost to certain diseases across the
World. DALYs are units used by the World Health Organisation as a health statistic.
One DALY can be thought of as one lost year of "healthy" life. DALY's are provided in
rate/100,000, that is, out of 100,000 DALYs lost in the population how many of
correspond to each disease in each region. Data was gathered from the Institute for

Health Metrics and Evaluation (www.healthdata.org/).
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In the end, the differential evolutionary histories of Homo sapiens
populations shape differential susceptibilities to diseases.

Recent examples have shown that particular environments in ancient, but
also in current times, induce particular molecular adaptations in
populations. For example, strong evidence supports a high geographical
heterogeneity in effect sizes for the same variant between cohorts
analyzed for obesity in the United States and in Europe (Kilpeldinen et al.
2011). Further insights can be obtained by performing GWAS in other
populations than the standard ones. Moltke et al. (2014) identified a non-
synonymous variant in Greenland Inuit people conferring risk for type 2
diabetes with an effect size several times larger than regular signals. The
possibility that this variant was selected as protective because of the “feast
and famine” episodes experienced in the past favors the #hrifty genotype
hypothesis (Neel 1962). This hypothesis recently gained further support
with the discovery of a missense variant associated with body mass index
having a huge effect size (1.36-1.45 kg/m? per effect allele) in Samoan
islanders (Minster et al. 2016). However, the high preponderance of these
alleles may sometimes come with a fitness cost. A study on an Arctic
population (Clemente et al. 2014) revealed selective sweeps around a gene
carrying a non-synonymous variant, whose derived functional allele is
related with diseases such as hypoketotic hypoglycemia and high infant
mortality, but which still segregates at high frequencies in current
populations. The authors suggest that this variant increased in frequency
over the last 6-23 ky, probably after favoring adaptation to a high-fat diet

or to cold life conditions.

This vision of disease shaped by evolutionary histories leads us to recall
now the main objective of the present PhD: to test evolutionary theories

of senescence. Despite unavoidable caveats already discussed and the still
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long journey to real application of EGM in clinical settings, the availability
of quality data sets us now in an optimal position to investigate the
influences of these cornerstone theories in framing human disease and
senescence. I have stated in several places that an approach to the
problem such as the one we developed here had never been tried before.
The main reason is, of course, that it is only recently that the required data

are at hand.

4.3 EVIDENCE THAT MUTATION ACCUMULATION AND
ANTAGONISTIC PLEIOTROPY INFLUENCE HUMAN SENESCENCE

AND DISEASE

4.3.1 What do our results show?

The rationale behind this last but central piece of work from the present
PhD thesis was to provide the first systematic, genome-wide evidence for
evolutionary theories of senescence in our species. This will shed new
perspectives on the long-term debate about the causes of senescence and,
may help revealing unexpected connections between apparently unrelated

pathologies.

Our main results show at least five things:

1. That risk alleles with a notable impact on fitness (OR = 2) for late onset
diseases have higher frequencies than alleles increasing the risk of early
onset diseases. This favors the MA hypothesis because it is consistent
with natural selection keeping eatly onset deleterious alleles under harsher

purifying selection (see Figure 1A in the manuscript, section 3.3). In
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particular, when using age 40 or younger as a cut-off for the early-late
onset transition, frequencies of early onset diseases are always significantly
lower, reflecting the higher efficiency of natural selection during the early

ages of a cohort.

2. That SNPs associated to late onset diseases explain a higher proportion
of the variance of their associated diseases. Again, this favors the MA
hypothesis because stronger effects can be tolerated by weaker purifying
selection. Differences between both early and late onset groups stop being
significant at age 50, emphasizing again a biological barrier around 40-50

years (see Figure 1B in the manuscript, section 3.3).

3. That there is an excess of early-late antagonistic pleiotropies. In other
words, some mutations that harm the organism at old ages also seem to
have beneficial effects on health at younger ages. This favors the AP

theory because it predicted the existence of such mutations.

