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Abstract

DNA methylation is a crucial epigenetic modification involved in
numerous biological processes. However, despite its functional
importance, the evolutionary history of this modification and the
mechanisms diving such changes are poorly understood. The aim of
this thesis is to provide a better understanding of DNA methylation
in the context of human recent evolution. We identified and
described hundreds of regions presenting a human-specific DNA
methylation pattern compared to great apes. We also analyzed for
the first time the relationship between DNA methylation changes
and sequence evolution at both nucleotide and protein level. In
summary, this research reveals new insights into the evolutionary
properties of DNA methylation and the interpretation of inter-

species non-coding variation.
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Resumen

La metilacion del ADN es una modificacion epigenética implicada
en numerosos procesos bioldgicos. Sin embargo, a pesar de su
relevancia funcional, se sabe muy poco sobre su historia evolutiva
y los mecanismos que generan estos cambios. El objetivo de esta
tesis es proporcionar una mejor compresion de la metilacion del
ADN en el contexto de la evolucion humana reciente. Hemos
identificado y descrito cientos de regiones que presentan un patroén
de metilacion especifico de humanos. Asi mismo, hemos analizado
por primera vez la relacion entre los cambios en metilacion y la
evolucion de la secuencia tanto a nivel nucleotidico como proteico.
En resumen, esta investigacion revela nuevos conocimientos sobre
las propiedades evolutivas de la metilacion del ADN y la

interpretacion de la variacion no codificante entre especies.
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Preface

A major goal of biology is to understand the molecular basis of
phenotypes, specially those of the human phenotype. Since the
evolutionary relationship between humans and primates was
proposed by Huxley and Darwin (Huxley 1863; Darwin 1871),
many efforts have been made to compare our species with its
closest living relatives. In particular there is an increasing interest
in understanding how human specific traits arose after the split from
the Pan lineage about 6-7 MYA (de Waal 2005). A large literature
has discussed the behavioral, cognitive and anatomical differences
existing between humans and chimpanzees (de Waal 2005).
However, it was not until the 70s that early molecular comparisons
were carried out. King and Wilson showed that human and
chimpanzee protein sequences were nearly similar (about 99%) and
proposed that human-specific traits could be explained by
regulatory mutations rather than changes of protein structure (King
and Wilson 1975).

In recent years, due to the rapid advances in technology, the
genomes of all great ape species have been sequenced providing
unprecedented opportunities for comparative genomics (Sequencing
and Consortium 2005; Scally et al. 2012; Locke et al. 2011; Priifer
et al. 2012). Analyses comparing coding and non-coding sequences
from human and chimpanzees determined about ~1.2% of sequence
divergence, a value based on single nucleotide variants (Sequencing

and Consortium 2005). More recently ~5% of divergence was
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estimated when considering deletion and duplication events.
Nevertheless, despite the important advances in the field, the gap
between phenotypic and genotypic studies remains extensive.
Evidences in recent years support the hypothesis that species
evolution predominantly occurs via regulatory adaptation and
subsequent gene expression changes (McLean et al. 2011). In this
regard, the epigenetic network is expected to add layers of
regulation, through an interplay between the genome and the
phenotype. However, to date very few attempts have been made to

understand the evolutionary features of our epigenome.
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1. INTRODUCTION






1.1. Epigenetics: DNA methylation

The prefix 'epi' is derived from the Greek and means around, over
or beside. In the word epigenetics it refers to the addition of an extra
layer of information to the DNA sequence. This term was
introduced in 1957 by Conrad Waddington to describe the changes
in gene activity during development that ultimately will determine
the phenotype. In his model, Waddington compares the cellular
differentiation process to an epigenetic landscape (Waddington

1957)(Figure 1).

P

i

Figurel.Waddington's epigenetic landscape. The yellow ball

represents a pluripotent cell and purple balls represent
differentiated states. [Adapted form (Waddington 1957)]



Here, a ball situated on top of a hill represents a pluripotent cell.
The ball can roll down and go into several hollows which represent
differentiated states. As the ball moves down the final destinations
become more limited as occurs in the cellular differentiation
process. Therefore, the concept of epigenetics appears closely
linked to the development. However, nowadays epigenetics is one
of the fastest-growing research fields and has become key in many
disciplines such as cancer or aging. Epigenetic processes include
DNA and histone modifications, non-coding RNAs and chromatin
structure. Together, these mechanisms control chromatin
accessibility and modulate transcriptional activity. This thesis is
focused on one of the best-known epigenetic modification: DNA

methylation.

1.1.1. Setting, maintaining and removing DNA

methylation patterns

DNA methylation was discovered in a calf thymus by Rollin
Hotchkiss in 1948 (Hotchkiss 1948). However, it was not until
1980s where several studies demonstrated that DNA methylation
was involved in gene expression and cellular differentiation
(Compere and Palmiter 1981; Holliday and Pugh 1975). This
modification entails the covalent addition of a methyl group (-CH3)
in the fifth carbon of cytosine pirimidine ring. It is found in all

vertebrates, plants, many invertebrates, fungi and bacteria and in



mammals, it typically occurs at Cytosine-phosphate-Guanine (CpG)

dinucleotides .

The addition of the methyl group is catalyzed by a family of DNA
methyltransferases (DNMTs) that transfers the S-Adenosyl
methionine to the cytosine (Figure 2). To date, five members of this
family have been identified although only three have been shown to
be active. Active DNMTs (DNMT1, DNMT3A, DNMT3B) contain
a unique variable N-terminal regulatory region and a highly
conserved C-terminal catalytic domain (Goll and Bestor 2005). In
mice, the knockout of any of these enzymes is lethal and leads to a
global depletion of DNA methylation. (Li et al. 1992; Lei et al.
1996; Okano et al. 1999). Not surprisingly, the absence of DNA
methylation in some species such as Saccharomyces cerevisiae or
Caenorhabditis elegans 1s associated with the evolutionary loss of
the methyltransferases enzymes (Proffitt et al. 1984; Simpson et al.
1986).

SAM
NH, (SAH- CH3) SAH NH,
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Figure 2. Conversion of cytosine to 5-methylcytosine by DNA
methyltranferases.



DNMTs enzymes can be classified in two main groups:
maintenance and de novo enzymes. DNMTI1 is the main
maintenance enzyme (Yen et al. 1992). During mitosis, after DNA
replication, the methylation pattern of the parental strand creates a
profile of hemimethylated sites. DNMTI1 enzyme shows high
affinity for this motif and introduces methyl groups (Bestor 1992).
In this way DNA methylation patterns are efficiently propagated
from parent to daughter cells. The recruitment of the DNMTI
enzyme is a complex process highly dependent on the cell cycle
(Kishikawa et al. 2003). The association with the replication
machinery is mediated by the interaction of the UHFRI protein,
non-coding RNAs and the nuclear PCNA antigen which appears in
the replication fork (Chuang et al. 1997; Bostick et al. 2007). In
addition, DNMT1 1is also present at heterochromatic regions

specially in late S-phase (Easwaran et al. 2004).

