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RESUMEN (en espafiol)

Los mecanismos epigenéticos, como la metilacion del ADN o la modificacion post-traduccional
de las histonas, regulan la interaccion del genoma con el ambiente y juegan papeles
importantes en el control de procesos biolégicos, asi como en el desarrollo de enfermedades.
El fendbmeno universal del envejecimiento esta asociado a la aparicion de muchas
enfermedades, como el cancer y la neurodegeneracion. Todos estos procesos manifiestan
alteraciones epigenéticas, y debido a que el envejecimiento y patologias derivadas a menudo
muestran similitudes en sus modificaciones epigenéticas, se ha hipotetizado que los
mecanismos epigenéticos pueden ser nexos causales entre estos procesos. De esta manera,
tanto envejecimiento como cancer presentan alteraciones analogas en la metilacion del ADN,
pero la naturaleza concreta del contexto epigendmico de estas alteraciones es todavia
desconocida, especialmente con respecto a la pérdida de metilacion del ADN. Adicionalmente,
las marcas epigenéticas pueden también ser utilizadas para la definicion de biomarcadores
para la prevencion o deteccion de enfermedades asociadas al envejecimiento, asi como para
descubrir dianas moleculares para su tratamiento.

En esta tesis doctoral, hemos utilizado datos publicos de estudios dmicos a gran escala, asi
como generado datos epigendmicos a partir de cohortes humanas y modelos murinos, para
caracterizar y comparar las caracteristicas de las alteraciones en la metilacion del ADN y su
contexto epigendmico en envejecimiento y enfermedades asociadas. En particular, hemos
explorado las dinamicas epigendmicas del céncer, el desarrollo en etapas tempranas de la
vida, y el deterioro cognitivo. Nuestros resultados indican que la hipometilacién del ADN
asociada a envejecimiento y cancer ocurre en contextos de cromatina distintos, en multiples
tejidos, sugiriendo que la relacion entre las alteraciones de metilacion del ADN en
envejecimiento y cancer es mas compleja que lo anteriormente pensado. Ademas, observamos
que las caracteristicas epigenéticas especificas de cada enfermedad estan conservadas en
modelos humanos y murinos de envejecimiento y cancer cerebral. Adicionalmente,

determinamos que los cambios de metilacién asociados al desarrollo que ocurren durante los




primeros anos de vida son similares a aquellos asociados al envejecimiento, pero de mayor
numero y magnitud. Con respecto a las conexiones epigenéticas entre envejecimiento y
deterioro cognitivo, observamos que las alteraciones de metilacion del ADN pueden aparecer
en la sangre de sujetos humanos afios antes de la manifestacion clinica de sintomas
patolégicos. Finalmente, utilizando modelos murinos de enriquecimiento ambiental,
demostramos como la estimulacién cognitiva puede revertir caracteristicas moleculares tipicas
del proceso de envejecimiento.

En conjunto, nuestros resultados revelan como el estudio de alteraciones epigenéticas
relacionadas con el envejecimiento nos ayuda a entender la etiologia de enfermedades
asociadas, nos proporciona nuevas vias para el desarrollo de biomarcadores o la deteccién de
dianas moleculares para su tratamiento, y nos muestra como intervenciones sobre el estilo de

vida pueden ser utilizadas para prevenir deterioro asociado al envejecimiento.

RESUMEN (en Inglés)

Epigenetic mechanisms, such as DNA methylation and histone post-translational modification,
regulate the interaction of the genome with the environment and play major roles in the control
of biological processes as well as the development of disease. The universal phenomenon of
aging is linked to the emergence of many diseases, including cancer and neurodegeneration.
All of these processes manifest associated epigenetic alterations, and because aging and
aging-related pathologies often display similarities in their epigenetic modifications, it is thought
that epigenetic mechanisms could be causal links between these processes. For instance, both
aging and cancer present apparently analogous DNA methylation alterations, but the precise
nature of the epigenomic context of these changes is to date unclear, especially regarding the
characteristics of DNA methylation loss. Moreover, epigenetic marks may also be used to define
biomarkers for the prevention or detection of aging-associated diseases, as well as to discover
molecular targets for their treatment.

In this doctoral thesis, we have taken advantage of publicly-available large-scale omic studies
and also generated epigenetic data from human cohorts and murine models to characterize and
compare the features of DNA methylation alterations and their epigenomic context in aging and
aging-associated disease, using state-of-the-art computational methods. In particular, we
explored the epigenomic dynamics of cancer, early-life developmental processes and cognitive
decline. Our results indicate that aging- and cancer-associated DNA hypomethylation occurs at
different chromatin contexts across multiple tissues, suggesting that the relationship between
DNA methylation alterations in aging and cancer is more complex than previously thought.
Moreover, we observed that disease-specific epigenetic features are conserved between
human and mouse models of brain aging and cancer. We additionally determined that early-life,
development-associated DNA methylation changes are similar to aging-associated alterations
but occur in larger number and magnitude. With regards to the epigenetic links between aging

and aging-associated cognitive decline, we observed that DNA methylation alterations can




appear in the peripheral blood of human subjects years before the manifestation of pathological
clinical symptoms. Finally, using murine models of environmental enrichment, we showed how
cognitive stimulation can revert specific molecular features of the aging process.

Overall, our findings reveal how the study of aging-associated epigenetic alterations helps us
understand the etiology of aging-associated diseases, provides us with new avenues regarding
the development of biomarkers or molecular targets for their treatment, and informs us of how

lifestyle interventions may be used to prevent aging-associated decline.

SR. PRESIDENTE DE LA COMISION ACADEMICA DEL PROGRAMA DE DOCTORADO EN
BIOMEDICINA Y ONCOLOGIA MOLECULAR
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RESUMEN

Los mecanismos epigenéticos, como la metilacién del ADN o la modificacién post-
traduccional de las histonas, regulan la interaccién del genoma con el ambiente y
juegan papeles importantes en el control de procesos bioldgicos, asi como en el
desarrollo de enfermedades. El fendmeno universal del envejecimiento esta asociado a
la aparicion de muchas enfermedades, como el cancer y la neurodegeneracion. Todos
estos procesos manifiestan alteraciones epigenéticas, y debido a que el envejecimiento
y patologias derivadas a menudo muestran similitudes en sus modificaciones
epigenéticas, se ha hipotetizado que los mecanismos epigenéticos pueden ser nexos
causales entre estos procesos. De esta manera, tanto envejecimiento como cancer
presentan alteraciones analogas en la metilacién del ADN, pero la naturaleza concreta
del contexto epigendémico de estas alteraciones es todavia desconocida, especialmente
con respecto a la pérdida de metilacion del ADN. Adicionalmente, las marcas
epigenéticas pueden también ser utilizadas para la definicion de biomarcadores para
la prevencién o deteccion de enfermedades asociadas al envejecimiento, asi como para

descubrir dianas moleculares para su tratamiento.

En esta tesis doctoral, hemos utilizado datos publicos de estudios émicos a gran
escala, asi como generado datos epigenémicos a partir de cohortes humanas y modelos
murinos, para caracterizar y comparar las caracteristicas de las alteraciones en la
metilacion del ADN y su contexto epigenémico en envejecimiento y enfermedades
asociadas. En particular, hemos explorado las dinamicas epigenémicas del cancer, el
desarrollo en etapas tempranas de la vida, y el deterioro cognitivo. Nuestros resultados
indican que la hipometilacién del ADN asociada a envejecimiento y cancer ocurre en
contextos de cromatina distintos, en multiples tejidos, sugiriendo que la relacion entre
las alteraciones de metilacion del ADN en envejecimiento y cancer es mas compleja
que lo anteriormente pensado. Ademas, observamos que las caracteristicas epigenéticas

especificas de cada enfermedad estdn conservadas en modelos humanos y murinos de
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RESUMEN

envejecimiento y cancer cerebral. Adicionalmente, determinamos que los cambios de
metilacion asociados al desarrollo que ocurren durante los primeros anos de vida son
similares a aquellos asociados al envejecimiento, pero de mayor ntimero y magnitud.
Con respecto a las conexiones epigenéticas entre envejecimiento y deterioro cognitivo,
observamos que las alteraciones de metilacion del ADN pueden aparecer en la sangre
de sujetos humanos afios antes de la manifestacién clinica de sintomas patoldgicos.
Finalmente, utilizando modelos murinos de enriquecimiento ambiental, demostramos
coOmo la estimulacion cognitiva puede revertir caracteristicas moleculares tipicas del

proceso de envejecimiento.

En conjunto, nuestros resultados revelan cémo el estudio de alteraciones
epigenéticas relacionadas con el envejecimiento nos ayuda a entender la etiologia de
enfermedades asociadas, nos proporciona nuevas vias para el desarrollo de
biomarcadores o la deteccién de dianas moleculares para su tratamiento, y nos muestra
como intervenciones sobre el estilo de vida pueden ser utilizadas para prevenir

deterioro asociado al envejecimiento.
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ABSTRACT

Epigenetic mechanisms, such as DNA methylation and histone post-translational
modification, regulate the interaction of the genome with the environment and play
major roles in the control of biological processes as well as the development of disease.
The universal phenomenon of aging is linked to the emergence of many diseases,
including cancer and neurodegeneration. All of these processes manifest associated
epigenetic alterations, and because aging and aging-related pathologies often display
similarities in their epigenetic modifications, it is thought that epigenetic mechanisms
could be causal links between these processes. For instance, both aging and cancer
present apparently analogous DNA methylation alterations, but the precise nature of
the epigenomic context of these changes is to date unclear, especially regarding the
characteristics of DNA methylation loss. Moreover, epigenetic marks may also be used
to define biomarkers for the prevention or detection of aging-associated diseases, as

well as to discover molecular targets for their treatment.

In this doctoral thesis, we have taken advantage of publicly-available large-scale
omic studies and also generated epigenetic data from human cohorts and murine
models to characterize and compare the features of DNA methylation alterations and
their epigenomic context in aging and aging-associated disease, using state-of-the-art
computational methods. In particular, we explored the epigenomic dynamics of cancer,
early-life developmental processes and cognitive decline. Our results indicate that
aging- and cancer-associated DNA hypomethylation occurs at different chromatin
contexts across multiple tissues, suggesting that the relationship between DNA
methylation alterations in aging and cancer is more complex than previously thought.
Moreover, we observed that disease-specific epigenetic features are conserved between
human and mouse models of brain aging and cancer. We additionally determined that
early-life, development-associated DNA methylation changes are similar to aging-

associated alterations but occur in larger number and magnitude. With regards to the
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ABSTRACT

epigenetic links between aging and aging-associated cognitive decline, we observed
that DNA methylation alterations can appear in the peripheral blood of human
subjects years before the manifestation of pathological clinical symptoms. Finally,
using murine models of environmental enrichment, we showed how cognitive

stimulation can revert specific molecular features of the aging process.

Overall, our findings reveal how the study of aging-associated epigenetic alterations
helps us understand the etiology of aging-associated diseases, provides us with new
avenues regarding the development of biomarkers or molecular targets for their
treatment, and informs us of how lifestyle interventions may be used to prevent aging-

associated decline.
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INTRODUCTION

1. THE BIRTH OF EPIGENETICS: FROM ONTOGENY TO MOLECULAR BIOLOGY

The modern field of epigenetics has deep scientific and philosophical roots which
go back to, at least, the “Hippocratic Corpus” associated with Hippocrates’ (460 BC—
370 BC) works and Aristotle’s (384-322 BC) “On the Generation of Animals”. In
these early Western opuses, physician and polymath laid the foundations of
developmental biology by tackling a fundamental question: how does life originate and
develop from preexisting life? The attempt to understand this biological mystery led
to the birth of two opposed theories which would battle, evolve, and intermingle up

until contemporary times: “epigenesis” and “preformationism”.

From the point of view of epigenesis—termed coined by William Harvey (1578-
1657) (Harvey 1651)—an organism developed from a relatively homogeneous,
unorganized zygote by a process of differentiation, an “addition of parts”—hence the
use of the prefix “epi-”: above genesis. On the other hand, preformationism held that
the individual was more or less already formed and had mainly to grow in size during

its development (Nicoglou & Wolfe 2018) (FIGURE 1).

Figure 1. Drawing of a "preformed” individual within human sperm, by Nicolaas
Hartsoeker (1656-1725) (public domain).
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INTRODUCTION

As science progressed, these concepts evolved to incorporate new knowledge so that
by the mid-20" century the question had been narrowed down. The discovery of
chromosomes by Walther Flemming (1843-1905) revolutionized genetics (Flemming
1882) and opened the door to understanding that genetic material residing in
chromosomes was responsible for carrying biological information (Morgan 1911), in
the form of “genes” (Johannsen 1909) with precise physical locations (Sturtevant
1913). It was in this scenario, prior to the identification of deoxyribonucleic acid
(DNA) as the molecule comprising genetic material (Avery et al. 1944), that Conrad
Hall Waddington (1905-1975) developed the idea of “epigenetics” (Waddington 1940;
Waddington 1942). The British biologist sought to build a bridge between
developmental biology and genetics by considering the available knowledge at the time

(Nicoglou & Wolfe 2018).

Particularly in the contexts of evolution and embryonic development, the concept
of epigenetics as established by Waddington referred to those developmental processes
which, starting from the genotype, gave rise to the phenotype (Tronick & Hunter
2016) (FIGURE 2). Thus, the fundamental “epigenesis question” could now be read as:
how can the unicellular zygote, with its single genotype, give rise to multiple cells with
different phenotypes?—i.e., there must be a degree of “phenotypic plasticity” evoked
from the genotype. In this setting, Waddington already anticipated the importance of
the influence of external, environmental stimuli on eliciting different genetic responses,

as is demonstrated in his research on “genetic assimilation” (Hall 1992).
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Figure 2. Graphical representation of Waddington's "epigenetic landscape”
concept, which illustrates how an initial, individual cell (genotype) may give rise to
different cell types (phenotypes) by interaction with internal and external stimuli.