4. That we found suggestive evidence of the action of natural selection in
3 loci out of 19 involved in antagonistic early-late pleiotropies. The early
onset diseases of these pleiotropies imply really strong consequences to
reproductive fitness, that is, theory would predict that a protective effect
would be advantageous and favored despite detrimental consequences

later on (Table 2).
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EARLY ONSET LATE ONSET
Derived is
. . al
SNP Disease AnAclfeslteral SNP Disease An:]f:fe” early Gene
protective
11295686 Asthma T 1520541 Psoriasis G YES 1113
151295686 ?;Efm T 1520541 Psoriasis G YES 1113
1Al
1520541 E;ﬁk;;; G 1520541 Psoriasis G NO 1113
2157719 Glioma c 15523096  Glaucoma A YES CDKN2A4
152157719 Glioma c 1564308 Lype2 T YES CDKN2A
diabetes
2157719 Glioma c 17865618 COronany A YES CDKN2A
heart disease
2157719 Glioma c 11412829 Nasopharynx A YES CDKN2A
carcinoma
X Age-related
1511755724 Mlul“Pli‘ A 1511755724 macular A YES RREBT
SCICrosts degeneration

Table 2: Early-late antagonistic pleiotropies detected in the genes showing evidences of
natural selection: II.73, CDKN2 and RREBT. Note that almost all of the protective
alleles are derived, compared to chimpanzee.

One of these three genes, CDKIN2A, is particulatly outstanding because
of the clear role it plays in ageing and disease. Several molecular signals
for recent positive selection have been found around this gene. Among
others, the most interesting were two selective sweeps, one complete and
another incomplete, surrounding this locus. Further information, analysis
and images regarding its molecular biology and natural selection patterns
can be found in the Supplementary Information section 7 of the

manuscript (section 3.3).

Recently, three papers (Fortney et al., 2015, Pilling et al., 2016, Erikson et
al., 20106) highlighted the role of CDKN2A in ageing (either healthy or
poor) and exceptional longevity. Interestingly, Fortney et al. identified
four loci (APOE/TOMM40, CDKN2B/ANRIL, ABO and SHZ2B3)
associated with exceptional longevity. Except for ABO, the other three

were involved in 30 of our pleiotropies (four of them being antagonistic
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early-late), which makes sense because we found evidences that ageing-
related genes carry a significant excess of pleiotropies (Table 1 in the

paper, section 3.3).

In the previous section I discussed the different prevalence of diseases
across populations and the need for an EGM approach to understand it.
The main early onset disease related with CDKN2A is glioma, a deadly
child brain tumor accounting for up to 24% of child cancers in UK
(Cancer Research UK 2016). Quite clearly, this poses a large handicap in
terms of reproduction; now and 10,000 years ago. Prevalence in terms of
DALYs (Disability-Adjusted Life Years) lost to this cancer in three large
world regions (Figure 15) are strikingly dissimilar; being practically absent
in Sub-Saharan Africa and Southeast Asia, where the protective allele is
virtually fixed, but mildly prevalent in Europe, where the allele segregates

at intermediate frequencies.
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Figure 15: Disability Adjusted Life Years (DALY's) for brain and nervous system cancers
in three world regions. DALY are provided in rate/100,000. Data was gathered from
the Institute for Health Metrics and Evaluation (www.healthdata.org/).

If the higher frequencies of the protective allele for glioma are reflected in
fewer DALY lost in Africa and Asia, the opposite pattern should also be
expected. That is, DALYs lost to the four late onset diseases linked to
CDKN2A (type 2 diabetes mellitus, ischemic heart disease, glaucoma and
nasopharynx cancer) should be significantly higher both in Sub-Saharan
Africa and Southeast Asia than in Europe, a prediction that is clearly
tulfilled (Figure 10).
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Figure 16: Disability Adjusted Life Years (DALYS) lost to the four late onset conditions
involved in pleiotropies in the CDKN2A gene. Note the lower DALYs lost in Europe
for all four conditions.

5. That genes harboring such early-late antagonistic pleiotropies present a
very significant overlap with several sets of genes that have been related to
senescence and ageing. In addition, pleiotropic regions and regions that
change methylation state with age (differentially methylated regions;
DMRs) present a statistically significant overlap. Again, this favors the AP
theory because it strongly links age-related antagonistic pleiotropy with

senescence (see Table 1 in the manuscript, section 3.3)
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In conclusion, as predicted theoretically by Peter Medawar and George
C. Williams, we found clear evidences that senescence and disease are
influenced by the phenomena of mutation accumulation and antagonistic

pleiotropy.

4.3.2 Placing results into a biological context

Around the period where the excess of antagonistic pleiotropies early-late
is more significant (40-50 years old) a physiological decay arises with the
onset of menopause, even though, in current populations, this is not
linked with an increase in mortality. Still, evaluation of medical records in
industrialized societies with long life spans such as the United States
revealed that these ages go together with an intense increase of
cardiovascular diseases, a leading cause of mortality (Parker et al. 1997,
Heron et al. 2009). In terms of some related parallel aspects of post-
reproductive senescence, Reznick et al. (2004) realized through laboratory
experiments that guppies (Poecilia reticulata), if originally coming from a
high-predation water stream, showed a faster decay in predator escape
responses after the reproduction period ends, making them slower, as it
should be if the AP theory is fulfilled. (Williams’ postulate number 2). In
lab mice, it has also been demonstrated that at the time of follicular
depletion (resembling women's menopause) there is a higher aging-related
physiological decline and an increasing incidence of disease (Finch 1990;

Finch 2007).