The establishment of new DNA methylation patterns in early
mammalian development is highly controlled by the DNMT3
family members: DNMT3A and DNMT3B, and the regulatory
factor DNMT3L. DNMT3A and DNMT3B introduce DNA
methylation at palindromic CpG sites in the absence of a template,
creating a pattern of methylated and unmethylated sites (Okano et
al. 1999). DNMT3L lacks a catalytic domain however it has the
ability to compete with DNMT3A and DNMT3B, what reduces
their activity and consequently methylation levels (Hata et al. 2002;
Aapola et al. 2000). The regulation of DNMT3 enzymes has been



subject of intense research (Law and Jacobsen 2010). Several
mechanisms have been proposed including specific interactions
with proteins and histone tail modifications. These interactions are
partially facilitated by the regulatory domains located on the N-
terminal of DNMT3 enzymes. The two major domains are the
PWWP domain and the ATRX-DNMT3-DNMT3L (ADD) domain
(also known as the plant homeodomain, PHD). The PWWP domain
guides the enzyme to H3K36 di- and trimethylation which is located
in gene bodies and heterochromatin regions (Dhayalan et al. 2010).
The ADD domain prevent the enzymes from binding to H3K4 di- or
trimethylation, a characteristic of active chromatin (Zhang et al.
2010). In addition, DNMT3A and DNMT3B interact with
transcription factors such as MYC (Brenner et al. 2005),
microRNAs and transcriptional repressors (Fuks et al. 2001). It is
important to remark that the classification of demethyltransferases
in these two categories is a simplification of the process. It has been
shown that DNMT3 enzymes are implicated in the maintenance of
DNA methylation patterns and DNMTT in the de novo methylation

process, particularly at repeats elements (Liang et al. 2002).

DNA methylation landscape is also influenced by DNA
demethylation mechanisms. This process can occur passively after
replication if remethylation at hemimethylated sites does not take
place, or actively. Active demethylation is directed by three
members of the ten-eleven translocation (TET) protein family. TET

proteins convert 5-methylcytosine (5mC) into 5-



hydroxymethylcytosine (5ShmC). Two consecutive oxidative
reactions catalyzed also by TET result in 5-formylcytosine (5fC)
and 5-carboxylcytosine (5caC) (Tahiliani et al. 2009; Ito et al.
2011). 5fC and 5caC marks are recognized by the enzyme thymine
DNA glycosylase (TDG) which replaces the modified cytosine with
an unmodified cytosine (Maiti and Drohat 2011)(Figure 3).
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Figure 3. DNA methylation and demethylation pathways. DNMTI is mainly
involved in maintaining SmC during DNA replication, while DNMT3A and
DNMT'B regulate de novo DNA methylation. After replication if remethylation
at hemimethylated sites does not take place this can lead to passive
demethylation. Active demethylation is mediated by TET proteins that convert
5mC into 5ShmC, 5fC and 5caC through three consecutive oxidative reactions
(Kroeze et al. 2015)

The activity of TET enzymes and the intermediate states of DNA
methylation are still far from understood. TET1 enzyme is mainly

expressed in the early development, whereas TET2 and TET3 are



more broadly expressed, however the process is (Branco et al.
2011). Recent studies have shown that active regulatory regions
present high levels of ShmC probably indicating a high turnover of
DNA methylation(Stroud et al. 2011; Song et al. 2013).

1.1.2. Distribution and function of 5mC in

mammalian genomes

The distribution of 5SmC throughout mammalian genomes is not
random. The majority of CpG sites are methylated, whereas
unmethylated CpGs are principally concentrated at CpG rich
regions called CpG islands (CGIs). In humans about 70% of genes
promoters (mostly housekeeping genes) are embedded into a CGI
(Saxonov et al. 2006). These promoters are rarely methylated and
can be either transcriptionally active or inactive depending on other
factors such as H3K4me3 and Polycomb proteins respectively
(Taberlay et al. 2011; Kelly et al. 2010). Methylation of CGI at
transcription start sites (TSS) causes robust transcriptional
repression and it is associated with long-term silencing. Classical
examples include imprinted genes or genes located on the inactive
X chromosome in mammalian females. Therefore, CGI promoters
rarely show tissue-specific methylation patterns. In contrast

methylation levels of CpG poor promoters tend to be more variable.

Recent genome-wide techniques have revealed a regulatory role of

DNA methylation in CpG poor regions located outside promoters. It



has been shown that certain enhancer regions acquire intermediate
methylation levels when occupied by transcription factors (Stadler
et al. 2011). It is also likely that other transcription factors are
influenced by DNA methylation, in particular those containing a

CG dinucleotide in their binding motif (Chen et al. 2011).

Transposable elements are extensively methylated, as are gene
bodies and intergenic regions. However, the functional
consequences are poorly understood. Some studies have shown
found a positive correlation between gene body DNA methylation
and transcriptional levels (Ball et al. 2009; Aran et al. 2011). In
addition, gene body DNA methylation has been associated with
alternative splicing. (Shukla et al. 2011). In transposable elements,
DNA methylation acts a suppressor mechanism avoiding
transposition and ensuring gene expression stability (Slotkin and
Martienssen 2007). All these facts highlight the complexity of DNA
methylation machinery and indicate that DNA methylation function

is highly dependent on the genomic context.
1.1.3. Importance of DNA methylation

a) Development

The role of DNA methylation in embryonic development and
cellular differentiation has been studied for more than three

decades. In general, adult somatic cells are highly specialized and
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their methylation patterns are relatively stable (Hon et al. 2013;
Ziller et al. 2013). Mammalian sperm and egg show high levels of
DNA methylation similar to levels of somatic cells. This epigenetic
state represent a major barrier to sexual reproduction since the
preparation for the next generation requires a complete reset of the
epigenome. This resetting process is called epigenetic
reprogramming and it is a crucial step during mammalian

development (Lee et al. 2014).

Genome-wide epigenetic reprogramming occurs at two different
stages (Figure 4). The first stage begins after fertilization and entails
the erasure of gamete epigenetic marks including DNA methylation
and histone modifications. Paternal and maternal genomes undergo
active and passive demethylation respectively. Consequently, at the
time of implantation the embryo genome is broadly unmethylated.
(Eilertsen et al. 2007; Sasaki and Matsui 2008). Afterwards, the
genome is rapidly remethylated followed by further methylation
remodeling during cell differentiation and tissue development
(Figure 4B). The second wave of reprogramming takes place at
embryonic primordial germ cells (PGCs), which are the precursors

of gametes and founders of the following generation.
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Figure 4. Two waves of epigenetic reprogramming (A) Methylation
reprogramming in the germ line. (B) Methylation reprogramming in embryos.
Paternal (green) and maternal (pink) genomes are remethylated around the time
of implantation in embryonic (EM) and extra-embryonic (EX) tissues. (Reik et al.

2001)
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PGCs undergo global demethylation during migration to genital
ridges and when they arrive their genome is mostly unmethylated.
Subsequently PGCs acquire their correspondent methylation
patterns which would be further reshape during gametogenesis in
adulthood (Seki et al. 2005) (Figure 4). Imprinted regions, whose
methylation pattern depends on the parental origin, are also
reprogrammed in PGCs. The original methylation pattern must be

lost and re-established based on the sex of the embryo.

Despite during reprogramming the vast majority of epigenetic
marks are removed, some if them persist. The best-known examples
are the intracisternal A particle (IAP) retrotransposon family and
adjacent CGIs in mice (Guibert et al. 2012; Hackett et al. 2013).
This incomplete reprogramming may provide a potential
mechanism for trans-generational transmission of epigenetic marks

(Ferguson-Smith and Patti 2011).
b) Aging and disease

Although to less extent, DNA methylation patterns also vary across
lifespan. In a recent study, the methylomes of a newborn and a
centenarian individual were compared. The centenarian methylome
presented lower levels of methylation and worse correlation
between neighboring CpG sites in terms of methylation (Heyn et al.
2012b). Other studies have calculated the age of an individual using
exclusively methylation information (Horvath 2013; Hannum et al.