During the second half of the 20™ century, various landmark advancements in
molecular biology would in turn carry epigenetics from the developmental and
evolutionary field to its contemporary standing as a fundamentally molecular science
(Felsenfeld 2014): first, the observation in Drosophila that changes in the chromosomal
position of genetic information could influence its function (Muller 1930; Hannah
1951), thus implying that the physical organization of genes could impact their
regulation; second, nuclear transplant experiments performed in amphibians
demonstrating that somatic cells carried the same genetic information as embryo cells
(Briggs & King 1952; Laskey & Gurdon 1970), suggesting that developmental
processes did not occur through mutational, genetic alterations; third, the
comprehension that chemical modifications such as the methylation of DNA could
play roles in the regulation of gene function (Griffith & Mahler 1969; Riggs 1975;

Holliday & Pugh 1975).

We arrive thus at the contemporary notion of epigenetics. Though still a debated
concept (Deans & Maggert 2015; Greally 2018), epigenetics is, today, broadly
understood to be the study of molecular changes that occur at the level of

chromatin without modifying the DNA sequence. These changes can be
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heritable, especially regarding cellular mitosis or meiosis, and may affect the function

of genes.

Classically, the main epigenetic mechanisms have been considered to be those
involving direct, covalent modifications of the chromatin molecule, such as DNA or
histone modifications. However, other mechanisms not involving covalent alterations
like chromatin remodeling and non-coding ribonucleic acids (ncRNA) are often
considered to be epigenetic mechanisms, especially when being observed to be stable
and/or heritable processes that act on chromatin (Cavalli & Heard 2019). In this
sense, perhaps Adrian Bird’s definition of epigenetics as “the structural adaptation of
chromosomal regions so as to register, signal or perpetuate altered activity states”

(Bird 2007) provides us with a more concise definition for this complex field.

2. CHROMATIN AND EPIGENETIC MECHANISMS: THE REGULATION OF

BIOLOGICAL INFORMATION

In order to delve into the characterization of the different epigenetic mechanisms,
the nature of biological information must be first discussed. Deoxyribonucleic acid,
DNA, is the molecule responsible for hosting biological information in all forms of
life—with the exception of some ribonucleic acid (RNA) viruses. This molecule is a
double-chained (bio)polymer composed of covalently-bound nucleotides containing
four different types of nitrogenous bases: cytosine (C), guanine (G), adenine (A) and
thymine (T). The linear arrangement of these individual bases generates a code which
can be interpreted by other molecules to bring about biological function. In eukaryotic
organisms, most of the information encoded by DNA is stored in a membrane-bound
organelle called the nucleus, usually across a set of various independent molecules
termed chromosomes. The biological complexity of eukaryotes has led them to possess

genomes of up to billions of base pairs (bp) in size (Blommaert 2020). For these
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extremely large molecules to physically fit within cells, they must be intricately

packaged and organized in a complex known as chromatin.

Chromatin is a fibrous structure mainly composed of DNA and associated proteins
known as histones. The nucleosome represents the basic structure of chromatin and
consists of a short span of DNA, measuring around 146 bp, wrapped around a core of
eight histones—the “histone octamer”—in what is known as the nucleosome’s “core
particle”. These particles are connected through small segments of “linker” DNA to
form a 10-nm “beads-on-a-string” structure, which is the basal form of chromatin
(Cutter & Hayes 2015; McGinty & Tan 2015). Through the coupling of an additional
histone at the linker DNA, this initial fiber may subsequently be condensed into
thicker structures (Hansen et al. 2018; Maeshima et al. 2019) forming the interphase
chromosomes. During cell division, these threads are further compacted into the well-
known structures observable by light microscopy, by way of mechanisms that have

not yet been fully clarified (Antonin & Neumann 2016) (FIGURE 3).

The structure of the nucleosome is relatively well-conserved across Eukarya
(Koyama & Kurumizaka 2018): its octamer core is formed by two H2A /H2B and two
H3/H4 histone heterodimers, while histone H1 associates with the linker DNA. Being
the basal level of DNA compaction in the cell, nucleosomes are in fact very dynamic
structures which can completely or partially disaggregate, slide across the DNA strand,
be subject to epigenetic modifications and incorporate different histone variants within

their cores (Lai & Pugh 2017).
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Figure 3. Illustration of the basic components of chromatin, starting with the
individual histone components of the nucleosome’s core particle leading to the
chromatin fiber formed by compaction of beads-on-a-string arrays of nucleosomes
(adapted from Morgan 2007).

In this line, it is important to understand that during the last decades, science has
gradually moved away from the classic notion of higher-order chromatin organization
as a rigid, hierarchical arrangement in favor of a view of chromatin as a markedly
dynamic system, in which innumerable agents play their roles in determining its local
and global configuration in any cell type, at any time point—including, for example,
other non-histone architectural proteins (Cubenas-Potts & Corces 2015), associated
RNA molecules (Li & Fu 2019), interactions with the nuclear lamina (Briand & Collas
2020) and, of course, epigenetic modifications (Bannister & Kouzarides 2011). Not
only do these factors directly enact programmed biological functions, but their mere
coexistence in the cellular environment leads to the emergence of phase-separated,
condensed biophysical states with specific biological purposes (Banani et al. 2017,

Hansen et al. 2021).

Together, these tightly regulated processes ultimately control the degree of
accessibility to different regions of the genome, thus governing genetic function by
determining which information can be read and interpreted by the cell at all times. In
the following sections, different epigenetic mechanisms will be discussed, with a focus

on covalent histone and DNA modifications.
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2.1. HISTONES AND HISTONE MODIFICATIONS

In direct contact with the DNA molecule, the histones H2A, H2B, H3 and H4 form
the core of the nucleosome. These proteins are highly-basic, relatively-small (11-15
kDa) molecules in which we can distinguish two main parts (Cutter & Hayes 2015;

McGinty & Tan 2015):

=  “Histone fold” motif: a mostly o-helical domain which comprises the central and

C-terminal parts.

= N-terminal “tail”: a less structured region, rich in positively-charged lysine and

arginine residues, which forms the N-terminal end.

The histone fold motif provides an interface through which the proteins can interact
to form heterodimers and, subsequently, the full octamer, while the N-terminal tails
conform structures which extend outwards from the nucleosome particle, so that they
are more accessible to external factors. On the other hand, the linker histone H1 is
the least conserved element and possesses a central globular domain with which it
interacts with linker DNA | although its various putative roles in regulating chromatin
function are much less known than those of its core particle counterparts (Fyodorov

et al. 2018).

Proteins—polypeptides—are very diverse polymers, and as such there is a wide
array of chemical modifications which can occur at the side chains of their constituent
amino acids. Indeed, tens to hundreds of different post-translational histone
modifications (PTMs) have been documented in the scientific literature, most of which
tend to occur at the more-accessible N-terminal tail domains of the nucleosome
octamer (Zhao & Garcia 2015). Within this great variety of epigenetic marks, we can
distinguish two main mechanisms through which histone PTMs carry out their

biological functions:
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= Modulation of the physicochemical environment of chromatin: the addition
or removal of chemical modifications on histones has a direct impact on the
physicochemical interactions between these proteins and the DNA molecule, thus

influencing the degree of chromatin compaction or accessibility (Cortini et al. 2016).
= Constitution of interpretable biological signals: histone modifications are

specific epigenetic signals which can be decoded by chromatin readers in order to

execute biological functions in the context of chromatin (Yap & Zhou 2010).

Many histone PTMs are yet to be understood—and some are still to be discovered,
even in human (Zhang et al. 2019). These modifications can range from acetylation,
methylation, phosphorylation or biotinylation to citrullination, mono-ADP-
ribosylation or biotinylation, among others (Zhao & Garcia 2015), and they usually
follow the same informal nomenclature (Box 1). Below, the most well-known

modifications and their documented functions are summarized.

Box 1. Nomenclature of histone post-translational modifications.

Histone PTMs are usually indicated in the following manner:

[histone| [amino acid] [amino acid position] [modification] [number of modifications]
For example:

= Acetylation of lysine 16 of histone H4: H4K16ac.

=  Trimethylation of lysine 4 of histone H3: H3K4me3.

=  Phosphorylation of serine 3 of histone H3: H3S10p.

= Histone acetylation: histone acetylation occurs through the addition of an acetyl
group (-COCHs) to the protonated amino groups (-NHs") of lysine amino acid
residues. The incorporation of this alteration neutralizes the lysine’s positive charge
and has an impact on the interaction between the histone and DNA—the negatively-
charged DNA phosphates seem to bind more efficiently to positively-charged
histones. Although the effect is modification- and histone-dependent (Wang & Hayes

2008), in general, classic in vitro studies have shown that acetylation helps to disrupt
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chromatin compaction (Cortini et al. 2016) and this histone PTM is usually
associated with transcriptional activation in the cell (Barnes et al. 2019). Examples
of well-known modifications include H3K9ac and H3K27ac, which are associated
with active promoters and enhancers (Pradeepa 2017; Barnes et al. 2019), and
H4K16ac, also linked to the aforementioned elements but with additional known

roles in DNA damage repair (Dhar et al. 2017).

Histone acetylation is controlled by histone/lysine acetyltransferases (HATs/KATs)
and histone deacetylases (HDACs), while the recognition of this mark is mediated
by various protein structures, including bromodomains and PHD finger domains

(Yap & Zhou 2010).

= Histone methylation: histone methylation consists in the transference of methyl
groups (-CH;) to the protonated amino group (-NHs;") of lysine or to the
guanidinium group (-CN3Hs") of arginine amino acid residues. Importantly, these
residues can carry up to three and two methyl groups, respectively, whereby each
distinct modification may possess a different biological meaning. Histone H3 is the
main known target of histone methylation, and its PTMs have been linked to many
different and often opposite functions: across a wide range of organisms, H3K9me2
and H3K9me3 are widely acknowledged repressive marks found at constitutive
heterochromatin (Becker et al. 2016), while H3K27me3 is generally related to
facultative heterochromatin (Wiles & Selker 2017)'. On the other hand, the
H3K36me3 modification is associated with the bodies of actively transcribed genes
(Wagner & Carpenter 2012) and also plays roles in DNA damage repair (Sun et al.
2020). In addition, the H3K4me3 mark is well-known to be present at the promoters

of active genes (Howe et al. 2017), whose adjacent regions are also enriched in the

! Heterochromatin regions are compacted DNA domains with reduced accessibility and expression.
Two types of regions are generally distinguished: constitutive heterochromatin is always condensed in
any cell, such as telomeres or centromeres, while facultative heterochromatin is more dynamic and can
be unpacked depending on the cell type, developmental stage or other processes (Trojer & Reinberg
2007).
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H3K4mel modification, which is also characteristic of enhancer locations (Kimura
2013).

A wide variety of histone methyltransferases (HMTs) and histone demethylases
(HDMs) exist, and there are several known protein motifs associated with the
recognition of methylated histone residues, especially regarding lysine methylation,
such as the chromodomain and the Tudor, Royal, PWWP, MBT or PHD finger

domains (Yap & Zhou 2010).

= Histone phosphorylation: histone phosphorylation involves the addition of a
phosphate group (-PO.*) to the hydroxyl group (-OH) of serine, threonine or
tyrosine amino acid residues. Apart from its importance in the regulation of
transcription, histone phosphorylation has been classically studied as a key player
in cell division and DNA damage response, and often occurs at the core domains of
the histones. For example, phosphorylation of histone variant H2A.X at Ser-139 is
recognized to play an important role in the signaling and repair of double-strand
DNA breaks (Mah et al. 2010), and phosphorylation of H3 at multiple sites, and
also of linker histone H1, are linked to chromatin condensation during mitosis

(Rossetto et al. 2012).

In this case, kinases and phosphatases regulate the dynamics of histone
phosphorylation, a mark which can be read by protein domains such as those from
14-3-3 proteins, or the BRCT domain (Yap & Zhou 2010).

In addition to the specific biological and physicochemical nature of the different
histone PTMs, their dynamics within the cellular environment are also varied so that
they can manifest molecular turnover rates ranging from minutes to days, with histone
methylation being, in general, a more stable mark than acetylation or phosphorylation
(Barth & Imhof 2010). The targeting of chromatin modifiers to specific genomic
locations depends on their interaction with multiple factors such as transcription
factors (TFs), ncRNAs, other epigenetic marks or the sheer DNA sequence. In this

sense, these enzymes typically form part of multiprotein complexes in which some
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subunits direct their genomic targeting via chromatin reading or interaction with other
molecules while other subunits are responsible for histone modification

(Schuettengruber et al. 2017).

As can probably be anticipated, histone PTMs do not exist independently in the
cellular context; rather—as is also a general case for all epigenetic marks—they coexist
in a certain spatiotemporal circumstance, associated with the DNA molecule, in their
almost-infinite possibilities of combinations. Indeed, in the year 2000, Brian D. Strahl
and C. David Allis took note of the combinatorial nature of these modifications and
proposed the existence of a biologically-meaningful “histone code” (Strahl & Allis
2000), a notion which has been widely adopted in contemporary science (Janssen et
al. 2017) and also been extended to epigenetic marks in general (Zhao et al. 2021). Of
course, some modifications—and their combinations—do seem to be more prevalent,
or conserved across species, than others (Rando 2012; Kimura 2013)2 This holistic view

of epigenetics will be further developed in following sections.

2.1.1. HISTONE VARIANTS

Core histone proteins are relatively-well conserved across evolution, and in higher
organisms their genes are grouped in multiple-copy clusters across the genome. The
expression of these genes—which are intronless and do not possess the typical mRNA
poly(A) tail—is tightly regulated and almost completely associated with cell division,
being primarily induced during the S-phase so as to supply histones for the
nucleosomes of the newly-synthesized DNA strands (Singh et al. 2018). Aside from
relatively-small sequence variation between these “canonical” histone isoforms (H2A,

H2B, H3 and H4), there exist other histone genes encoding for so-called histone

2 Post-translational modifications can also be exclusive: physically exclusive—e.g., a trimethylated
lysine residue cannot be acetylated—or biologically exclusive, so that some modifications control impede
the deposition of others (Greer & Shi 2012).
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“variants” which are considerably different in structure and function. Histone variant
genes are not located within canonical clusters and present a more classic configuration
in that they produce intron-containing RNAs which can have poly(A) tails and whose
expression is not connected to cell cycle dynamics (Talbert & Henikoff 2017). These
variants are incorporated and exchanged at nucleosomes, thus adding another layer
of epigenetic complexity to chromatin regulation. Prominent examples include the H3
variant CENP-A| which is located at chromosome centromeres and helps define their
identity; H3.3, associated with nucleosomal turnover at transcriptionally-active loci;
the aforementioned H2A.X, involved in the DNA damage response; H2A.Z, linked to
both active and repressive chromatin dynamics; or the testes-specific variants involved
in the histone-to-protamine substitution occurring in the germline (Martire &

Banaszynski 2020).