Theoretical and fossil evidences show that reaching the age of menopause
may not have been common amongst ancient hominids. Australopithecus sp.
rarely lived beyond 46.6 years (Carey 2003), and fossil register for Homo
erectus shows that they seldom got over 50 (McHenry 1994), although

theoretical analysis by Carey (2003) based on regressions of longevity over
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body mass index in several primates, suggests that they might have
reached 62 years. Further work developed by (R. Caspari and Lee 2004)
demonstrates that reaching old ages took place rather late in human
evolution. Therefore, unless menopause was coming much earlier in
ancient than in present times, the probabilities of reaching the menopause
age were low, making it only possible if individuals lived long enough

(Sievert 2000) justifying the existence of a biological barrier.

Our results fit within the general trend in humans, but that does not rule
out further plausible senescence patterns, as discussed all along this thesis.
Unfortunately, in our case we cannot show how human senescence
patterns in terms of the AP or the MA theories will progress further than
60 years old because of the scarcity of data and the consequent drop of

statistical power.

4.3.3 Some (possible) future steps

It is important to state clearly that we are not showing that the AP or the
MA theories are the only evolutionary explanations for senescence in
humans or in the living world at large. Other theories could also be

important, but our data precludes testing them.

In order to further test MA and AP theories, a straightforward and logical
next step would be to repeat the same exercise, but this time using all p-
values (not only top 10” hits from the GWAS Catalog) for a set of
diseases available under request in full-fledged databases such as the
dbGAP (database of Genotypes and Phenotypes, NCBI based) or the
EGA (European Genome and phenome Archive, EBI-CRG based). Even
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if p-values above 107 do present high levels of statistical noise, the fact
that we are exploring second order relationships linking several diseases

immediately suggests ways to mine these data.

In our manuscript (section 3.3) we used disease trajectories derived from
medical records (Jensen et al. 2014) to see up to which extent pleiotropies
overlapped with true disease comorbidities. A certain overlap was seen,
reflecting the potential of the approach. However, we could not assess the
full spectrum of pleiotropies because the disease trajectories were only
gathered within an interval of 14 years, and many of the diseases in
pleiotropies have an onset farther apart than these years. To circumvent
this, we could potentially use other health/genealogical records, such as
those from deCODE genetics Inc., an Icelandic company whose objective
was to create the world's first population-wide genomic biobank by
collecting data from the whole population of Iceland (~300,000). A
particularity of this enterprise is that biological samples, together with the
highly accurate medical history and genealogy since the last 1,000 years are
put together. Gaining access to this data could allow further exploration,
not only of the AP and MA theories but also of other hypothesis around

senescence.

Even if we did not find an excess of signatures of natural selection in our
set of pleiotropies, some striking cases of antagonistic pleiotropies under
selection have been identified. Experimental analysis of these cases could
help deciphering the mechanisms behind pleiotropy and consequently,
behind disease. Particulatly, given our own evidences and those from the
literature, CDKIN2A offers an excellent opportunity to create a mouse
model containing the human variants we identified (Table 2) and study

their phenotypic effects. Using recombinase-mediated genomic
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replacement (Wallace et al. 2007), we could insert human haplotypes, both
protective and risk, in mice embryos and see how mortality, disease,
ageing patterns and fertility vary between those animals carrying the early
and the late onset disease risk haplotypes. The success in this project
would represent not only definitive proof of the AP theory, but a major

leap forward in evolutionary systems biology.
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4.4 CONCLUDING REMARKS

In summary, the work derived from this PhD has demonstrated, at least,

five things:

1. That the public GWAS data required to achieve our main objective and

accumulated during the last decade are sound and replicable.

2. Genome-wide data applied to prediction of disease risk works
increasingly well, even if some important concerns when translating these

hits into clinic are raised.

3. Our approach to identify pleiotropies has the potential to reveal
comorbidities between apparently unrelated diseases, with special interest

in those occurring between different life periods.

4. The mutation accumulation and the antagonistic pleiotropy phenomena

influence human ageing and disease.

5. We identified some remarkable candidate loci namely CDKN2A,
RREBT7 and ILL73 that participate in antagonistic pleiotropies between
early and late onset diseases, which also carry strong molecular signals of

positive selection.
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