2013). The difference between the predicted age and the

13



chronological age has been associated with age-related diseases and
mortality risk (Marioni et al. 2015; Hannum et al. 2013; Horvath
2013). In fact, alterations of DNA methylation patterns have been
observed in certain diseases, particularly in cancer (Portela and
Esteller 2010). The importance of DNA methylation in human
cancer was evident with the identification of TET2 and DNMT3
mutations in several leukemias (Ko et al. 2010; Ley et al. 2010).
Despite the underlying mechanisms remain largely unclear, the loss
of function of these proteins seems to be an initial event. In
addition, promoters of several tumor suppressor genes have been

found extensively methylated in many different tumors types (Jones
2012).

c¢) DNA mutation

DNA methylation levels can indirectly modulate nucleotide
substitution rates. Mammalian genomes present an overall depletion
of CpG sites. They represent only ~0.8% of all dinucleotides while
the expected frequency is 4.4%. This can be attributed to the high
mutability of methylated cytosines, which spontaneously deaminate
to thymine generating a T*G mismatch (Duncan and Miller 1980).
Non methylated cytosines also deaminate into uracil, however
uracil can be removed by uracil-DNA glycosylase whereas the T<G
mis-pair can not be corrected by this enzyme (Neddermann and
Jiricny 1994). Consequently, the mutation rate of 5SmC is between

4-fold and 15-fold higher than other transition mutation rates
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(considering polymorphisms, evolutionary divergence and disease
mutations) (Li et al. 2009; Jiang and Zhao 2006; Kondrashov 2003).
For instance, the human-chimpanzee divergence at CpG sites is
around 15% in sharp contrast with barely 1% for any other
nucleotide substitution type (Duncan and Miller 1980). Moreover, C
to T transitions at CpG sites is the most frequent mutation observed

in human inherited diseases (Cooper et al. 2010).

1.1.4. Epigenetic variation and inheritance

It is generally accepted that DNA methylation patterns that lay
down during embryonic development are afterwards dictated by the
underlying genetic code. However, epigenetic patterns can be
altered in a manner that is independent of the DNA sequence. On
the one hand, epigenetic variation can be produced by stochastic
processes such as small errors in copying DNA methylation patterns
during successive cell divisions (Feinberg and Irizarry 2010). On
the other hand, epigenetic variation can be triggered by
environmental factors. Honeybees provide an impressive example
where the epigenome and ultimately the phenotype are affected by
the diet. In a colony, thousands of larvae are genetically identical
and only those fed with royal jelly will become queens. Recent
studies have demonstrated that the knock down of DMNT3 causes
an increased number of queens from larvae not fed with royal jelly

(Lyko et al. 2010). Furthermore, brains of queens and workers have

15



different DNA methylation patterns. Interestingly, queens that were
induced via DMNT3 down-regulation showed similar patterns to
normal queens, suggesting that the effects of royal jelly occurred
via DNA methylation (Kucharski et al. 2008).

In humans, for example, the consequences of smoking on the
epigenome have been examined in several studies (Shenker et al.
2013; Richmond et al. 2014) . It is also well-known the effect of
maternal diet during pregnancy. An interesting study showed that
individuals who were prenatally exposed to famine during the
Dutch Hunger Winter in 1944 showed altered patterns of DNA
methylation. Moreover, they presented a higher risk for developing
diabetes and obesity when compared to their unexposed siblings.
Interestingly, these changes were detected sixty years after the
famine was experienced (Heijmans et al. 2008; Tobi et al. 2014).
However, how these changes influence future generations remains

largely unclear.

It is important to distinguish intergenerational effects, such as the
above-described case of in utero-exposure, from true
transgenerational inheritance. During pregnancy, not only the
mother and the embryo are exposed to the same environmental
influences but also the embryo primordial germ cells that will
eventuality produce the F2 generation. To be considered trans-

generational, the consequences must also be observed at least in the

16



F3 generation in case of a maternal exposure or the F2 in case of the

parental exposure. (Figure 6)

B) Q)
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Figure 6. Inter and transgenerational inheritance. A)The exposure of the
paternal ancestor to an environment perturbation affects not only the
individual but also his sperm and consequently the F1 generation. To be
considered transgenerational inheritance the effects should be observed in
the F2 generation B) In the case of maternal exposure during pregnancy
the embryo and the primordial germ cells are affected, altering F1 and F2
generation. Here, transgenerational effects should survive into the F3
generation as well as C) in the case of early peri-natal exposure (Dias and
Ressler 2014a)

There is an increasing interest in epigenetic transgenerational
inheritance owing to their possible role in adaptation and evolution
(Richards 2008)(see section 1.2.2). However, in mammals
epigenetic transgenerational inheritance is a rare phenomenon. This

can be explained by the genome-scale erasure of epigenetic marks
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during germ cell reprogramming. However, in plants where PGCs
do not undergo genome-wide reprogramming, the inheritance of
epigenetic marks is more common. A classic example is the study
of toadflax (Linaria vulgaris) that present two different varieties.
The wild type plant produces asymmetric bilateral flowers, whereas
the mutant, originally described by Linnaeus more than 200 years
ago, produces symmetric radial flowers (Figure 7). These two
different phenotypes are caused by DNA hypermethylaion and
transcriptional silencing of the cycloidea type gene (Lcyc) which
controls the formation of dorsal petals. This epialelle has been
identified in natural populations during several generations (Cubas
et al. 1999; Kalisz and Purugganan 2004) .

Figure7. Wild type (left) and mutant of Linaria, which
show bilateral and radial symmetry due to differences in
DNA methylation.
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In mammals, examples of epigenetic transgenerational inheritance

have been reported only in model organisms. The best evidence

comes from the viable yellow agouti mice (AYY). The A" allele is
the result of an insertion of a intra-cisternal A particle (IAP)
retrotransposon about 100 Kb upstream of the Agouti gene.
Phenotypic variation occurs due to stochastic methyation of the IAP
element. When the IAP sequence is unmethylated the gene is
transcribed resulting in yellow fur, obesity and increased
susceptibility to develop tumors and diabetes (Figure 9). The degree
of TAP methylation varies among isogeneic individuals causing a
wide distribution in coat colour, ranging from yellow
(unmethylated) to brown (methylated) (Morgan et al. 1999; Rakyan
et al. 2002; Rakyan and Beck 2006) .

Figure 8. Agouti mice of the same age and sex.
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Trans-generational transmission has also been reported in cases of
environmentally induced changes. For example, alterations in the
DNA methylation patterns were observed in mice after ancestral
exposure to fungicides (Anway et al. 2005) and conditioned fear to
an odorant (Dias and Ressler 2014b). Despite the underlying
molecular mechanisms of trans-generational inheritance are largely
unknown, it raises the intriguing question of whether this
phenomenon occurs in natural populations and whether it could

affect species evolution.
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Abstract

Humankind has always been intrigued by the acquisition of the
particular traits that define our species. However, after a deluge of
primate comparative genomic studies, most phenotypic differences
between humans and the rest of great apes remain unexplained. It
has long been hypothesized that human specific traits may be
largely driven by changes in the regulatory processes rather than in
the protein sequence. Over the past few years, evolutionary studies
have shifted from mere sequence comparisons to integrative
analyses where consideration of regulatory elements is key to
understand the basis of species evolution. Epigenetic mechanisms
such as DNA methylation might play a central role in understanding
phenotypic differences. However, the evolution of the human
epigenome and the processes driving such changes are poorly

understood.