2.2. CHROMATIN REMODELING COMPLEXES

As already mentioned, nucleosomes are very dynamic structures which are subject
to constant aggregation and disaggregation, displacement or turnover and exchange
of their histone components. Indeed, DNA transcription, or its binding by regulatory
proteins or RNA, must occur on the bare nucleotide strand, so that genomic locations
such as gene promoters or active enhancers typically present a “nucleosome-free”
region (NFR)—termed “nucleosome-depleted” (NDR) when it is not constitutively

depleted—to which regulatory factors may bind (Lai & Pugh 2017).

These nucleosomal dynamics are controlled by several families of protein complexes
known as ATP-dependent chromatin remodelers. These relatively-well conserved
complexes all contain a catalytic subunit presenting an ATPase domain and are
generally classified into four subfamilies: ISWI, CHD, SWI/SNF and INOS80. All
remodelers act upon chromatin through a common DNA translocation mechanism,

but they carry out different and very specific functions across the genome (Yan &
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Chen 2020). In this manner, an “hourglass” model has been proposed to explain the
paradigm of chromatin remodeler function (Clapier et al. 2017): in this model, their
diverse targeting specificity is mediated by a host of different family subunits under
the influence of TFs, ncRNAs and histone PTMs or variants, which then converges
on the common ATP-dependent DNA translocation mechanism, to finally enact
specific biological functions also dependent on the presence of TFs and histone
modifications. These functions are primarily family-specific, and three main categories

have been distinguished (Clapier et al. 2017):

=  General nucleosome assembly and organization: directing the assembly of
nucleosomes during DNA replication or transcription to generate the “beads on a

string” nucleosome arrays. Primarily directed by the ISWI and CHD subfamilies.

= Dynamic chromatin access: mediating chromatin disaggregation to facilitate the
binding of DNA by regulatory proteins and RNA. This can involve fully or partially
ejecting the components of the nucleosomes. Mostly controlled by the SWI/SNF

subfamily.

= Specific nucleosome editing: incorporating or exchanging histone variants within

the nucleosomes. Mainly regulated by the INO80 subfamily.

To help direct their specific functions, many remodeler proteins possess DNA- and
histone PTM-binding domains, such as the aforementioned bromo- or chromodomains
(Sundaramoorthy & Owen-Hughes 2020), and they also cooperate with histone
modification proteins. Despite not directing the establishment of covalent
modifications, chromatin remodeling factors are generally considered to be epigenetic
mechanisms because they reconfigure the function of chromatin without altering its
sequence. Furthermore, as is the case for other epigenetic mechanisms, the
composition—in terms of histone PTMs or variants (Henikoff & Smith 2015)—and
even the specific genomic location of nucleosomes has been shown to be inheritable

through cell division (Henikoff & Ahmad 2019).
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2.3. DNA METHYLATION

DNA methylation is the quintessential epigenetic mark: some of the first hypotheses
regarding the possible roles of chromatin modification on the regulation of genomic
function in eukaryotes were proposed for DNA methylation (Griffith & Mahler 1969;
Holliday & Pugh 1975; Riggs 1975) and this mark is to date, by far, the most well-
known and studied of all epigenetic mechanisms. It is present in species across all
clades of life, including prokaryotes, and involves the transfer of methyl groups (-CHs)
to cytosines or adenines (Yi 2017). In vertebrates, and particularly in mammals, DNA
methylation possesses the following general characteristics (Jones 2012; Kulis et al.

2013; Edwards et al. 2017; Greenberg & Bourc’his 2019) (FIGURE 4):

= [t consists in the addition of a methyl group to the fifth carbon of the cytosine base
to form 5-methylcytosine (5mC).

= [t appears in regions known as “CpG sites”, in which cytosines are followed by
guanines.

= CpG sites are symmetrically methylated in both strands of the DNA molecule. When
it occurs, the methylation of a single cytosine of the CpG site is called
“hemimethylation”.

= The distribution of CpG sites across genome is non-random: they appear clustered
in high-density regions termed “CpG islands” which are often located at gene
promoters, while the rest of the genome, scarce in CpGs, is called “open sea”.

=  DNA methylation correlates inversely with density in CpG sites, so that CpG islands
tend to be unmethylated while the rest of the genome displays high levels of

methylation.

% Regions adjacent to CpG islands, which may have specific regulatory features, are typically called
“shores”™ —up to 2,000 bp in distance (Irizarry et al. 2009)—and “shelves”—between 2,000 and 4,000
bp in distance (Gao et al. 2020).
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There are, of course, exceptions to all of these rules: low levels of N6-methyladenine
(6mA) have been reported in the DNA of mammalian and vertebrate species (Koziol
et al. 2016; Wu et al. 2016), although the significance of these observations is still
disputed (Douvlataniotis et al. 2020); 5mC can be detected—albeit at reduced levels—
at non-CpG sites in tissues such as brain or embryonic stem cells (ESCs) in which it
can have biological functions (Lister et al. 2009; de Mendoza et al. 2021); CpG sites
can be stably- and heritably hemimethylated, for example in human ESCs (Xu &
Corces 2018); “orphan” intragenic and intergenic CpG islands exist which may be
methylated and display distinct characteristics as compared with promoter-associated

islands (Illingworth et al. 2010; Zeng et al. 2014).

Figure 4. DNA methylation landscape of the human genome. TSS: transcription
start site; SINE: short interspersed nuclear element; LINE: long interspersed nuclear
element; LTR: long terminal repeat.

Up until the first decade of the 21*' century, DNA methylation was primarily
considered to be a repressive mark. The classic paradigm of epigenetic regulation held
that  genes  were repressed by  gaining  methylation—i.e.  becoming
“hypermethylated”—at the CpG islands associated with their promoters, and, indeed,
numerous examples of this phenomenon have been documented, particularly in the
context of cancer-related hypermethylation of tumor suppressor genes (Rodriguez-
Paredes & Esteller 2011). However, the advent of new technologies allowing for the
fine-mapping of DNA methylation across the whole genome has revealed diverse
associations of this epigenetic mark with different genomic features (Jones 2012; Kulis

et al. 2013; Edwards et al. 2017; Greenberg & Bourc’his 2019) (Box 2).
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Bozx 2. General associations of DNA methylation with genomic features.

CpG islands: these regions often coincide with regulatory elements such as promoters or
enhancers and are typically unmethylated, often regardless of the underlying activity of the
associated genomic element (Illingworth et al. 2010; Kulis et al. 2013; Bell & Vertino 2017).
In physiological conditions, the methylation of CpG islands is linked to the repression of
very specific types of genes, which include X-inactivated genes, imprinted genes' and
germline-specific genes (Greenberg & Bourc’his 2019).

Transcription start sites (TSSs): the methylation of TSSs (Han et al. 2011), and also
of the immediately downstream intronic and exonic regions (Brenet et al. 2011; Anastasiadi
et al. 2018), is generally associated with repression.

Gene bodies: methylation at gene bodies, particularly at exons, is well conserved across
many eukaryotic lineages (Feng et al. 2010), and tends to correlate positively with
transcription (Varley et al. 2013). In fact, transcription may also lead to the methylation
of CpG islands located within gene bodies (Jeziorska et al. 2017). Gene body methylation
is known to influence splicing (Shayevitch et al. 2018), transcriptional elongation (Cholewa-
Waclaw et al. 2019), and may play a role in inhibiting spurious intragenic transcription
(Neri et al. 2017) thus controlling transcriptional noise (Huh et al. 2013).

Other regulatory elements (enhancers, TF binding sites, insulator binding sites): in
general, local regions of accessible chromatin—such as the binding sites of regulatory
elements—tend to be unmethylated (Thurman et al. 2012), and it is thought that the
occupation by these factors can mediate the loss of methylation at their binding sites
(Stadler et al. 2011; Feldmann et al. 2013). Nonetheless, DNA methylation can also
influence the interaction of the regulatory factors in the first place (Domcke et al. 2015),
having by itself negative, positive or neutral effects on the binding of TFs (Yin et al. 2017).
Moreover, the methylation status of particular elements such as enhancers is complex and
can be context-specific (Sharifi-Zarchi et al. 2017). Because regulatory elements are often
cell type-specific, tissue-specific DNA methylation patterns are typically found at these
types of genomic features (Hon et al. 2013; Roadmap Epigenomics Consortium et al. 2015).

Heterochromatin and repetitive DINA: DNA methylation is usually associated with
constitutive heterochromatin (Saksouk et al. 2015). These regions are rich in repetitive
elements, which are also typically methylated (Edwards et al. 2017) and can be rich or
scarce in CpG sites (Rollins et al. 2006). In this setting, DNA methylation is well known to
mediate the repression of genomic repeats so as to prevent unwanted transposition and thus
ensure chromatin stability (Bourc’his & Bestor 2004; Zamudio et al. 2015; Barau et al.
2016; Pappalardo & Barra 2021).

! Imprinted loci are genomic regions which display allele-specific epigenetic patterns inherited from
each parent, whereby only one of the alleles—paternal or maternal—is expressed, while the other is
methylated and repressed (Elhamamsy 2017).
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In addition, DNA methylation can by itself physically influence genome structure
and organization (Choy et al. 2010; Lee & Lee 2012; Buitrago et al. 2021), although
this effect on chromatin architecture is probably much smaller than those caused by

other epigenetic marks such as histone PTMs.

2.3.1. DNA METHYLATION WRITERS AND ERASERS

The modification of cytosine into 5-methylcytosine is catalyzed by a group of
proteins known as DNA methyltransferases (DNMTs). All DNMTs use S
Adenosylmethionine (SAM) as their methyl donor cosubstrate, and their catalytic
domains are relatively well conserved across evolution, with different clades presenting
different numbers of orthologs and paralogs (de Mendoza et al. 2019). In human, there
are five known DNMTs: DNMT1, DNMT2, DNMT3A, DNMT3B and DNMT3L. Of
these, DNMT2 and DNMTS3L are considered to be “non-canonical” members because
they do not methylate DNA: DNMT2 is a transfer RNA (tRNA) methyltransferase,
while DNMT3L is a catalytically-inactive variant of DNMT3 which acts as a cofactor
for the other DNMT3 enzymes. Conversely, DNMT1, DNMT3A and DNMT3B are

responsible for the direct methylation of DNA sequences (Lyko 2018).

DNMTs are tightly-regulated enzymes with key roles in numerous biological
processes, such as development or cancer (Zhang & Xu 2017; Chen & Zhang 2020).
As such, they possess different domains through which they interact with other
regulatory factors—including TF's, chromatin readers, or chromatin modifiers—that
direct their activity, which can then be sequence-specific or nonspecific (Hervouet et
al. 2018). This cooperation with external factors helps understand how different DNA
methylation patterns can be associated with different genomic elements such as CpG
islands, gene bodies or repetitive DNA (Chen & Zhang 2020). For instance,
DNMT3A/B present PWWP and ADD domains that interact with histone PTMs,

while DNMT1 possesses, among others, a zinc-finger CXXC domain which binds
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unmethylated CpG sites and a RFTS domain which targets replication foci (Lyko
2018). In addition, several families of proteins are able to recognize methylated DNA
and interact with DNMTs and other chromatin modifiers, including methyl-CpG-
binding domain (MDB) proteins, SET- and Ring finger-associated (SRA) proteins,

and the Kaiso family proteins (Du et al. 2015).

In spite of all the involved pleiotropy and interactions, DNMTs have generally been
associated with two very different roles: “maintenance” and “de novo” methylation.
Maintenance replication, orchestrated by DNMT1, is the process through which DNA
methylation is copied to unmethylated newly-synthesized DNA strands during DNA
replication. In this mechanism, DNMT1 is targeted to the hemimethylated DNA
molecule via interaction with UHRF1 so as to restore the DNA methylation patterns
in the new strand and thus prevent the loss of this mark by replication dilution (Petryk
et al. 2021). On the other hand, de novo methylation, which is carried out by DNMT3
enzymes, refers to the direct methylation of genomic sequences in order to establish
new DNA methylation patterns (Lyko 2018). Nonetheless, DNMTs also have a certain
degree of functional promiscuity, so that DNMT1 can participate in the de novo
methylation of, for example, transposable elements (Haggerty et al. 2021), while
DNMT3A and DNMT3B can be involved in maintenance methylation (Walton et al.

2011; Arand et al. 2012).

2.3.2. DNA METHYLATION IN DEVELOPMENT

Embryonic development is one of the most studied processes from the epigenetic
perspective. It is well known that DNA methylation plays a fundamental role during
development; indeed, the mutation of DNMT1, DNMT3A and DNMT3B causes
lethality at the embryonic or the immediately postnatal stage in mouse (Li et al. 1992;
Okano et al. 1999)—as is also the case for many other epigenetic modifiers involving,

for example, histone PTMs (Ma & Schultz 2016; Deevy & Bracken 2019).

40



INTRODUCTION

During development, there occur so-called “waves” of epigenetic reprogramming
involving passive and active demethylation, and also de novo methylation, which are
thought to be necessary to: 1) erase epigenetic alterations, “epimutations”,
accumulated in the parental genomes; 2) confer epigenetic plasticity to the embryo
cells so that they can correctly develop the organism. In brief, these reprogramming

waves consist of (Atlasi & Stunnenberg 2017; Greenberg & Bourc’his 2019):

1. Following fertilization, there is an initial active demethylation of the parental-
gamete genomes—especially the paternal-—which brings about the zygotic genome
activation (ZGA), in which the zygote’s genome, as a whole, takes control of the
developmental process.

2. Next, both parental genomes are passively demethylated by DNA replication-
associated dilution until the blastocyst stage.

3. After implantation of the blastocyst, DNA methylation and other epigenetic
marks—and also female X-inactivation—are gradually reestablished as progenitor
cells differentiate into the lineages which will give rise to the final somatic cell
types.
=  Germline cells, which will generate the reproductive lineage, undergo an

additional phase of passive and active demethylation.
= Subsequently, male gametes are re-methylated prior to birth, while female
gametes are re-methylated postnatally prior to ovulation.