In this review, we discuss the role and significance of epigenetics in
evolution. We also summarize the latest advances in the field of
comparative epigenomics, focusing on human specific changes
compared to our closest living relatives, the primates. We examine
the challenges that need to be faced and encourage the scientific
community to approach future research bearing in mind the
importance of genome-epigenome interactions to disclose our

evolutionary history.
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1.2.1. Introduction

A long-standing question for evolutionary biologists is to
understand the molecular mechanisms underlying phenotypic
diversity. The very first molecular studies focused on protein
variability as the main force driving species evolution. Nonetheless,
it soon became evident that protein sequence divergence alone
could not explain the striking phenotypic differences between
closely related species. Humans and chimpanzees, our closest living
relative, present many morphological and cognitive differences.
However, our proteins are surprisingly similar, and most differences
are found in non-coding regions [1]. In this context, regulatory
modifications have been proposed as critical in the acquisition of
human-specific traits [2] rather than changes in protein-coding

genes.

Studies over the last decade support the hypothesis that species
evolution predominantly occurs via regulatory adaptation and
subsequent gene expression changes [3]. By comparing multiple
species genomes, regulatory elements have been identified based on
sequence conservation and accelerated mutation rate across coding
and non-coding regions of the genome [4—6]. However, epigenetic
marks provide an additional layer of complexity that cannot be
immediately detected by sequence analyses. Here we focus on DNA
methylation. Although this epigenetic mark is a key regulatory

mechanism involved in many biological processes such as gene
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regulation, cellular differentiation, repression of transposable
elements, chromosome X inactivation and genomic imprinting [7],
its role in evolution is only beginning to be explored. In this review
we survey the incipient field of epigenetics and evolution, mainly

the role of DNA methylation during human evolution.

1.2.2. Relevance of DNA methylation in evolution

The importance of DNA methylation as a regulatory mark in
cellular differentiation and development has been recognized for
more than three decades [8,9]. More recently the discovery of
altered DNA methylation patterns in several diseases, particularly in
cancer, triggered the emergence of a new field [10,11]. DNA
methylation changes have also been identified in association with
aging and environmental stimuli such as nutrition and lifestyle. For
example, the effects of smoking on the epigenome have been
examined in several studies [12—-14] and persistent epigenetic
alterations associated with maternal smoking have also been
detected after prenatal exposure [15]. Despite the impressive growth
of epigenetics research, it is important to remark that these studies
have been focused on the dynamics of DNA methylation during an

individual's lifetime.

In the recent years, DNA methylation has drawn the attention of the
evolutionary community. This is an exciting field that can shed light

into the principles lying behind human epigenome, but with many
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questions remain unanswered. Little is known about how DNA
methylation patterns have changed over evolutionary time and
whether these have contributed to the speciation process. It has been
hypothesized that epigenetic variation could affect species evolution
[16]. Similar to genetic mutation, stochastic epigenetic changes
could provide a source of variability. Moreover epigenetic
modifications could appear as a consequence of environmental
factors, affecting simultaneously several individuals within the
population that would favor rapid adaptation. However, it is
difficult to understand the scope and relevance of epigenetic
variation in evolution, principally because of its controversial
mechanism of transmission. In order to contribute to the evolution
of species, any such epigenetic variants would need to be heritable
from one generation to the next. This trans-generational inheritance
requires the passage of epigenetic marks through the germline
without being erased. In mammals, an efficient reprogramming
takes place at early developmental stages that removes almost all
epigenetic marks [17]. As a result, it is thought that DNA
methylation patterns largely reflect the underlying genetic blueprint
and thus, most of the epigenome is encoded in the genome (Figure
1). However, recent studies have demonstrated the transmission of
sequence independent DNA methylation changes across generations
in model systems reopening the old Lamarckian debate. The most
extensively studied case of trans-generational inheritance is the

mouse agouti locus in which the stochastic methylation state of IAP
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can alter expression of the endogenous genes [18,19]. Trans-
generational persistence of epigenetic marks has also been reported
in cases of environmentally induced changes. For example, a recent
report indicated that alterations in DNA methylation patterns were
observed in mice after parental olfactory exposure [20]. These
findings have raised the intriguing question of whether this
phenomenon occurs in natural populations and whether it could

affect species evolution.
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Figurel: Schema of genetic and epigenetic information across generations.
The y-axis represents how information varies across generations (x-axis).
Epigenetic marks(purple) are erased after fertilization and re-established
afterwards. Epigenetic information can be regarded as the sum of the epigenome
in every tissue; this information is determined primarily by the genetic sequence,
but it can also be altered over anindividual’s lifetime by stochastic and
environmental processes. Genetic information(green) is stable across generations,
with the exception of mutational and recombination effects. The stable
transmission of epigenetic information across generations would result in the
trans-generational inheritance (dotted line).
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In this regard, one of the most controversial aspects is that these
epigenetic alterations are unstable over time and the phenotypic
effects disappear in few generations. Nonetheless, the field of
epigenetic transgenerational inheritance is actively growing and
many scenarios, such us the study of long-term environmental
exposure (across several generations) [21], have not been explored

yet.

1.2.3. The interplay between the genome and the
epigenome

It is generally accepted that the basic patterns of DNA methylation
laid down during embryonic development are largely dictated by
the underlying genetic code. Several lines of evidence support this
idea. For example, sequence evolution that alters CpG sites,
transposable elements (TE), the binding of transcription factors
(TF) or single nucleotide changes have all been shown to shape the
landscape of the methylome [22] (Figure 2). CpG sites can arise
from point mutations and also as a by-product of biased gene
conversion [23]. New CpG sites have the potential to create novel
regulatory regions. One such example is the LHX1 gene, which acts
in the transcriptional regulation of vertebrate head and mesodermal
configuration. Here, the human lineage acquired additional CpGs
adjacent to a CpG island, creating a tissue-specific differentially

methylated region (DMR) in humans that is absent in mouse [24].
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Another recent study described regions with a high density of CpG
sites present exclusively in the human lineage, indicating these as
loci with potential species-specific regulatory roles [25].These
regions were found to be enriched for genes related to cognition and
behavior, including the well-characterized HARIA gene, which

plays a crucial role in cortical development [4].

Consistent with the notion that genomic sequence influences the
epigenome, a number of studies have identified genetic variants that
are associated with cis-linked DNA methylation levels, termed
methylation quantitative trait loci (mQTL) [26-29]. In human
populations thousands of mQTLs have been identified. In these
cases a single mQTL can modulate the methylation state of multiple
clustered CpGs. While the influence of mQTLs can extend up to
several kilobases, the strongest effects are generally seen for SNPs
that are located within or nearby the affected region [29,30].
Further, SNPs that disrupt TF binding sites are more frequently
associated with altered methylation levels, suggesting a complex
mechanism of epigenetic regulation orchestrated via sequence-
specific DNA or chromatin binding factors. Indeed, studies in mice
have shown that the presence of specific sequence motifs,
potentially representing transcription factor binding sites, acts to

specify methylation levels during cellular differentiation [31].
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Figure 2: Putative mechanisms of methylation divergence. a) The generation
of novel CpG sites can lead to the formation of novel CpG islands, CpG island
shores or CpG island shelves, which in turn are susceptible to methylation. b)
mQTLs can modulate the methylation levels of adjacent regions. ¢) The binding
of TFs can be influenced by the methylation status of the underlying TF binding
site. d) Hypermethylated retrotransposons induce the methylation of nearby
CpGs. e) Hypomethylated retrotransposon are mobile and can insert at different
genomic locations.

While there is clear evidence for the influence of DNA sequence on
epigenetic state, conversely DNA methylation levels have been also
shown to modulate nucleotide substitution rates and thus influence
genome evolution. Mammalian genomes present an overall
depletion of CpG sites that can be attributed to the high mutability
of methylated cytosines, which undergo rapid deamination to
thymine [32]. For instance, while the human-chimpanzee nucleotide

substitution frequency is on average ~1% across the genome, at
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CpG sites is approximately 15% [1]. In contrast to high mutation
rates associated with methylated CpGs, unmethylated cytosines are
much less prone to mutation, allowing for the maintenance of high
CpG content in regions with low methylation levels. In addition to
influencing the mutation rate, analysis of chromosomal
rearrangements in the gibbon genome shows an association with
hypomethylation of Alu elements, suggesting that DNA methylation
patterns might also play role in karyotype evolution [33]. Further
studies are required to understand the interplay between genetic and

epigenetic variation and how this influences evolutionary processes.

1.2.4. Comparative epigenomics

Comparison of epigenetic profiles from multiple primate species
shows that methylation patterns are able to recapitulate the
phylogenetic relationships between species and even between
populations [28,34,35]. The most likely explanation for this is the
dependence of methylation levels on the underlying genome
sequence. Nonetheless other scenarios, such wus separate
environments, cannot be disregarded. Irrespective of how epigenetic
patterns are determined, the analysis of epigenetic marks between
species is an expanding and promising research field [36]
comparative epigenomics can provide insight into novel human-
specific regulatory regions and the molecular mechanisms

governing epigenetic patterns.
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a) Primates

In general, global patterns of DNA methylation are similar when
comparing human and closely related species [35,37], presenting a
bimodal distribution of DNA methylation levels along the genomes
which are largely methylated except most promoter regions.
Methylation levels at promoter-associated CpG islands tend to be
highly conserved even when comparing divergent species of
vertebrates [38], demonstrating that the unmethylated state is an
ancient feature of vertebrate promoters. This unmethylated state
could partially explain the absence of CpG erosion at promoter
regions instead of being the result of selective pressure [39].
Unmethylated regions outside gene promoters have been associated
with distal regulatory elements, non-coding RNAs and unannotated
transcription start sites (TSS) [38]. Unmethylated regions shared
between species are generally longer, have higher CpG density and
tend to be located near TSS compared to the majority of
interspecies variation that is found away from gene promoters,
complicating interpretation of their functional effects [36,38,40].
Several studies have revealed that regions of methylation
divergence coincide not only with tissue-specific function but also
with developmental and neurological processes [25,34,37,41].
Although it is unclear how to interpret the latter, it has been
speculated that this could be due to vestigial regulatory elements
that were functional during development and their methylation state

has remain unaltered in adult tissues [42].
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The potential relationship between DNA methylation differences
and gene expression has been addressed in several evolutionary
studies. It has been shown that species-specific DMRs are
associated with histone modifications and transcription factor
binding sites, suggesting a role in regulating gene expression
[28,36,38]. Direct evidence suggests that differences in promoter
methylation underlie 12-18% of gene expression differences
between human and chimpanzee [41]. This is in agreement with the
results obtained by Heyn et al., who explored human population
methylomes and determined that gene expression differences were

associated with promoter hypermethylation in ~13% of cases [28].

b) Ancient hominids

The genome sequencing of extinct hominids has provided a better
understanding of the population history and genome evolution of
our species. However additional studies have been limited due to
the tiny amounts and degraded nature of DNA that can be extracted
from ancient bones. Recently, a novel method was developed to
infer DNA methylation patterns from the genome sequence of
Neanderthal and Denisovan, opening the possibility to study for the
very first time the methylome of extinct species [43]. This method
is based on the different spontaneous deamination rates of
methylated and unmethylated cytosines taking the advantage of the
characteristic substitution pattern accumulated over thousands of

years of chemical degradation. Using this approach, they identified
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over a thousand DMRs among the three species. Remarkably, one
of these DMRs was located in the HOXD cluster, a key regulator of
limb development [44]: whereas the HOXD9Y9 promoter and
HOXDI10 gene body are hypomethylated in humans, both archaic
species were hypermethylated at the very same regions; also,
HOXD?9 gene body was hypermethylated in the Denisovan genome.
They speculated that differential methylation in the HOXD cluster
could account for some of the anatomical differences between

archaic and present-day humans [43].

Despite the relevance of this study it is also important to note some
caveats. Perhaps most importantly, these results are based on
analysis of just one extinct individual, and therefore the observed
differences could simply represent polymorphisms. Further studies
would be required to define the ancestral DNA methylation state
since this information would allow us to reconstruct the

evolutionary trajectories of these regions.

¢) Human populations

Some studies have addressed DNA methylation patterns across
human populations [28,45]. To date, Heyn et al. have conducted one
the most thorough studies examining the contribution of DNA
methylation to human population variation. By analyzing over
400,000 CpG sites in B-lymphocytes isolated from three distinct

human populations (Caucasian, African-American and Han
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Chinese) they were able to recapitulate the demographic history of
each group. They identified 439 population-specific CpGs
associated with several histone modifications and transcription
factor binding sites, suggesting their involvement in gene
regulation. Moreover the affected genes were related to
susceptibilities to different diseases, response to drugs and
environmental factors. Furthermore, comparison to chimpanzee
methylation patterns, they revealed 39 CpG sites that may have
evolved under local selective pressure. Interestingly, these included
immune and xenobiotic response factors, suggesting that these
changes may have been driven by geographic differences in

pathogens or environmental factors.

1.2.5. Comparative epigenomics: challenges

In spite of the recent advances in the field of comparative
epigenomics, several challenges still need to be faced. One of the
most difficult problems relates to the dynamic nature of DNA

methylation among cell lineages.

Most studies analyze heterogeneous tissues which are a composition
of multiple different cell types. Since methylation patterns are
unique to each cell type this can be a major confounding factor,
especially as the fraction of each cell type present within a
particular tissue can vary between individuals or species. One way

to overcome this limitation is to conduct studies in purified single
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cell types [35], although accessing the necessary samples that are
needed for cellular purification is not always feasible. Alternatively,
bioinformatic approaches that attempt to account for cellular
heterogeneity in a sample are available, although it is not clear how
robustly such approaches would perform when considering data
from multiple different species [46,47]. Another potential
confounder is posed by inter-individual variability. Some genomic
loci show considerable epigenetic polymorphism in the human
population (A. Sharp, unpublished data), and similar variability in
DNA methylation levels is likely present in most species. As a
result, studies that use only a small number of individuals could
easily confuse such loci with sites of fixed difference between

species.

Other hurdles in this field relate to technical effects, including such
factors as assay design or cross-species genome mapping. Multiple
different technologies now exist for profiling DNA methylation
[48], and these present specific challenges when used on divergent
genomes. Probe-based assays, such as microarrays, perform sub-
optimally when hybridized to DNA extracted from a species other
than that for which the array was designed for, necessitating the
removal of data from probes that hybridize to divergent positions.
Other assays, such as RRBS, include restriction enzyme digestion,
and sequence differences can create altered digestion patterns,
creating measurement biases between species that are unrelated to

epigenetic state. Finally, although we now have high quality
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genome assemblies from dozens of mammals, accurate cross-
species comparison can still remain complicated for many regions

of the genome.