2.3.3. DNA HYDROXYMETHYLATION AND DNA METHYLATION

ERASERS

In 2009, two back-to-back investigations reported the observation of a new DNA
modification, 5-hydroxymethylcytosine (5hmC), in murine brain and ESCs, which in

human could be generated from 5mC by a ten-eleven translocation (TET) enzyme,
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TET1 (Kriaucionis & Heintz 2009; Tahiliani et al. 2009)°. Two years later, another
set of studies showed how this modification could be subsequently processed into more
oxidized forms (5-formylcytosine, 5{C; 5-carboxylcytosine, 5caC) ultimately leading to
is excision from DNA by the DNA repair enzyme thymine-DNA glycosylase (TDG)
(Cortazar et al. 2011; Cortellino et al. 2011; He et al. 2011; Ito et al. 2011). Thus, two
very important—and somewhat independent—observations had been made: that there
existed a new mammalian epigenetic mark and that there existed a molecular pathway

enabling active DNA demethylation.

At the present time, 5hmC is considered both to be an epigenetic information
carrier with functional relevance and also part of the active DNA demethylation
mechanism of the cell. With regards to its functional meaning, this mark is mostly
present in the central nervous system, with other tissue types displaying variable or
negligible levels of 5hmC (Globisch et al. 2010; Szwagierczak et al. 2010). 5hmC is
relatively stable in the cellular environment (Bachman et al. 2014) and tends to be
localized within gene bodies, particularly exonic sequences, with tissue specific
patterns also being detected at enhancer locations so that, in general, 5hmC is an
epigenetic mark associated with regulatory activation and gene expression (Song et al.

2011; Schutsky et al. 2018; Cui et al. 2020; He et al. 2021).

Because 5hmC is generated from 5mC and these modifications cannot coexist within
the same nucleotide, these marks have a singular, interdependent relationship
(Kochmanski et al. 2019) and it has been observed that alterations in one lead may

to changes in the other (Putiri et al. 2014; Vet6 et al. 2018).

The oxidation of 5mC to b5hmC is catalyzed by the TET family of enzymes, of

which there are three members in mammals: TET1, TET2 and TET3. These proteins

5 The presence of 5hmC had already been reported decades before in animal tissues (Penn et al.
1972) but the significance of these observations has been questioned (Pastor et al. 2013).

42



INTRODUCTION

are dioxygenases which sequentially oxidize 5mC to 5hmC, 5fC and 5caC by means
of a Fe?' and 2-oxoglutarate-dependent mechanism (Pastor et al. 2013). All three
TETs possess a common C-terminal catalytic domain and an unmethylated DNA-
binding CXXC domain—also carried by the aforementioned DNMT1—which, in the
case of TET2, has been separated because of ancestral chromosomal inversion events

and now constitutes an independent gene, IDAX (An et al. 2017).

The 5mC oxidation process constitutes a bona fide pathway of active DNA

demethylation and can in principle occur in two different ways (Kohli & Zhang 2013)S:

= Passive-dilution: 5mC is modified to 5hmC, which then cannot be copied to new
strands during DNA replication, so that the original DNA methylation is lost on

the daughter strands.

= Active restoration: 5mC is modified to 5hmC and then oxidized to 5fC and 5caC,
which TDG can directly excise from DNA generating an abasic site, at which an
unmethylated cytosine is restored through DNA repair pathways.

Even though the particularities regarding the importance of the different involved
pathways or enzymes in these processes are yet to be clarified, it is indisputable that
TET-associated active DNA demethylation occurs and is biologically relevant in
mammals. For instance, the previously mentioned developmental reprogramming
processes which concern massive demethylation events (see section 2.3.2. DNA
METHYLATION IN DEVELOPMENT) are known to be TET-dependent (Greenberg &
Bourc’his 2019), although a part of these phenomena are probably controlled by non-

catalytic TET activity (Ross & Bogdanovic 2019).

6 Other DNA demethylation pathways involving direct deamination of 5mC or 5hmC through
AID/APOBEC family enzymes have been proposed but the in vivo evidence is still limited (Bochtler
et al. 2017).
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3. OMICS DATA AND CHROMATIN STATES: THE EPIGENETIC ORCHESTRA

As already stated, epigenetic marks are not isolated modifications existing
independently of one another. The molecular environment enveloping the chromatin
molecule is a complex scenario which involves the combination of innumerable factors
subject to a constant dynamic regulation. In this sense, no epigenetic mark can be
thought to be purely active or repressive: though there can be general associations—
as has been successively expounded here—the final activity status of any genomic
region will depend, among other things, on the aggregate effects of all the modifications

present.

The first two decades of the 21%' century have witnessed an explosive revolution in
the molecular sciences: spurred by the exponential development of information
technology and by the gargantuan scientific and technological enterprises which led
to the sequencing of the human genome (Lander et al. 2001; Venter et al. 2001),
parallel DNA sequencing technologies, and in general, so-called “high-throughput”
technologies have been developed across all fields of molecular biology. These
technologies, collectively known as “omics”, are capable of analyzing, in parallel,
massive quantities of molecules and their goal is to profile the complete set of

biomolecules present in biological samples (Hasin et al. 2017) (Box 3).

Box 3. Omics technologies in epigenomics: general characteristics.

Numerous types of omics technologies have been and are being developed continuously.
Those based on parallel sequencing usually involve the following general steps:

isolation of biomolecules > modification steps (purification, chemical/enzymatic
reactions, fragmentation) > library preparation (adapter ligation, amplification) >
sequencing > alignment > quantification

Some of the most widely used technologies, with a focus on the epigenetics field, are
commented here:

= RNA sequencing (RNA-seq, quantifies expression levels of genes and

isoforms): cellular RNA is isolated and typically converted to ¢cDNA, which is then
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amplified and sequenced. After aligning the sequencing reads to the genome or
transcriptome, counts of reads are obtained for each gene or isoform (Stark et al. 2019).

» Bisulfite sequencing (BS-seq, quantifies DNA methylation levels at genomic
positions): cellular DNA is isolated and applied a bisulfite treatment which, after
amplification, enables the distinction of 5mC from C bases. Then, after sequencing and
aligning the reads, the levels of bmC relative to C can be quantified at each genomic
position. The whole genome can be profiled (WGBS), but there are also methods which
enrich for a fraction of the genome, e.g. targeting CpG islands, such as reduced-
representation bisulfite sequencing (RRBS), or variants which can quantify 5hmC using
oxidation, enzymatic or antibody-based protocols (Yong et al. 2016).

* Chromatin immunoprecipitation and sequencing (ChIP-seq, localizes and
quantifies binding sites of proteins of interest): cellular chromatin bound to a
protein of interest is isolated using specific protein-targeting antibodies. Next, the
isolated fragments are amplified, and sequencing is performed. Finally, the aligned reads
are counted across the genome so as to detect enriched aggregates of reads, called
“peaks”; which represent the binding sites of the protein of interest (Furey 2012).

= Assay for transposase-accessible chromatin using sequencing (ATAC-seq,
localizes and quantifies regions of open chromatin): nuclear chromatin is isolated
and then open chromatin regions are tagged through the use of a Tn5 transposase.
These tagged regions are amplified and sequenced, so that after alignment, “peaks” of
accessible chromatin can be detected in a manner similar to that of ChIP-seq (Klemm
et al. 2019).

= Array-based technologies (quantify the levels of sets of molecules of
interest): these technologies do not involve sequencing; rather, they typically rely on
highly-sophisticated chips containing oligonucleotides which hybridize with sequences
of interest. Thus, they focus on quantifying a set of pre-specified target loci, for example:
quantifying the expression of all the genes in the genome (Slonim & Yanai 2009), or
measuring the DNA methylation levels of a set of CpG sites in the genome (Wilhelm-
Benartzi et al. 2013). Most of these technologies typically quantify by measuring light-
based signals produced by the nucleotide hybridization processes.

The large-scale generation, and sharing, of omics data has permitted the
development of a myriad of data science-based approaches to tackle old and new
scientific questions (Marx 2013). From the epigenetic perspective, this has led to the
single-nucleotide resolution mapping of epigenetic modifications across a wide range
of tissues and diseases, efforts which are often conducted by international consortia

such as the International Human Epigenome Consortium (IHEC) (Stunnenberg et al.
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2016), associated with the BLUEPRINT (Martens & Stunnenberg 2013), ENCODE
(ENCODE Project Consortium 2012) and NIH Roadmap (Bernstein et al. 2010)
projects, or The Cancer Genome Atlas (TCGA) program (Cancer Genome Atlas
Research Network 2008). This genome-wide cartography of epigenetic regulation has
deepened our understanding of how epigenetic mechanisms come together to regulate
chromatin function and has led to the contemporary notion of “chromatin state”.
Chromatin states are spatial combinations of epigenetic marks and regulatory factors
which are repeatedly observed in biological systems and have functional meaning
(Baker 2011). These states have been defined through the use of automated statistical
methods to integrate large quantities of different omics data (Hon et al. 2008; Ernst
& Kellis 2012; Hoffman et al. 2012; Mammana & Chung 2015) and can complement
or outperform functional predictions made by genomic sequence analyses (Tsai et al.

2015) (Box 4).

Box 4. An illustration of the concept of chromatin states.

An exemplification of the concept chromatin states can be extracted from the following
study (Ernst et al. 2011): in 2011, an ENCODE effort led by Jason Ernst and colleagues
integrated epigenomic data from several human cell types measuring the genome-wide
occupancy of different histone PTMs (H3K27ac, H3K9ac, H3K4mel/2/3, H4K20mel,
H3K27me3, H3K36me3) and also CTCF insulator binding sites. Using hidden Markov
models (HMM), they discovered 15 different patterns of combinations of these chromatin
marks—15 chromatin states—, which were associated with genomic or functional features.
For instance, states linked to active promoters were characterized by the presence of active
histone modifications such as H3K4me2/3 or H3K27ac, with inactive promoters also
containing H3K27me3, while states located within transcribed gene bodies were mostly
associated with H3K36me3.

A very important observation arising from integrative epigenomic studies is that
chromatin states appear to be conserved across tissues (Vu & Ernst 2022) and close
species like human and mouse (van der Velde et al. 2021), also displaying parallelisms

with more distant species like Drosophila (Kharchenko et al. 2011) or even plants
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(Sequeira-Mendes et al. 2014). Chromatin states do vary in their genomic locations in
a tissue- or species-specific manner, but their functional combinations seem to be
tightly defined across biological systems, thus arguing in favor of the existence of an

“epigenetic code” (de Pretis & Pelizzola 2014).

4. EPIGENETICS, ENVIRONMENT AND DISEASE

The genome carries the basal level of biological information and as such it needs to
be a very stable code. In consequence, a host of DNA repair mechanisms have evolved
to help maintain this stability and protect it from endogenous or exogenous damage
(Chatterjee & Walker 2017). On the other hand, epigenetic mechanisms are not
subject to the same constraints: these modifications are dynamic and reversible and
thus constitute a flexible system through which the genome can actively respond to
changing environments. These dynamic environments can arise from internally-
controlled biological processes, such as embryonic development or cellular
differentiation, or they can appear because of external stimuli like stress, pathogens,
or lifestyle factors. Today, epigenetics is recognized as a critical link between the
environment and genomic function (Feil & Fraga 2012; Cavalli & Heard 2019) (Box

5).

Box 5. The agouti mouse: a model for environmental epigenetics.

One of the most studied paradigms of environmental epigenetics is that of the agouti mouse.
In this model, the color of the animal’s coat is controlled by the expression of the agouti
viable gene (A»), which contains an intracisternal A-particle (IAP)—a retrotransposon-
associated sequence—inserted within its promoter (Feil & Fraga 2012). DNA methylation
can influence the expression of this region, so that an unmethylated IAP allows gene
activation giving rise to a yellow agouti color, while a methylated IAP is repressive and
results in the mouse having a brown “pseudo-agouti” color (Michaud et al. 1994).
Fascinatingly, the dietary supplementation of gestating mothers with methyl donors such
as folic acid or cobalamin, among others, can control the methylation status of the IAP loci
in the developing fetus and thus the color of the newborn offspring (Waterland & Jirtle
2003).
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Epigenetic alterations are often observed in association with pathological processes
such as cancer (Feinberg et al. 2016), aging (Sen et al. 2016), neurodegenerative
conditions (Hwang et al. 2017) or metabolic diseases (Ling & Roénn 2019), and can
often provide mechanistic explanations for the etiology or pathophysiology of these

processes, as will be commented below.

4.1. THE EPIGENETICS OF AGING AND AGING-ASSOCIATED DISEASES

Aging is a near-universal biological process that involves the gradual deterioration
of an organism’s physiological functions across its lifespan. This time-dependent
decline is known to be caused by the accrual of molecular damage at multiple levels,
including epigenetic alterations (Lopez-Otin et al. 2013), although it is also thought
that this process might be, in part, a programmed biological function (Kowald &
Kirkwood 2016). Aging is the major risk factor for many diseases, including
cardiovascular pathologies, neurodegenerative disorders or cancer (Niccoli & Partridge
2012), and, in fact, the boundary between aging symptoms and aging-associated

disease symptoms is often blurred (Franceschi et al. 2018).

Aging is accompanied by a series of epigenetic alterations which have often been
studied through the use of model organisms such as Saccharomyces cerevisiae,
Caenorhabditis elegans, Drosophila melanogaster or Mus musculus and include general
chromatin disruption via the loss of histones and heterochromatin, and the
displacement of repressive and active chromatin modifications (Booth & Brunet 2016;
Sen et al. 2016). Moreover, genetic models targeting histone modifiers such as histone
methylases, or the sirtuin histone deacetylases, have been shown to modulate lifespan
in the aforementioned organisms (Molina-Serrano et al. 2019), while laminopathies—
pathologies affecting nuclear envelope organization—can generate features of

accelerated aging (Shin & Worman 2022). Altogether, the general dysregulation of
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“normal” chromatin states, especially at heterochromatic locations, is a typical

epigenetic feature of aging (Sen et al. 2016).

With regards to DNA methylation, two hallmarks of aging-associated alterations
have been classically described in mammals and particularly human (Huidobro et al.
2013): first, a global loss of DNA methylation was initially supported by
chromatography-based methods (Unnikrishnan et al. 2018) and pyrosequencing-based
technologies targeting repetitive DNA elements (Bollati et al. 2009), but recent high-
throughput sequencing approaches, particularly involving mouse models (Sun et al.
2014; Cole et al. 2017; Hahn et al. 2017; Masser et al. 2017; Hadad et al. 2019;
Hernando-Herraez et al. 2019), have often failed to observe global hypomethylation
across a range of tissues (Unnikrishnan et al. 2018); secondly, very characteristic local
hypermethylation events affecting the promoter CpG islands of a specific subset of
genes have been observed across a wide variety of tissues using genome-wide array
and sequencing technologies (Rakyan et al. 2010; Teschendorff et al. 2010; Heyn et al.
2012; Day et al. 2013; Fernandez et al. 2015). These hypermethylated genes are very
particular: they are characterized by presenting a “bivalent chromatin” signature in
stem cells consisting of the colocalization of active (H3K4me3) and repressive
(H3K27me3) histone modifications (Bernstein et al. 2006; Pan et al. 2007), which are
deposited by the Trithorax and Polycomb group proteins, respectively
(Schuettengruber et al. 2017). Genes marked by bivalent chromatin usually possess
developmental functions and play roles in lineage differentiation; in this sense, it has
been posited that they exist in a repressed state which is “poised” for subsequent
activation during embryonic development, although the mechanisms involved in this
process are still to be clarified (Vastenhouw & Schier 2012). In fact, the aging-

associated hypermethylation of these genes could provide an epigenetic explanation
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for the typical decline of stem cell function observed during aging (L6pez-Otin et al.

2013).

Aside from the aforementioned specific epigenetic hallmarks, a universal feature of
the aging process is an increase in molecular variability or “noise”. Indeed, the
deterioration of the molecular control mechanisms which occurs during aging leads to
a gradual increment in heterogeneity that causes phenotypic variability in the cell,
leading to transcriptional noise (Nikopoulou et al. 2019) and the loss of proteostasis
(Labbadia & Morimoto 2015). This increase in heterogeneity also affects epigenetic
marks, hinting at a mechanism which may help explain the observed alterations in
gene and protein expression patterns. It is well known that, with age, there occurs an
increase in the inter- and intraindividual variability of global and genome-wide
epigenetic patterns (Fraga, Ballestar, Paz, et al. 2005; Hannum et al. 2013; Slieker et
al. 2016). Age-associated epigenetic changes have often been referred to as “epigenetic
drift” (Teschendorff et al. 2013); nonetheless, this complex phenomenon encompasses
several different processes, because the changes can have either biologically-
programmed or stochastic origins, can lead to both functional or non-functional effects
(Tejedor & Fraga 2017), or can actually reflect alterations in tissue cell type
composition (Teschendorff & Zheng 2017). Advances in single cell profiling
technologies will no doubt aid in clarifying the sources and mechanisms of molecular

heterogeneity associated with the aging process (Hernando-Herraez et al. 2019).

4.1.1. EPIGENETIC CLOCKS

The aforementioned omics data revolution (see section 3. OMICS DATA AND
CHROMATIN STATES: THE EPIGENETIC ORCHESTRA) has led to the fine mapping of
aging-associated epigenetic changes in humans across a wide variety of tissues and
cohorts. This scenario has allowed researchers to develop algorithms which exploit

epigenetic data to predict chronological age, the most successful of which use DNA
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methylation biomarkers and have been named “epigenetic clocks” or “DNA
methylation clocks”. The first epigenetic clock was developed using saliva samples by
Sven Bocklandt and colleagues in 2011 (Bocklandt et al. 2011) and, subsequently, a
host of clocks have been derived to predict age both at the single- and multi-tissue
levels (Horvath & Raj 2018). These algorithms typically use regression-based
multivariate models to combine the DNA methylation levels of tens to hundreds of
CpG sites and are able to achieve astonishing levels of precision and correlation with

the “real”, chronological age of subjects.

The recent emergence of the epigenetic clocks has had a tremendous impact within
the field of aging biology because these methods provide putative biomarkers of aging
which can facilitate the verification of clinical anti-aging interventions. Indeed, the
degree of negative deviation between the chronological age of patients and their
predicted “epigenetic” age, called “age acceleration”, has been shown to be associated
with many diseases and biological factors (Oblak et al. 2021), and both embryonic
and reprogrammed stem cells show extremely low epigenetic age (Horvath 2013). As
such, it is now clear that epigenetic clocks do not strictly measure chronological age
or lifespan, but rather a biological age more related to healthspan—the period of life
in which one is generally healthy and free of disease—and some algorithms have been

developed specifically to predict phenotypic age (Levine et al. 2018).

Nonetheless, the biological significance of the epigenetic clocks remains to be
understood, as well as their validity as rejuvenation biomarkers. To date, it is not
known whether these CpG sites form part of a programmed chronobiological
mechanism or, on the contrary, they are non-functional biomarkers reflecting the

influence of other processes (Seale et al. 2022).
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4.1.2. AGING AND NEURODEGENERATIVE CONDITIONS

Neurodegenerative disorders are pathologies which affect the nervous system in a
mostly gradual and time-dependent manner, thus being tightly associated with aging.
Generally, these diseases involve the damage or loss of specific neuronal populations
and manifest a proteomic dysregulation which consists in the accumulation of protein
aggregates in the brain, often leading to dementia and cognitive disorders (Dugger &
Dickson 2017). This cognitive deterioration is intermingled with that occurring during
normal aging (Franceschi et al. 2018), and, additionally, lifestyle factors play
important roles in the modulation of the development of these diseases, hinting at the
relevance of epigenetic mechanisms in their etiology (Popa-Wagner et al. 2020).
Epigenetic alterations have been described in association with neurodegenerative
disorders at multiple levels, but it is important to study them against the backdrop
of aging-associated changes (Barter & Foster 2018; Xia et al. 2018). The
characterization of epigenetic marks such as DNA methylation can not only contribute
to the understanding of these diseases, but also be used to define biomarkers allowing
the early detection of these pathologies (Fransquet et al. 2018), whose timely
treatment—often in the form of lifestyle interventions—is crucial for the prevention
or amelioration of their symptoms (Kivipelto et al. 2018). In addition, the study of
the role of epigenetic mechanisms in normal cognition (Day & Sweatt 2011)—possibly
through the use of animal and cellular models (Al Dahhan et al. 2019)—is important
in comprehending how neurodegenerative disorders, and aging, alter brain-related

functions.
4.1.3. CANCER EPIGENETICS: A LINK WITH AGING?

Cancer is a heterogeneous group of diseases involving the uncontrolled growth of
malignant cells that can spread throughout the organism and invade other tissues.

Perhaps the most widely studied disease in the field of biology, it involves drastic
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molecular alterations—particularly sequence mutations related to multiple types of
genes—and also causes epigenetic changes. The contemporary understanding of cancer
distinguishes two types of functional roles for mutated genes: “driver” genes which are
causally implicated in the tumorigenic process and “passenger” genes displaying
mutations which have no apparent function and are not subject to selection (Pon &
Marra 2015). In this scenario, epigenetic mechanisms contribute to oncogenesis in
different ways so that cancer is characterized by a host of epigenetic alterations and

can also involve direct mutations in epigenetic modifiers (Feinberg et al. 2016).

There are well-known chromatin hallmarks of cancer, including the loss of certain
histone PTMs (Fraga, Ballestar, Villar-Garea, et al. 2005) and a general dysregulation
of heterochromatin domains (Feinberg et al. 2016). With respect to DNA methylation,
cancer-associated alterations present two main characteristics which are in fact
parallel to those described for the aging process (Rodriguez-Paredes & Esteller 2011):
there occurs a global genomic loss of DNA methylation, especially targeting repetitive
sequences (Li et al. 2014), which has also been observed using high-throughput
sequencing data and is thought to reflect the mitotic activity of tumors (Zhou et al.
2018)—because DNA methylation has to be rewritten after cell division, abnormal
proliferation could lead to the incomplete reestablishment of DNA methylation
patterns thus causing hypomethylation; in addition, the local hypermethylation of
CpG island-associated bivalent chromatin domains during the oncogenic process has
also been reported (Ohm et al. 2007; Schlesinger et al. 2007; Widschwendter et al.
2007), suggesting that the epigenetic dysregulation of these developmental genes in
cancer can lead to an oncogenic stem-like phenotype which contributes to

tumorigenesis (Easwaran et al. 2012).
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Figure 5. Common alterations in DNA methylation patterns in aging and cancer:
local hypermethylation of CpG. TSS: transcription start site; SINE: short
interspersed nuclear element; LINE: long interspersed nuclear element; LTR: long
terminal repeat.

The striking parallelisms between cancer- and aging-associated DNA methylation
alterations—especially regarding the hypermethylation of bivalent, development-
associated domains—have led to the hypothesis that epigenetic mechanisms are a
causal link between aging and cancer (FIGURE 5). Aging is the main risk factor for the
development of most tumors, the prevalence of which increases greatly with age, and
it is possible that the gradual accumulation of epigenetic damage across lifespan
generates a molecular environment that promotes malignant transformation.
Nonetheless, while local hypermethylation events have been relatively well
characterized in both processes, the similarities involving hypomethylation are not so
evident. Thus, there is a need to: 1) integrate the features of the observed cancer and
aging DNA methylation alterations within a more general epigenomic framework
involving histone modifications and chromatin states; 2) reconcile the findings from
studies stemming from human data as opposed to those using animal models such as

mouse, which are our main preclinical tools in the study of diseases; 3) characterize
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and compare aging-associated alterations to bona fide developmental-associated

changes occurring during the first stages of life.
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OBJECTIVES

On the basis of all of the previously discussed evidence, the work described in this
thesis has sought to carry out a systematic study of aging-associated epigenetic
alterations—with a focus on DNA methylation—and investigate their relationship
with epigenetic changes which take place in aging-associated diseases. Specifically, a
first aim has been to describe and compare aging- and cancer-associated epigenetic
alterations in order to shed light on the actual similarities and differences between the
two processes, adopting an integrative approach that considers all layers of epigenomic
regulation and also examines the interspecies evolutionary conservation of these
processes across human and mouse. Furthermore, the research also pursued the study
of the link between the aforementioned aging alterations, which may have
development-associated traits, and actual early-life epigenetic changes. Finally, this
work also sought to explore the characteristics of aging-associated epigenetic
alterations in the context of cognitive disease so as to gain understanding of how
epigenetic changes linked to aging may give rise to different age-associated phenotypes
and health related outcomes. To these ends, the following partial objectives were

proposed:

1. To describe common and specific features of DNA methylation alterations
in aging and cancer in the context of cellular chromatin states.

a. To compile publicly-available epigenetic data from healthy and
tumoral samples across a range of different tissues.

b. To develop and apply bioinformatic pipelines for the analysis of DNA
methylation data and integration with histone PTM and gene
expression omics data.

c. To characterize and compare the chromatin signatures of DNA
hyper- and hypomethylation alterations in aging and cancer.

2. To describe the interspecies conservation of aging and cancer DNA
methylation alterations between human and mouse in the context of cellular
chromatin states.

a. To generate and analyze epigenetic data from healthy and tumoral
brain samples from human and mouse tissues.
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b. To develop and apply bioinformatic pipelines for the analysis of DNA
methylation data and integration with histone PTM and gene
expression omics data.

c. To characterize and compare the chromatin signatures of DNA
hyper- and hypomethylation alterations in aging and cancer in
human and mouse.

To describe early-life development-associated DNA methylation alterations
and distinguish them from aging-associated changes in the context of cellular
chromatin states.

a. To generate and analyze epigenetic data from the peripheral blood of
a longitudinal cohort of early-life subjects.

b. To develop and apply bioinformatic pipelines for the analysis of DNA
methylation data and integration with histone PTM data.

c. To characterize development-associated early-life DNA methylation
alterations.

To describe DNA methylation alterations associated with cognitive decline
and dementia in elderly subjects.

a. To generate and analyze epigenetic data from the peripheral blood of
a longitudinal cohort of late-life subjects suffering from dementia.

b. To define DNA methylation biomarkers predictive or explanatory of
the development of cognitive decline and dementia.
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RESULTS OVERVIEW

RESULTS OVERVIEW
The subsequent RESULTS section is structured as follows:

= Results related to the study of aging epigenetics and its connection with cancer:

— Article 1: Distinct chromatin signatures of DNA hypomethylation in
aging and cancer.

— Article 2: Conservation of Aging and Cancer Epigenetic Signatures
across Human and Mouse.

— Article 3: Aging and cancer epigenetics: where do the paths fork?
» Results related to the study of early-life epigenetics:

— Article 4: Longitudinal genome-wide DNA methylation analysis
uncovers persistent early-life DNA methylation changes.

» Results related to the study of aging epigenetics and its connection with

cognitive function:

— Article 5: Blood DNA methylation patterns in older adults with

evolving dementia.

63



64



AGING AND CANCER: FIRST ARTICLE

Pérez RF, Tejedor JR, Bayon GF, Fernidndez AF & Fraga MF (2018)
Distinct chromatin signatures of DNA hypomethylation in aging and
cancer. Aging Cell 17, e12744.

In this work, we sought to perform a systematic comparison of DNA methylation
alterations in aging and cancer, across a wide range of human tissues. We compiled
publicly available array-based epigenetic data across seven different tissues from
more than 2,000 subjects from various sources, including international consortia
(TCGA, NIH Roadmap, ENCODE) and performed bioinformatic analyses to
describe aging and cancer DNA methylation alterations. By characterizing these
alterations while considering their associated genomic and epigenomic contexts, we
first confirmed that DNA hypermethylation was similar in both processes, occurring
at CpG island-associated loci which are marked with bivalent, Polycomb-associated
chromatin signatures. Strikingly, we observed that DNA hypomethylation affected
different regions, being associated to heterochromatin, H3K9me3-marked loci in
cancer and active, enhancer-associated, H3K4mel-marked regions in aging. Thus,
our results suggest that the epigenomic links between aging and cancer are more
complex than previously thought, particularly with regards to the loss of
methylation which occurs during these processes.