1.2.6. Conclusions and Future Directions

Although the advent of genome-wide methylome studies has
enabled the study of evolution from a new perspective several
problems currently exist that hinder progress. Firstly, diverse
technologies are used in different studies and often cover different
genomic regions, meaning that results obtained from different
studies are not directly comparable. The continuing reduction in
costs of gold-standard methods for epigenome profiling, such as
bisulfite sequencing, should help in this regard. However,
standardized analytical approaches are still required to ensure that
different datasets can be fully integrated. Further confounders come
from the use of very small sample sizes, which can result in
polymorphic epigenetic differences within a species being

interpreted as fixed species-specific changes.

The evolutionary history of the human epigenome and the
phenomena responsible for epigenetic divergence between species
remains poorly understood. We expect future work will elucidate
the occurrence and significance of trans-generational epigenetic
inheritance. However, in order to be effective such studies will

require robust experimental design and adequate sample sizes to
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ensure accurate conclusions. Another major area of investigation
will be the study of the molecular mechanisms underlying how
DNA methylation patterns are generated and maintained upon
differentiation. In addition, further studies are required to decipher
how inter-species methylation differences vary across tissues and
their functional relevance. Finally, the significance of non-CpG

methylation has not been addressed in evolutionary studies.

We anticipate an upcoming revolution in the field. For example,
third-generation sequencing technologies have the capability to
directly detect cytosine methylation as well other epigenetic
modifications. Future research will likely focus on the integration of
different kinds of genomic data, such as novel DNA and/or histone
modifications, coding and non- coding RNA and chromatin
interactions. We posit that a deeper understanding of the causes and
consequences of epigenetic differences between species will inform
not only the field of evolution, but will likely also provide important
information that will aid in the interpretation of non-coding

variation in studies of human disease.
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1.3. Detecting DNA methylation

First locus-specific studies were based on restriction enzymes.
These methods relied on digestion with methylation-sensitive
enzymes, followed by gel electrophoresis and southern blot. Over
the last decade, the development of techniques for profiling DNA
methylation has been particularly active, making possible to obtain
genome-scale epigenetic information affordably and efficiently. To
date, methylated cytosines cannot be detected directly. In addition,
methyl groups are erased during PCR amplification. To overcome
these limitations several indirect approaches have emerged. These
can be classified into bisulfite conversion, immunoprecipitation and
restriction enzyme methods [this section is reviewed in (Laird 2010;
Plongthongkum et al. 2014; Bock 2012)

1.3.1. Bisulfite conversion

Bisulfite conversion methods are based on an initial chemical
treatment of the DNA. Here, unmethylated cytosines are converted
into uracils by deamination, while methylated cytosine residues
remain intact. In subsequent PCR reactions uracils are amplified as
thymines and methylated cytosines as cytosines. Therefore, the
methylation status can be assessed as sequence differences.
Nowadays two genome-scale approaches based on bisulfite

treatment are widely used: array hybridization and sequencing.
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a) Array hybridization

Bisufite treatment followed by array hybridization makes possible
to measure methylation levels at a preselected fraction of cytosines
of the genome. The low sequence complexity of bisulfite treated
DNA requires a specific array designed based on the converted
sequence. One of the most popular arrays is the
HumanMethylation450 BeadChip that interrogates more than
485,000 CpG sites per sample. Here, after DNA fragmentation,
samples are hybridized to specific 50 bp probes. The array contains
two types of probes: Infinium I and II. Infinium I technology
employs two different probe designs for each CpG site. These
probes are identical except the last base that interrogates the CpG
site. This last nucleotide can be either a guanine (complementing a
cytosine) or an adenine (complementing a thymine). A fluorescent
single base extension takes place only when the last nucleotide is
hybridized, allowing to determine the methylation state. Infinium II
technology utilizes a single probe design and two color extension
occurring differentially at thymine or cytosine of converted DNA.
The methylation state is determined based on the different color
intensities (Figure 5). HumanMethylation450 BeadChip is a
powerful technique in terms of reagent costs and time. However
only a small fraction of the genome is analyzed (< 1%) and cross
hybridization remains a primary source of bias. In addition, there

are no commercial arrays for the analysis of non human samples.
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Figure 9. Infinium Methylation Assay.
The unmethylated CpG target site
matches with the unmethylated probe,
enabling single-base extension (top
figure). If the CpG locus is methylated, it
will matches the methylated probe
(bottom figure).

b) Sequencing

Whole genome bisulfite sequencing (WGBS) is considered the gold
standard method because it provides single base-pair resolution. It
can determine the pattern of DNA methylation across the entire
genome, except certain repetitive regions where reads cannot align

uniquely. Bisulfite conversion can be performed on prepared
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shotgun sequencing libraries, in this case adapters cannot contain
unmethylated cytosines. Otherwise, libraries can be prepared after
bisulfite treatment, what requires a polymerase able to read uracil
nucleotides. After sequencing, reads need to be aligned accounting
for nucleotide changes caused by the bisulfite treatment. Two
strategies have been adopted to cope with this problem: aligners
where Cs can match both Cs and Ts, and three letter aligners. The
latter replaces all Cs into Ts and the alignment is exclusively based
on three nucleotides. Aligners using this approach (such as Bismark
or BS-seeker) are the most widely used due to their high accuracy.
Afterwards methylation levels are inferred from the proportion of

Cs and Ts at each CpQG site.

1.3.2. Methylated DNA immunoprecipitation

This assay is based in the identification of methylated cytosines. It
consists of isolating DNA fragments using a monoclonal antibody
specific for SmC. Immunoprecipitation is followed by hybridization
(MeDIP-chip) or sequencing (MeDIP-seq). Disadvantages of this
strategy include the need for substantial bioinformatic adjustments

and the lack of base pair resolution.

1.3.3. Future directions.

Over the past years, DNA methylation technology has undergone an

impressive transformation. Recent advances in the field are based
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on increasing accuracy and throughput, and lowering sample input
and costs. Single cell technology is one of the most significant
advances due to the dynamic nature of cytosine methylation. It has
been shown that methylation patterns differ from cell type to cell
type and they can even vary within the same cell population.
Therefore, cellular composition can contribute to methylation
differences between samples making difficult to interpret the
results. The analysis of DNA methylation at single cell level is a
promising strategy to understand cell heterogeneity and epigenetic
regulation. In this regard, bisulfite based methods were considered
incompatible with this technology because most of the DNA is lost
or damaged after Dbisulfite treatment. However, recent
improvements in bisulfite treatment protocols have enabled to
obtain genome-wide coverage from one single cell (Smallwood et

al. 2014).

Third generation technology is also a promising strategy. It has
raised the possibility of detecting DNA modification directly
without previous chemical or enzymatic steps. The single-molecule
real-time (SMRT) sequencing approach developed by Pacific
Biosciences enables to detect 5SmC based on nucleotide
incorporation time. Moreover, other modifications such as ShmC
can also be detected. Nevertheless, many aspects still need to be

improved before this technology can be used in epigenetic research.
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2. OBJETIVES
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Objetives

1-Determine the accuracy of the Infinium HumanMethylation450

BeadChip for profiling non-human methylomes.
2-Obtain a genome-scale description of DNA methylation patterns
in humans and great apes using both HumanMethylation450

BeadChip and whole genome bisulfite sequencing data.

3-Identify and characterize differentially methylated regions,

particularly in humans.

4-Explore the relationship between lineage-specific evolutionary

changes in the genome and the epigenome.
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4. DISCUSSION
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Epigenetics is undergoing a true revolution and it is influencing vast
areas of biology. The number of publications with the word
“epigenetic” in their title has increased 10 fold in the last decade.
Ambitious projects, such as the International Human Epigenome
Consortium or the NIH Roadmap Epigenomics Mapping
Consortium, analyzing human epigenomes for a variety of cell types
and disease states, have been launched worldwide. The Nobel prize
in Physiology or Medicine 2012 to Gurdon and Yamanaka for their
discovery of induced pluripotent cells has been also a recognition to
epigenetics. However, some of the most fundamental issues
including how specific modifications are established at selected

positions of the genome remain largely unknown.

Evolutionary comparisons have demonstrated to be a powerful tool
to study genome functions. An excellent example is the
identification of human regulatory regions based on sequence
conservation among distant taxa. Motivated by the success of this
approach the field of comparative epigenomics has recently
emerged. In this framework the analysis of epigenetic modifications
from different species or populations can be used to provide
important information about the functionality of our epigenome.
Nonetheless, we first need to determine the general evolutionary
properties of our epigenome as well as its relationship with the

genome.
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Furthermore, from an evolutionary perspective, comparative
epigenomic studies can provide new insights into the basis of
species phenotypic differences. The idea that regulatory
modifications and subsequent gene expression changes might
underlie the molecular basis of human-specific traits is not new.
This hypothesis has been debated since 1970s (Davidson and
Britten 1979; King and Wilson 1975), however due to technological
limitations, it could not be thoroughly explored. The advent of high-
throughput sequencing technologies has allowed the study of
species evolution from a new angle. To date, numerous studies have
examined the evolutionary features of the transcriptome (Necsulea
and Kaessmann 2014) . As can be expected, expression levels differ
more between tissues from the same species (e.g. human heart
versus human liver) than between homologous tissues from
different species (e.g. human heart versus chimpanzee heart).
However, inter-species comparisons have shown that not all tissues
present the same level of expression divergence: in neural tissues,
expression profiles evolve slowly at both coding and non-coding
level while testis exhibit a particular high rate of transcriptome
evolution. Overall, although certain genes and pathways have
evolved under positive selection in different tissues, mammalian

expression levels are largely conserved (Brawand et al. 2011).

While most efforts have focused on characterizing transcriptome
evolution, very few studies have investigated regulatory

mechanisms from an evolutionary perspective. In particular, DNA
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methylation patterns across species are surprisingly unexplored and
many questions await future research. Which are the evolutionary
traces of the human methylome? Are epigenetic changes a mere
consequence of genomic variation? To which extent has DNA

methylation influenced the evolution of the genome?

In this thesis I have performed one of the first and most complete
methylome comparisons between human and great apes using two
different approaches. In the first study, the Infinium
HumanMethylation450 BeadChip technology was used to
determine DNA methylation levels in a total of 32 individuals,
representing all species of great apes. This study was particularly
challenging since the 50 bp probes on the Infinium array were
designed to interrogate human samples. To overcome this technical
limitation, all probes that hybridize to divergent or multiple
positions of the species genomes were removed. As a result, only a
fourth of the data was retained (~100.000 CpG sites) and most of
these sites were located in genomic regions conserved between
species. In the second study, I analyzed the entire genomes from
one individual per species using to that effect whole genome
bisulfite sequencing technology. This reduced sample size was a
major constraint that has limited the study. Future research using
adequate sample sizes will be required to minimize confounding
factors, such as intra-species variability. Taken together, in this
thesis I have provided an evolutionary perspective to our epigenome

and showed that species-specific epigenetic alterations are an
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important source of variation that has been under-explored in

evolutionary comparative studies.

One of the first steps to perform accurate inter-species analyses, is
to define which regions of the species genomes are comparable. In
the first study, probe sequences were mapped to the species
reference genomes and only those probes that had either a perfect
match or up to 2 mismatches (not affecting the CpG site) were
retained. Afterwards, all coordinates and functional annotations
were based on the human hgl9 reference genome. In the second
study, all comparisons were carried out using pre-computed whole
genome alignments (6-primate EPO)(Paten et al. 2008). This
approach facilitated an unbiased comparison between the four
species and, in comparison with previous studies, it allowed to
reliably analyze a greater proportion of the species epigenomes.
However, due to technical limitations some interesting regions, such
as most transposable elements, were not covered. Transposable
elements are CpG dense regions and represent 44% of the human
genome. Interestingly, although they are presumed to be inactive
via DNA methylation, in humans 10% of transposable elements
subfamilies are hypomethylated in a tissue-specific manner and
present enhancer signatures (Xie et al. 2013). However, since
bisulfite treatment reduces the complexity of the DNA to three
nucleotide bases, most of transposable elements were covered by
multi-mapping reads that were subsequently discarded. In the near

future, technological advances will overcome this limitation.
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Particularly, the advent of longer reads and even the identification
of cytosine modification without chemical treatments from third-
generation sequencing technologies (Plongthongkum et al. 2014) .
These advances will likely facilitate the analysis of complex and
repetitive regions of the genome by improving the rate of uniquely

mapped reads .

In this thesis it has been shown that global patterns of DNA
methylation were similar between humans and other non-human
great apes. DNA methylation levels presented a bimodal
distribution along the genomes which are largely methylated except
most CpG rich promoter regions. Since unmethylated cytosines
mutate less frequently than methylated ones, this unmethylated state
could explain the absence of CpG erosion at promoter regions as
has been proposed by Cohen et al., instead of being the result of a
selective pressure (Cohen et al. 2011). Interestingly, the
unmethylated state of CpG rich promoter regions has also been
identified by other studies covering larger evolutionary scales (Long
et al. 2013), demonstrating that the absence of methylation in these

regions is a highly conserved feature in evolution.

The identification of human- specific methylation patterns was one
of the main objectives of this work. Despite the global conservation
of the species methylomes, I have identified and characterized
hundreds of differentially methylated regions (DMRs) in human

blood samples. Moreover, most human DMRs were enriched for
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species-specific histone modifications and contrary to expectations,
they were located distal to transcription start sites, highlighting the
importance of regions outside the close regulatory context.
Remarkably, studies analyzing different human cell types have
shown that tissue regulation is also mediated by distal regions to
transcription start sites (Ziller et al. 2013). Therefore, future
research should be focused on investigating in depth this important,
but unknown, part of the genome. In this regard, Hi-C technology,
which determines the spacial organization of the genome, will likely

help to elucidate the significance of distal regulatory regions.

In both studies, methylation profiles were obtained from whole
blood samples. Since each cell type possesses its own epigenome, it
is likely that differences in blood cellular composition between
species might introduce a bias. To overcome this limitation, several
stringent filters have been used resulting in a significant loss of
information. Therefore, although collecting samples from
endangered species is a difficult task, comparative studies should be

performed in purified single cell types .