Personal contribution to the work: I participated in compiling, preprocessing
and analyzing all of the data presented in this manuscript, as well as preparing the
figure panels and writing the manuscript. The work was carried out in close
collaboration with co-first author Dr. Juan Ramén Tejedor, who participated in all
of the analyses. The work was co-written and supervised by Dr. Agustin F.
Fernandez and Dr. Mario F. Fraga.
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AGING AND CANCER: SECOND ARTICLE

Pérez RF, Tejedor JR, Santamarina-Ojeda P, Martinez VL, Urdinguio
RG, Villamanan L, Candiota AP, Sarr6 NMYV, Barradas M, Fernandez-
Marcos PJ, Serrano M, Fernandez AF & Fraga MF (2021) Conservation
of Aging and Cancer Epigenetic Signatures across Human and Mouse.
Mol Biol Evol 38, 3415-3435.

In this work, we expanded upon our previous observations of the similarities and
differences in DNA methylation signatures of aging and cancer by studying their
possible conservation between human and mouse. Two main reasons motivated this
approach: 1) mouse models are one of the most important clinical tools used for the
study of diseases; 2) it is important to understand if aging- and cancer-associated
epigenetic patterns are conserved across species. To this end, we used reduced
representation bisulfite sequencing to generate DNA methylation data for human
and mouse brain tissue in the context of aging and cancer and performed a
systematic and comparative analysis of the two processes across both species. Our
results suggest that the specific DNA methylation characteristics of aging and
cancer, and their differences, are conserved between human and mouse across
multiple layers of genomic and epigenomic regulation. Moreover, integrative
analyses showed how species-specific traits can often be attributed to sequence
differences or functional variations. Finally, we developed a database of interspecies
DNA methylation alterations which may aid in the identification of biomarkers with
a better clinical translation.

Personal contribution to the work: I compiled the human samples from
biobanks while other collaborators were responsible for generating the murine
samples (labs of Dr. Manuel Serrano and Dr. Ana Paula Candiota). I generated,
preprocessed and analyzed all of the data presented in this manuscript, as well as
prepared the figure panels and wrote the manuscript. The work was carried out in
close collaboration with co-first author Dr. Juan Ramén Tejedor, who was
responsible for training the chromatin state models, and supervised by Dr. Agustin

F. Fernandez and Dr. Mario F. Fraga.
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AGING AND CANCER: THIRD ARTICLE

Pérez RF, Tejedor JR, Fernandez AF & Fraga MF (2022) Aging and
cancer epigenetics: where do the paths fork? Aging Cell, in press, e13709.

In this work, we sought to critically re-evaluate the current scientific knowledge of
aging and cancer epigenetics while incorporating the new perspectives gained from
our previous investigations. To this end, we reviewed the current literature in the
field and identified open questions regarding the roles of DNA methylation as a
molecular link between aging and cancer. In particular, we highlighted the potential
of epigenetic clocks as novel tools in the study of these processes. Moreover, we
called attention to a potential knowledge gap regarding epigenetic aging in somatic
stem cells, whereby it is not yet clear whether these cells display a “normal”
epigenetic aging or maintain a youthful phenotype as is the case of embryonic stem
cells. To explore this question, we performed a modest analysis of 13 independent
DNA methylation array-based datasets and observed that somatic stem cells seem
to display epigenetic aging across multiple tissues. Somatic stem cells play
fundamental roles in the development of cancer, and thus their epigenetic
deterioration across time may help explain the link between aging and cancer. In
the future, single cell-level studies will help shed light on these and other open issues.

Personal contribution to the work: I designed the study, reviewed the literature
and preprocessed and analyzed all the data as well as prepared the figure panels
presented in this manuscript. The work was co-written and supervised by Dr. Juan
Ramén Tejedor, Dr. Agustin F. Fernandez and Dr. Mario F. Fraga.
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AGING AND DEVELOPMENT: FOURTH ARTICLE

Pérez RF, Santamarina P, Tejedor JR, Urdinguio RG, Alvarez-Pitti J,
Redon P, Fernandez AF, Fraga MF & Lurbe E (2019) Longitudinal
genome-wide DINA methylation analysis uncovers persistent early-life
DINA methylation changes. J Transl Med 17, 15.

In this work, we focused on better characterizing aging-associated DNA methylation
changes occurring during the first years of life. Developmental and aging processes
may be different in nature, and the characterization of early-life DNA methylation
alterations is of help to distinguish the two processes. Thus, we compiled blood
samples from a longitudinal pediatric cohort with measurements at birth, 5 and 10
years of age and profiled DNA methylation levels at more than 700,000 CpG sites
using Infinium MethylationEPIC arrays. Our results reveal that the methylome is
drastically remodeled during the first 5 years of life while subsequent epigenomic
alterations are much smaller. In addition, development-associated alterations mimic
aging-associated alterations but occur in a much bigger scale. These observations
shed light on the relationships between developmental- and aging-related DNA
methylation changes.

Personal contribution to the work: The samples and clinical information were
compiled by the lab of Dr. Empar Lurbe. I generated, preprocessed and analyzed all
of the data presented in this manuscript, as well as prepared the figure panels and
wrote the manuscript. I performed the pyrosequencing experiments with the
assistance of Pablo Santamarina. The work was supervised by Dr. Mario F. Fraga

and Dr. Empar Lurbe.
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AGING AND OTHER DISEASES: FIFTH ARTICLE

Pérez RF, Alba-Linares JJ, Tejedor JR, Fernandez AF, Calero M,
Roman-Dominguez A, Borras C, Viiia J, Avila J, Medina M & Fraga MF
(2022) Blood DNA methylation patterns in older adults with evolving
dementia. J Gerontol A Biol Sci Med Sci, 77(9): 1743-1749.

In this work, our goal was to characterize the epigenetic features of cognitive
deterioration in a human model of aging. To this end, we compiled blood samples
from a longitudinal cohort of elderly individuals (>70 years) some of whom
developed dementia in a span of 4 years. We profiled DNA methylation levels at
more than 700,000 CpG sites using Infinium MethylationEPIC arrays. We
discovered DNA methylation biomarkers associated with cognitive deterioration,
and, importantly, we observed that most of these alterations were detectable in
healthy individuals prior to the development of overt clinical symptoms. Several
biomarkers were related to dementia-associated genes, and we were able to validate
various region-level alterations by integrating our data with external cohorts. Our
results show that systemic tissues such as blood incorporate epigenetic information
predictive of the appearance of dementia and cognitive decline, and thus DNA
methylation may be useful for the development of clinical biomarkers for the
prediction and early treatment of these conditions, as well as for understanding the
link between aging and aging-associated health deterioration.

Personal contribution to the work: The samples and clinical information were
compiled by different labs associated with the Vallecas Project (Drs. Miguel Medina,
Jestis Avila, José Vifia and Miguel Calero). I generated, preprocessed and analyzed
all of the data presented in this manuscript, including the pyrosequencing
experiments, as well as prepared the figure panels and wrote the manuscript. The
work was supervised by Dr. Mario F. Fraga and by the aforementioned coauthors.
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DI1SCUSSION

Aging is a major risk factor for the development of multiple pathologies, such as
cancer or neurodegeneration. As commented previously (see section 4. EPIGENETICS,
ENVIRONMENT AND DISEASE), epigenetic mechanisms hold promise as putative
molecular players explanatory of the links between the aging process and the etiology
of disease. Because epigenetic marks are dynamic and reversible, they can inform us
of the mechanisms through which the external environment acts upon our health
during our lifespan—Ileading to interindividual differences in health-related
outcomes—and can also constitute targets for therapies aiming to improve our

healthspan or prevent the appearance of associated diseases.

The general objective of this thesis has been to characterize the epigenomic
alterations which are brought about by aging and explore their relationship with
epigenomic alterations occurring in aging-related disease. In particular, we focused on
cancer, early-life developmental processes and cognitive decline. Across our research,
we have made use of different—albeit complementary—approaches to tackle our
scientific questions, including the analysis of publicly-available datasets stemming
from international biomedical consortia and the in-house generation of epigenetic data
from human cohorts and murine models of disease. As can be appreciated from our
results, we undertook largely general approaches seeking to comprehend the
underlying layers of molecular regulation involved in the aging process; nonetheless,

our results have also led to specific findings which we may discuss here.

1. AGING AND CANCER EPIGENOMIC LINKS

It has been classically observed that there are common epigenetic patterns
associated with aging and cancer which may contribute to explain the link between
the two phenomena. These alterations mainly pertain to DNA methylation changes,
so that hypermethylation of development-associated bivalent chromatin CpG islands

has been observed in aging (Rakyan et al. 2010; Teschendorff et al. 2010; Heyn et al.
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2012; Day et al. 2013; Fernandez et al. 2015) and cancer (Ohm et al. 2007; Schlesinger
et al. 2007; Widschwendter et al. 2007; Easwaran et al. 2012). Nonetheless, the
parallelisms regarding the loss of methylation are less clearly defined and there is a
need to accommodate the current knowledge within an epigenomic framework which
integrates histone and chromatin state data, and also to deepen our understanding of
the evolutionary interspecies conservation of the epigenomic alterations occurring in
these processes between human and preclinical models such as mouse.

1.1. DISTINCT CHROMATIN SIGNATURES OF DNA HYPOMETHYLATION IN

AGING AND CANCER

We initially compiled epigenetic data for more than 2,000 subjects across seven
different tissues: breast, kidney, thyroid, skin, brain, lung and blood. These data
consisted of genome-wide DNA methylation measurements from Infinium Human
Methylation 450K BeadChip arrays, which profile around 480,000 CpG sites in the
human genome (Bibikova et al. 2011), and included healthy and tumoral samples
across a range of ages from the TCGA consortium (Cancer Genome Atlas Research
Network 2008; Cancer Genome Atlas Network 2012; Brennan et al. 2013; Cancer
Genome Atlas Research Network 2013; Cancer Genome Atlas Research Network
2014a; Cancer Genome Atlas Research Network 2014b; Cancer Genome Atlas Network
2015; Cancer Genome Atlas Research Network 2016), which were is some cases
complemented with control data from other studies (Guintivano et al. 2013; Hannum

et al. 2013; Bormann et al. 2016).

Using the aforementioned datasets, we first set out to map cancer- and aging-
associated DNA methylation alterations and found widespread changes across tissues,
with cancer presenting more numerous and stronger alterations. Globally, we did not
observe a clear trend towards a dominant hyper- or hypomethylation in cancer, while

aging changes, more variable in number between tissues, tended towards
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hypermethylation. Because the 450K array targets gene- and promoter-enriched
genomic loci (Bibikova et al. 2011), inferences regarding global methylation alterations
should be taken with caution; nonetheless, intertissue variability in aging alterations
has been reported (Ferndndez et al. 2015) and genome-wide sequencing experiments
have also failed to detect global hypomethylation associated with aging, in both

human and mouse tissues (Unnikrishnan et al. 2018).

Interestingly, thyroid tissue stood out as a particular case displaying low numbers
of cancer-associated changes and more abundant DNA methylation changes with age.
Moreover, using Horvath’s epigenetic clock to confirm the general disruption of
“normal” epigenetic aging within tumors, we observed that again thyroid tissue
displayed more coherent epigenetic aging than the rest (Horvath 2013). Age is a very
important prognostic factor in thyroid tumors (Haymart 2009; Kazaure et al. 2018)
so that DNA methylation alterations could help explain the complex relationship
between thyroid cancer and age, and that the epigenetic likeness of thyroid tumors to
normal tissues could be related to the good prognosis which generally characterizes

this disease (Carling & Udelsman 2014).

Next, the exploration of the genomic distribution of the DNA methylation
alterations across aging and cancer revealed tissue-independent similarities between
the two processes, with hypermethylation occurring at CpG-dense locations such as
CpG islands and gene promoters and hypomethylation being detected at open sea,
intergenic and intronic regions. These findings are in line with previously published
reports for aging (Day et al. 2013; Yuan et al. 2015) and cancer (Dmitrijeva et al.
2018). Furthermore, using enrichment and permutation testing, we demonstrated the
existence of a tissue-independent core of DNA methylation changes in both aging and
cancer, as has been described recently for cancer (Chen et al. 2016), suggesting that

there is a common, nonstochastic nexus of DNA methylation alterations within both
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the cancer and the aging process, independently of the tissue-specific signatures that

are classically described in the cancer field (Portela & Esteller 2010).

Up to this point, our observations indicated that there existed general similarities
between cancer and aging at the level of DNA methylation alterations and were thus
in line with the classic idea proposing that these two processes share an epigenetic
mechanism. To further explore this in the context of more layers of epigenomic
regulation, we compiled histone PTM (H3K4mel, H3K4me3, H3K27me3, H3K36me3,
H3K9me3, and H3K27ac marks), chromatin state and TF binding site (TFBS) data
across different tissues and cell lines from the NIH Roadmap (Roadmap Epigenomics
Consortium et al. 2015) and ENCODE (ENCODE Project Consortium 2012) projects.
The integration of these data led us to confirm that aging and cancer-associated
hypermethylation is enriched in chromatin signatures associated with bivalent active
(H3K4mel/3) and Polycomb repressive (H3K27me3) marks, as well as
heterochromatin (H3K9me3). Strikingly, however, we found quite distinct chromatin
signatures for DNA hypomethylation, with aging alterations occurring mostly
associated with the enhancer-specific modification H3K4mel while cancer
hypomethylation was found at heterochromatin-associated H3K9me3 locations,
indicating that the loss of methylation in aging and cancer occurs in quite different
functional contexts. An enhancer-associated hypomethylation chromatin signature has
been described for aging (Day et al. 2013; Fernandez et al. 2015), while
hypomethylation of heterochromatic regions has been reported in cancer (Berman et
al. 2011; Hon et al. 2012). In this scenario, our research provides a systematic analysis
comparing the methylomic alterations in aging and cancer across a comprehensive set
of tissues to demonstrate that the chromatin signatures associated with DNA

hypomethylation are quite different between the two processes.
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These observations were validated and enhanced with the chromatin state and
TFBS data. We also observed some aging-specific hypermethylation events, such as
alterations at REST/NRSF binding sites, which have been reported in blood (Yuan
et al. 2015). REST is a transcriptional repressor with relevant roles in physiological
aging which have been mostly studied in brain tissue (Lu et al. 2014), and which has
been shown to preferentially bind to methylated non-CpG sites in mouse development
models (Zhang et al. 2017). Regarding DNA hypomethylation, some TFs showed
altered binding sites in both aging and cancer, including FOS, JUN, and JUND,
suggesting that the AP-1 pathway was targeted in both processes. Indeed, AP-1 has
been recently shown to prepare regulatory elements prior to the induction of
senescence (Martinez-Zamudio et al. 2020) so it is possible that the hypomethylation
at AP-1 sites detected in our data indicates an increase in the occupancy of this factor
with both aging and cancer. Aging, however, displayed more abundant alterations
than cancer at the binding sites of other bZIP-domain factors, such as FOSL1/2,
MAFF and MAFK, and also STAT3, which has been linked to the recruitment of the
H3K4 methyltransferase SET9 at promoters (Yang et al. 2010). These observations
suggest that H3K4mel-associated hypomethylation in aging could have greater
functional consequences than H3K9me3-associated cancer hypomethylation.
Nonetheless, when we performed gene set enrichment analyses, we found low
enrichments for biological functions at these aging-hypomethylated loci, a result which
could be due to these alterations occurring at intergenic enhancer locations. Finally,
we performed correlative analyses between DNA methylation alterations and paired
gene expression data within the kidney dataset, to find similar numbers of associations
in both aging and cancer which displayed both positive and negative correlations
between methylation and expression, as has been reported in other studies (Gutierrez-

Arcelus et al. 2013).
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To sum up, our results suggest that the functional context of DNA hypomethylation
in aging and cancer is markedly different, mainly occurring at enhancer-associated
locations in aging and at heterochromatin locations in cancer, thus indicating that the
epigenetic relationship between these two processes is more complex than previously
thought.