Interestingly, I estimated that ~25% of human DMRs in blood were
detectable throughout several human tissues. I believe this is a
highly relevant finding that should be explored in detail in future
research. Differentially methylated regions between species that are
conserved across tissues could be regulatory elements active during

the embryonic development but dormant in adult tissues. Indeed,
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studies in mice have identified certain developmental enhancers that
remain unmethylated in adult tissues. Nevertheless, in adult tissues
they are inactive and marked with repressive histone modifications
(Hon et al. 2013).This epigenetic memory could potentially be used
to unravel the developmental decisions made during embryognesis,
a period that is key to the acquisition of species-specific traits.
Furthermore, it could help to understand why some human DMRs
coincide not only with tissue-specific functions but also with
developmental and neurological processes. One example of human
DMR identified in this work that was detectable in human brain,
liver and placenta is the S'UTR of the TGIF1 gene, a transcription
factor of the evolutionarily conserved TALE homeobox family
involved in embryonic development. Interestingly, mutations in this
gene have been associated with structural anomalies of the brain(EI-
Jaick et al. 2007). Therefore, future research covering several
tissues and developmental stages from different species will be
crucial to better understand the significance of inter-species
methylation differences, and particularly inter-species differences

that are conserved across tissues.

Functional consequences of epigenetic divergence between species
are also poorly understood. While histone modifications are directly
associated with transcriptional activity, the consequences of DNA
methylation divergence are not so clear. It has been found that DNA
methylation differences between species mildly influences gene

expression levels and in a way that is independent from histone
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modifications (Xiao et al. 2012). Indeed, direct evidence suggested
that differences in promoter methylation underlie only 12-18% of
gene expression differences between human and chimpanzee(Pai et
al. 2011). This finding is in agreement with values obtained from
human populations (Heyn et al. 2013). Nevertheless it is important
to notice that these studies were based on a limited number of CpG
sites ( ~ 10,000) and thus, whole genome datasets are needed to
fully understand to which extent methylation differences are
involved in regulating expression levels. In addition, RNA
sequencing analyses have revealed that most mammalian protein-
coding genes have multiple splicing variants, many of which are
alternatively spliced in a lineage-specific manner. However, until
now no studies have attempted to jointly analyze DNA methylation

and alternative splicing patterns.

The analysis of ~30.000 CpG sites in this work, proved that
methylation levels recapitulate phylogenetic relationships between
species, even at subspecies level. Interestingly, this finding has also
been observed when comparing different human populations (Heyn
et al. 2013). Although the most likely explanation for this
phylogenetic clustering is the dependence of methylation levels on
the underlying genome sequence, other scenarios such as separate

environments cannot be discarded.

Deciphering the causes of DNA methylation patterns is a central

goal not only for evolutionary biology but also for many areas such
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as biomedical research. Inter-species epigenetic divergence can be a
consequence of sequence-independent mechanisms, including
environmental factors, circadian rhythms or stochastic events.
Studies in model organisms typically control external or genetic
factors minimizing their effects. However, in non-models
organisms, notably in primates, external factors are often impossible
to exclude and therefore, differences in DNA methylation between
species may be a consequence of environmental factors on that
lineage (for example the use of cooked food in humans (Finch and
Stanford 2004)). In addition, although controversial, epigenetic
differences between species could be attributed to pure epigenetic
causes, that is, epigenetic modifications that are transmitted across
generations. Although to date most evidence suggest that trans-
generational epigenetic marks are erased after a few generations
many scenarios have not been addressed yet. For example, a poorly
explored aspect is to what extent epigenetic alterations can be
transmitted when the initial trigger is presence over multiple
generations. It is important to note that transgenerational effects of
epigenetic changes will be one of the areas with most impact on
human health over the coming decades because the effects of
pollutants, drugs or food. Moreover, if it is proved that this
phenomenon occurs in natural populations, we will face a complete

shift of paradigm in evolutionary biology.

In addition, it is assumed that a significant proportion of DNA

methylation variation observed among individuals or across species
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can be explained by corresponding genetic changes. Genetic
influences can arise from key genes maintaining the epigenetic
profile or from the neighboring genetic variants affecting the
epigenetic state, denominated mQTLs. The association between
epigenetic modifications and genetic variants between species or
individuals will be crucial to interpret the significance of non-
coding variation as well as to understand the evolution of complex
phenotypes. In the recent years, several evolutionary studies have
begun to investigate these questions. In human populations,
thousands of mQTLs have been identified so far and evidence
suggests that a single mQTL modulates the methylation state of
several CpG sites (Banovich et al. 2014; Heyn et al. 2013).
Nevertheless, the functional role of mQTLs is still poorly

understood.

In this thesis I have analyzed for the first time the relationship
between the genetic and the epigenetic code at two different levels:
protein and nucleotide sequence. At the protein level, I have
identified a significant positive relationship between the rate of
amino acid changes within genes and DNA methylation alteration at
promoter regions, suggesting a coupled evolution between gene
regulation and protein sequence. Furthermore, this analysis also
identified 184 genes that are perfectly conserved at the amino acid
level between human and chimpanzees, but show DNA methylation
changes at promoter regions between these two species. This

finding highlights the importance of evolutionary regulatory
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changes, and also indicates that studies based uniquely in DNA or
protein sequence are insufficient to capture the complete spectrum

of evolutionary variation.

At nucleotide level, I have shown, for the first time, a close
relationship between inter-species genetic and epigenetic variation
supported by three different analyses. Firstly, regions of incomplete
lineage sorting between human, chimpanzee and gorilla presented
also strong incomplete lineage sorting at methylation level.
Secondly, an excess of human-specific substitutions was observed
in transcription factor binding sites located within human
differentially methylated regions, suggesting that changes within
regulatory motifs underly some human DMRs. Thirdly, the
acquisition of DNA hypermethylation in the human lineage is
frequently coupled with a rapid evolution at nucleotide level in the
neighborhood of these CpG sites. It is important to notice that the
association between DNA methylation levels and fixed genetic
variants when comparing different species is a challenging task due
to the high amount of genomic variation between species. The
identification of inter-species meQTLs will require large sample
sizes and the combination of individual genetic and epigenetic data

sets.
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CONCLUDING REMAKRS

This thesis provides important evolutionary insights into the human
epigenome. General features of the human methylome have been
described and hundreds of human DMRs have been characterized at
both epigenetic and genetic level. These regions would be
promising candidates for further functional studies. The next step to
complete an accurate and detailed evolutionary picture of our
epigenome is to obtain and to analyze methylomes from several
individuals, tissues and developmental stages. In addition, many
types of data such as chromatin modifications, maps of nucleosome
positions, different markers of enhancer elements as well as coding
and non-coding transcriptional information are required to elucidate
the complexity of regulatory mechanisms and to assess the
significance of evolutionary changes. Furthermore, parallel surveys
of interspecies differences in genetic and regulatory elements will
be key to interpret non-coding variation as well as to understand the
underlying mechanisms of regulatory changes. Therefore the
challenge for the upcoming years is to integrate different sources of
genomic, epigenomic and transcriptomic data in a unified model of

gene regulation.

Finally, the most appealing goal not only for evolutionary but also
for many other biological studies, is to move beyond comparative
descriptions to complex phenotypes. To assess the impact of

regulatory changes at the organism level direct experimentation is
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required. However, due to ethical reasons, the only approach
feasible in primates is to perform functional experiments in model
organisms. Although a handful of functional examples have been
characterized (Prabhakar et al. 2008), these approaches are
laborious and their results are often difficult to interpret. In this
regard, the generation of iPS cells from primates with the aim of
differentiating them into somatic cells will likely represent one of
the most promising advances in the field of comparative

epigenomics (Romero et al. 2015).
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