1.2. CONSERVATION OF AGING AND CANCER EPIGENETIC SIGNATURES

ACROSS HUMAN AND MOUSE

Recent evidence, including our own results, has revealed that DNA methylation
alterations in aging and cancer have clear dissimilarities in the hypomethylation
scenario (Dmitrijeva et al. 2018; Pérez et al. 2018). Part of the background knowledge
spurring these lines of investigation has been the failure to observe global DNA
hypomethylation during the aging process using genome-wide sequencing experiments
(Unnikrishnan et al. 2018). Often, these studies have been carried out in mouse, and
include tissues such as hippocampus, liver or stem cells (Sun et al. 2014; Cole et al.
2017; Hahn et al. 2017; Masser et al. 2017; Hadad et al. 2019; Hernando-Herraez et al.
2019). Thus, it is necessary to: 1) analyze aging and cancer DNA methylation
alterations using systematic approaches which allow for the correct comparison of the
two diseases; 2) characterize cancer- and aging-associated epigenetic changes in mouse
and compare them with observations in human, especially because mouse models are
one of the main preclinical instruments used in research (Espada & Esteller 2013). To
this end, we compiled young and old, healthy and tumoral brain samples from human
subjects and mouse models and performed a genome-wide DNA methylation profiling

using reduced representation bisulfite sequencing.

We first characterized the global aspects of the human and mouse methylome using
the nontumoral samples and detected similar global DNA methylation levels between

the two species. The RRBS interrogated similar sets of CpGs in the two species in
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terms of their functional genomic locations, demonstrating that it is a useful
technology for the interspecies profiling of DNA methylation signatures. This
observation is of importance because, up until quite recently (Arneson et al. 2022;
Garcia-Prieto et al. 2022; Zhou et al. 2022), there has been a lack of methylation array
technology applicable to mouse. Indeed, the 585,234 CpG sites which we profiled with
high coverage across all mouse samples more than double the 280,754 CpG sites
covered by the newly developed Infinium Mouse Methylation BeadChip (Garcia-Prieto
et al. 2022). Again, it must be noted that RRBS is an enriched technology which
preferentially targets CpG island-associated locations, so that its genome-wide
measurements—as is also the case of methylation arrays—are impoverished in
intergenic and repetitive DNA elements (Meissner et al. 2005; Bock et al. 2010) and
thus large scale technologies such as whole-genome bisulfite sequencing (Gong et al.
2022) are more suited for the analysis of global methylomic features. Nonetheless, we
were able to use the RRBS data to confirm that the general relationships of DNA
methylation with functional genomic and epigenomic elements—including gene and
island locations, CpG density, chromatin signatures and repetitive elements—were
conserved between human and mouse, in agreement with extensive literature regarding
the conservation of DNA methylation patterns across mammals (Lister et al. 2013;
Schroeder et al. 2015; Kessler et al. 2016; Zhou et al. 2017), and we also corroborated
that CpG density is the main predictor of DNA methylation status throughout the

genome in both species (Edwards et al. 2010; Chen et al. 2018).

Next, we parallelly determined cancer- and aging-associated DNA methylation
alterations in both human and mouse. We first observed a tendency for cancer-
associated hypermethylation in both species, which could be related to our samples
belonging to a CpG island methylator phenotype (CIMP), which are tumors displaying

high levels of CpG island methylation (Malta et al. 2018). A trend for
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hypermethylation was detected in aging for mouse but not human. By mapping the
CpGs to genomic locations and genes, we confirmed the analogous interspecies
distribution of the alterations, with gains of methylation for both aging and cancer
occurring at loci which were denser in CpGs than those suffering from loss of
methylation, as has been particularly described in human aging and cancer by us and
others (Day et al. 2013; Yuan et al. 2015; Dmitrijeva et al. 2018; Pérez et al. 2018).
In consonance with this, we also observed that cancer hypermethylation was more
concentrated across a smaller number of genes than the rest of alterations for both
species. Gene set enrichment analyses also revealed interspecies agreement regarding
the well-known cancer-associated hypermethylation of developmental, Polycomb-
associated regions (Ohm et al. 2007; Schlesinger et al. 2007; Widschwendter et al.
2007; Easwaran et al. 2012). Interestingly, we observed more functional enrichment
results for aging alterations in mouse as compared with human—with affected
pathways related to cell interaction and signaling—, suggesting that mouse aging
alterations could be more functionally directed than those in humans. It is probable,
nonetheless, that the reduced variability inherent to mouse models, both because of
their syngeneic traits and the environmentally-stable housing conditions in which they
are bred, helps discern coherent pathway alterations not totally masked by aging-

associated stochastic changes.

The integration of the methylomic alterations with ChIP-seq data of histone PTMs
across human and mouse tissues (H3K4mel, H3K4me3, H3K27me3, H3K36me3,
H3K9me3, and H3K27ac marks) from NIH Roadmap and the recent mouse ENCODE
release (Roadmap Epigenomics Consortium et al. 2015; Gorkin et al. 2020) led to two
significant observations: 1) we validated that there exist distinct chromatin signatures
of DNA hypomethylation between aging and cancer; 2) we demonstrated that these

signatures, and their distinction, are conserved between human and mouse. The
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cancer-associated signatures involved hypermethylation of active H3K4mel plus
Polycomb H3K27me3 locations and hypomethylation of heterochromatin H3K9me3
locations for both species, with human also displaying a more marked H3K9me3-
associated hypermethylation, in consonance with our previous results across multiple
human tissues (Pérez et al. 2018), whereas the literature investigating disease-
associated chromatin signatures in mouse is scarce. With regards to aging, we again
found similar interspecies chromatin signatures which were nonetheless moderately
different from those previously described (Fernandez et al. 2015; Pérez et al. 2018),
with enrichments detected for gene body-related H3K36me3 as well as the known
enhancer-associated H3K4mel mark. These differences could be due to the use of
RRBS instead of array technology, from which the classic chromatin signatures have
been derived. In support of this idea, a recent report using human array and mouse
RRBS data to derive aging-associated methylation signatures reported H3K36me3

enrichment specifically for the mouse RRBS measurements (Wang et al. 2017).

To further explore and validate our observations, we employed Hidden Markov
models (Ernst & Kellis 2012) to build chromatin state tracks for human and mouse
using the aforementioned histone PTM data from a parallel selection of tissues. We
observed a high degree of similarity between the genomic chromatin states of both
species, a finding which as very recently been demonstrated using similar ENCODE
data (van der Velde et al. 2021). The enrichment analyses of the cancer and aging
DNA methylation alterations in the chromatin states supported the conclusions
reached in the previous histone PTM enrichments, with analogous interspecies
signatures being found. We also detected human-specific zinc-finger gene
hypermethylation. These transcription factors, rich in repetitive elements, are
characterized by a high presence of the repressive H3K9me3 mark (Blahnik et al. 2011)

so that this result could explain the previously detected increase in H3K9me3-
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associated hypermethylation in human as compared with mouse. Interestingly, the
zinc-finger family of genes presents a significant evolutionary expansion in human in
relation to other species such as mouse, and it is thought that novel zinc-finger genes
may play roles in genomic regulation via transcriptional repression (Emerson &
Thomas 2009). Thus, our observation of this human-specific cancer-associated
epigenetic trait may in fact reflect a bona fide pathway of zinc-finger dysregulation

which does not exist in other species.

Because of the mentioned conflicts regarding the observation of global DNA
hypomethylation in aging, we explored DNA methylation patterns at repetitive DNA
elements—since these locations represent a large fraction of the genome—and found
parallel aging- and cancer alterations in human and mouse. Curiously, while repetitive
DNA was mostly hypomethylated in cancer, we found evidence of both hyper- and
hypomethylation of repetitive elements with aging for both species. Even though
RRBS in an enriched technology which mostly interrogates single-copy sequences,
these findings are in consonance with other genome-wide studies finding no loss of
global methylation during aging in both human and mouse brain tissue (Lister et al.
2013; Hadad et al. 2019; McKinney et al. 2019). We also observed some species-specific
alterations, such as the human-specific cancer-associated hypermethylation of
ribosome-related elements (rRNA, srpRNA), which has been described in some tumors
(Srivastava et al. 2016), and satellite repeats being overall more affected by DNA
methylation alterations in human. We also found no associations with simple or low-
complexity repeats, which we had initially observed to display low levels of basal
methylation in normal human and mouse tissue—contrary to the rest of repetitive
DNA—, so our observations indicate that the baseline, physiological levels of DNA
methylation will often predict the epigenetic behavior of genomic loci during

pathological dysregulation.
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We additionally studied the enrichment of cancer and aging DNA methylation
alterations in transcription factor binding sites using motif discovery tools (Heinz et
al. 2010). Interestingly, while our previous pathway enrichment analyses revealed that
cancer hypermethylation presented the most common functionalities between human
and mouse—related to the alteration of Polycomb targets and developmental genes—
, the TF motif analyses revealed interspecies similarities particularly in the aging
scenario, which could possibly indicate that aging-associated alterations are more
functionally relevant when occurring at regions not directly located within genes, like
many TF binding sites. With respect to general trends, we observed the interspecies
cancer hypermethylation of Homeobox TFs, and also hypermethylation of nuclear
receptor (NR) TFs in human and basic helix-loop-helix (bHLH) domain TFs in mouse,
while cancer hypomethylation was particularly focused to bHLH and high-mobility
group (HMG) domain TFs in human. All of these families of TFs have particular links
to developmental processes (Jones 2004; Furusawa & Cherukuri 2010; Biirglin &
Affolter 2016; Weikum et al. 2018) underscoring the importance of the alteration of
cellular differentiation pathways during tumorigenesis. Regarding aging alterations,
hypermethylation was clearly linked to E26 transformation-specific (ETS) domain
TFs, also related to cell differentiation and development (Sharrocks 2001) and
hypomethylation to bHLH and HMG-domain TFs for both species. Several of these
families, such as ETS and HMG, have important roles in regulating DNA accessibility
through epigenetic mechanisms (Sharrocks 2001; Reeves 2010), and also in oncogenesis
(Sizemore et al. 2017). Interestingly, we detected the aging-associated
hypomethylation of binding sites of several Sox TFs from the HMG family such as
SOX2, which has been shown to be dysregulated with aging in human and mouse
brain (Carrasco-Garcia et al. 2019). We also observed hypomethylation of some SOX

TFs with cancer, indicating a possible nexus between cancer and aging DNA
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methylation alterations, a relationship which has been reported for Sox4 in mouse
(Foronda et al. 2014). Another observed link between aging and cancer was the
epigenetic dysregulation in both processes of bHLH-domain TF binding sites, including
factors such as NeuroG2, NeuroD1, Olig2, or Atohl, which are related to neuronal
development and differentiation (Dennis et al. 2019). Overall, these results indicate
that cancer and aging DNA methylation alterations impact common and specific TF-
regulated pathways in human and mouse, with aging dysregulation displaying a
notable conservation between the two species, and that the alteration of some of these

pathways may also provide epigenetic mechanistic links between aging and cancer.

Once we had outlined the general features of aging and cancer DNA methylation
alterations in both species, we sought to do a direct species-to-species comparison of
DNA methylation patterns between human and mouse. To this end, we recovered
orthologous measurements by using genomic liftover tools (Hinrichs 2006) to define a
final set of 59,100 CpG sites with interspecies measurements across all samples. The
majority of these CpGs displayed a similar genomic context in human and mouse in
terms of their CpG island membership, suggesting that they were related to similar
functional elements in both species. First, correlation analyses revealed that these
locations possessed species-specific epigenetic signatures, with tumor samples
displaying widespread dysregulation and, very interestingly, we observed that mouse
tumors were more similar to human tumors than to the rest of mouse samples,
indicating that the epigenetic mechanisms behind tumorigenesis have a strong
conservation between human and mouse. Moreover, we also demonstrated that sites
of DNA methylation variability were conserved between both species. In order to focus
on species-specific epigenetic traits, we defined a subset of species-discordant CpGs
(sdCpGs). Curiously, we observed marked differences in the CpG island status of these

sdCpGs between human and mouse. Indeed, by looking at the interspecies transitions
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between the genomic contexts of these CpGs we showed that interspecies differences
in DNA methylation could be partly explained by changes in the genomic context
surrounding these CpG sites, as has been previously discussed (Hernando-Herraez et
al. 2015; Zhou et al. 2017). Next, we focused on cancer- and aging-associated CpGs
with orthologous measurements and observed a common interspecies nexus of DNA
methylation alterations in these processes. We detected that cancer hypermethylation
tended to occur at more conserved sequence domains than the rest of alterations, as
was also the case of sdCpGs; however, stratified sampling analyses demonstrated that
most of these observations could be again explained by differences in the functional
genomic context surrounding the involved CpGs, in terms of CpG islands and gene
locations (Hernando-Herraez et al. 2015). All in all, these results suggest that
methylomic patterns, as well as the sites of cancer and aging dysregulation, are mostly
conserved between human and mouse, while species-specific epigenetic traits can be
partly explained by changes in the genomic context surrounding the implicated CpG

sites.

The results hitherto described indicate a strong interspecies conservation of both
physiological and pathological epigenetic mechanisms between human and mouse.
Because mouse models are very important tools in the study of diseases, epigenetic
interspecies biomarkers may lead to better or more confident biological candidates of
disease regulation. To investigate this hypothesis, we screened our data to discover
six gene candidates with conserved and concordant human-mouse aging-cancer
alterations. Then, we compiled and analyzed gene expression data from the TCGA
lower-grade glioma (LGG) and glioblastoma (GBM) human cohorts (Cancer Genome
Atlas Research Network 2008; Brennan et al. 2013; Cancer Genome Atlas Research
Network et al. 2015) and found strong evidence of cancer-associated dysregulation and

association with survival for five of these genes across glioma patients. Moreover, in
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the case of the glioma-dysregulated AGAP3 gene—a neural NMDA receptor (Oku &
Huganir 2013)—, we were able to spatially associate cancer and aging DNA
methylation alterations with a specific isoform explanatory of survival variation within
the cancer patients. The other cancer-altered genes included GPRINI1—involved in
neural cytoskeletal dynamics (Nordman & Kabbani 2012)—, AJM1—related to apical
junctions (Képpen et al. 2001)—, LHX2—involved in neural development (Chou &
Tole 2019) and also reported to be downregulated in glioma (Cheng et al. 2019)—and
the myelin-like gene CCDC177. The importance of these genes in glioma is to date

mainly uninvestigated.

Finally, we sought to compile and make available the interspecies-conserved cancer
and aging alterations discovered in our study, so that they may aid in the design of
future studies analyzing disease-associated DNA methylation biomarkers in mouse
models, which may have a translation in human. Therefore, we developed a web

database application (available at https://epilabasturias.shinyapps.io/mbe app/)

based on the R shiny web application framework (Chang et al. 2021), which is

extensively described in ANNEX 1. DEVELOPMENT OF A WEB DATABASE APPLICATION

CONTAINING AN INTERACTIVE DATABASE OF AGING AND CANCER DNA

METHYLATION ALTERATIONS IN HUMAN AND MOUSE. The application is an interactive
database that can be used to interrogate custom genomic regions of interest in the
human or mouse genome and outputs cancer and aging DNA methylation alterations
which we have observed, in human and mouse, indicating if they are conserved

between the two species.

Taken together, our observations suggest that there are relevant differences
between the features of DNA methylation alterations in aging and cancer, across
multiple levels of epigenomic regulation. Importantly, the specific methylomic

signatures of the aging and cancer processes appear to be robustly conserved between
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human and mouse and can be used to derive interspecies disease biomarkers which

may have a more significant translation to human biology.
2. AGING AND DEVELOPMENTAL DNA METHYLATION ALTERATIONS

2.1. LONGITUDINAL GENOME-WIDE DNA METHYLATION ANALYSIS

UNCOVERS PERSISTENT EARLY-LIFE DN A METHYLATION CHANGES

It is well known that, during the aging process, there occurs a gradual accumulation
of epigenetic alterations, of which some present specific and directed biological
characteristics while others appear to be stochastic noise (Tejedor & Fraga 2017).
Nonetheless, this progressive transformation of the epigenome may not follow a
chronologically linear path: indeed, evidence from studies measuring the “ticking rate”
of epigenetic clocks (Horvath & Raj 2018) and from DNA methylation analyses of
pediatric cohorts (Martino et al. 2011; Martino et al. 2013; Simpkin et al. 2015; Acevedo et
al. 2015; Urdinguio et al. 2016) suggest that there occurs a strong epigenetic remodeling
during the first years of life. This reshaping is probably associated with developmental
processes taking place prior to adulthood. However, it remains to be clarified whether
these alterations are similar—albeit stronger—to those occurring during the later
stages of lifespan, or if they are functionally different to aging-associated changes. To
tackle this question, we collected blood samples from a longitudinal pediatric cohort
of healthy subjects with measurements at birth, 5 and 10 years of age and profiled
their genome-wide DNA methylation levels using Infinium MethylationEPIC
BeadChip arrays, which measure over 850,000 CpG sites in the human genome
(Pidsley et al. 2016). These chips are the current state-of-the-art array technology and
represent a near twofold increase in coverage as compared to the previously mentioned
450K BeadChips, improving the measurement of non-genic regions such as enhancer

locations and other regulatory elements (Pidsley et al. 2016).
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First, we looked at the global methylomic patterns of the subjects and confirmed
that a drastic epigenomic remodeling took place within the first 5 years of life which
was considerably reduced in the next lustrum. The determination of DNA methylation
alterations at the individual CpG level confirmed that changes during the first 5 years
were much more numerous and stronger. There are few longitudinal studies inspecting
blood methylomic changes across more than two time points, but the existing evidence
using earlier array technology agrees with our observations (Martino et al. 2011; Acevedo
et al. 2015; Simpkin et al. 2015). Nonetheless, it is worth noting that our study, as well
as others, collects cord blood at birth and peripheral blood in subsequent time points,
so that part of the magnitude of the observed changes could be due to the comparison
between these two not totally equivalent tissues. To minimize this issue as much as
possible, we used cell deconvolution algorithms (Houseman et al. 2012) to derive cell
composition measurements from the methylation data which we adjusted for within
the linear models. Reassuringly, we did not detect striking differences in cell

composition between the cord and peripheral blood samples.

The genomic distribution of the altered CpG sites mimicked that which we had
previously observed for the aging process across multiple tissues (Pérez et al. 2018),
with hypermethylation occurring at CpG-island associated locations while
hypomethylation was linked to intergenic, open sea loci. In light of this, we integrated
the results with the previously mentioned ENCODE and NIH Roadmap histone PTM
and chromatin state data (ENCODE Project Consortium 2012; Roadmap Epigenomics
Consortium et al. 2015). We observed high enrichments in H3K27me3/H3K4mel and
H3K4mel-associated domains for hyper- and hypomethylation, respectively, during
the first 5 years of life, with chromatin state enrichment indicating that the gain of
methylation occurred at bivalent and Polycomb-associated loci, while loss of

methylation was detected at enhancer-associated locations. These results are again in
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consonance with the chromatin signatures linked to aging-associated alterations (Day
et al. 2013; Ferndndez et al. 2015; Pérez et al. 2018), though the associations observed by
us in the case of the developmental, early life alterations, were particularly well

defined.

To exploit the increased coverage of the EPIC array regarding enhancer locations,
we integrated our results with the multi-tissue EnhancerAtlas database (Gao et al.
2016). Interestingly, the enhancer enrichments allowed us to dissect and differentiate
the active H3K4mel association within the bivalent chromatin context of DNA
hypermethylation from the active H3K4mel association observed in the context of
DNA hypomethylation: the first involved enhancers typical of fetal and developmental
tissues, while the latter—with stronger enrichments—affected enhancers linked to

blood cell types.

All in all, our data implies that development-associated DNA methylation changes
occurring during the first years of life are especially contained within the first 5 years,
and that this epigenetic remodeling shares similar epigenomic features with typical
aging-associated alterations, which are nonetheless much more limited in number and

magnitude.
3. AGING AND OTHER AGING-RELATED DISEASES: COGNITIVE DECLINE

3.1. BLOOD DNA METHYLATION PATTERNS IN OLDER ADULTS WITH

EVOLVING DEMENTIA
Epigenetic alterations arising throughout lifespan can not only contribute to
explaining the etiology of disease, but also, in a more translational setting, be used to
predict the development of pathologies. Neurodegeneration is tightly linked to aging
and both processes manifest DNA methylation alterations (Xia et al. 2018); thus, aged
subjects may display alterations associated with cognitive deterioration. Nonetheless,

the access to this putative biological information is influenced by our capacity to
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detect epigenetic signal in biological tissue. In this sense, peripheral blood may be a
good candidate for the detection of disease-associated epigenetic alterations because
of its accessibility (Fransquet et al. 2018). To test this hypothesis, we analyzed blood
samples from a longitudinal cohort of advanced-age cognitively-healthy individuals, of
which a subset of subjects developed cognitive deterioration in a medium period of
time (~4 years), again using the aforementioned Infinium MethylationEPIC BeadChip

arrays.

We discovered DNA methylation biomarkers—particularly at the level of DNA
methylation regions—associated with cognitive decline. Importantly, making use of
our longitudinal design, we observed that these altered regions were already impacted
in the individuals around 4 years before the manifestation of the clinical symptoms of
cognitive deterioration. Thus, we can conclude that systemic tissues such as blood can
capture, through epigenetic marks, information regarding biological dysregulation
even if the core of the pathology is occurring in a different tissue such as brain
(Fransquet et al. 2018). Moreover, subtle DNA methylation alterations can allow us
to “predict” the appearance of explicit clinical signs of disease, as has been also
recently shown (Fransquet et al. 2020). Interestingly, multiple of these alterations
were associated with genes previously linked to dementia-related polymorphisms, such
as AP2A2, MAGI2, POT1, PON1 or PM20D1 (Erlich et al. 2006; Hohman et al. 2014;
Sanchez-Mut et al. 2018; Nelson et al. 2020; Kim et al. 2021). Indeed, many of the
detected DNA methylation differences could in fact be surrogates of pre-existing
genetic differences at related genomic locations, such as the PM20D1 gene, whose
genetic variation has been shown to modulate DNA methylation and gene expression
linked to Alzheimer’s disease (Sanchez-Mut et al. 2018). Nonetheless, while genetic
differences can explain how it is possible to detect alterations in non-brain tissues such

as blood, the fact that dementia-related blood DNA methylation alterations can be by
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themselves quite different from those present in brain, as has been shown in a recent
cross-tissue study (Silva et al. 2022), suggests that there may be other mechanisms

involved.

On the whole, our results show how DNA methylation alterations linked to
cognitive decline which appears in aged subjects can be present in peripheral blood

some years before the onset of clinical symptoms.
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CONCLUSIONS

The main conclusions obtained in this doctoral thesis are the following:

1. The epigenomic context associated with DNA hypermethylation is similar
in aging and cancer, being linked to bivalent chromatin signatures in both
processes across multiple tissues.

2. The epigenomic context associated with DNA hypomethylation is different
in aging and cancer, being linked to enhancer-associated domains in aging
and heterochromatin-associated domains in cancer across multiple tissues.

3. The epigenomic characteristics associated with DNA methylation alterations
in brain aging and cancer are conserved between human and mouse.

4. The definition of conserved interspecies DNA methylation biomarkers of
disease can aid in the identification of clinically relevant pathways in human.

5. The epigenome is drastically remodeled within the first five years of life and
becomes much more stable in later years.

6. The epigenomic characteristics of development-associated DNA methylation
changes which occur during the first years of life are similar to, but of larger
magnitude, than aging-associated DNA methylation alterations.

7. DNA methylation can be used to derive biomarkers predictive of cognitive

decline and dementia in elderly cohorts.
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CONCLUSIONES

Las principales conclusiones obtenidas en esta tesis doctoral son las siguientes:

1. El contexto epigenémico asociado a la hipermetilacién del ADN es similar
en cancer y envejecimiento, estando relacionado con dominios bivalentes de
cromatina para ambos procesos en multiples tejidos.

2. El contexto epigenémico asociado a la hipometilacién del ADN es diferente
en cancer y envejecimiento, estando relacionado con dominios enhancer en
envejecimiento y dominios de heterocromatina en cancer, en multiples
tejidos.

3. Las caracteristicas epigenémicas asociadas a los cambios de metilacion del
ADN en tejido cerebral durante el envejecimiento y cancer estan conservadas
entre humano y ratén.

4. La definicién de biomarcadores de enfermedad conservados entre especies
basados en la metilacién del ADN puede ayudar a la identificacion de rutas

moleculares clinicamente relevantes en humano.

5. El epigenoma sufre una remodelacion dréastica contenida en los cinco
primeros afios de vida y se vuelve mucho més estable en anos posteriores.

6. Las caracteristicas epigenémicas de los cambios de metilacién del ADN
asociados al desarrollo que ocurren durante los primeros anos de vida son
similares, aunque de mayor magnitud, que las alteraciones de metilacion del
ADN asociadas al envejecimiento.

7. La metilacion del ADN puede utilizarse para desarrollar biomarcadores
capaces de predecir el deterioro cognitivo y la demencia en cohortes de

individuos de avanzada edad.
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ANNEX 1. DEVELOPMENT OF A WEB DATABASE APPLICATION CONTAINING AN
INTERACTIVE DATABASE OF AGING AND CANCER DNA METHYLATION

ALTERATIONS IN HUMAN AND MOUSE

Part of the results detailed in the thesis publication “Conservation of Aging
and Cancer Epigenetic Signatures across Human and Mouse” involved the
development of a web database application using the R shiny application framework
(Chang et al. 2021). This application is an interactive database which can be accessed

from the following web address: https://epilabasturias.shinyapps.io/mbe_app/. The

goal of the application is to output information on genomic locations for which aging-
and cancer-associated DNA methylation alterations were detected in human or mouse
in the original study. The internal structure of the application is indicated in the

following ANNEX FIGURE 1:

Annex figure 1. Representation of the structure of the web application.

The use of the application is as follows:
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1. The user first inputs a genomic region of interest and a genome build in the first

panel (ANNEX FIGURE 2, left panel).

Annex figure 2. Screenshots showing the input panel of the application (left) and
the output table returned (right).

2. A table describing the CpGs profiled in the study for the genomic region is output
(ANNEX FIGURE 2, right panel). This table can be downloaded from the application,

as well as the full internal methylation tables used by the application.

3. Finally, the user can input CpGs of interest using the internal application
identifiers to plot their DNA methylation values across the study groups (ANNEX

FIGURE 3).
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Annez figure 3. Screenshots showing the graphical output panels of the
application.
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