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Abstract

En mamiferos, el neurodesarrollo esta dirigido por la cooperacion entre
sefiales de desarrollo, factores de transcripcion y reguladores
epigéneticos. Su coordinacion activa elementos reguladores que
determinan los programas de expresion génica especificos de cada tipo
celular. Los enhancers son regiones reguladoras del genoma que activan
espacio/temporalmente a sus genes diana en respuesta a sefales del
desarrollo. Por tanto, constituyen la mayor unidad reguladora durante el
desarrollo. Esta claramente establecido que la cromatina se reorganiza
para formar contactos entre enhancers, originando clusters de enhancers
que activan promotores, dirigiendo asi la expresién génica. Lo que
actualmente se debate es como se establecen estas agrupaciones

regulatorias.

Para investigar esta cuestién, nuestro trabajo se centr6 en examinar la
regulacion de la expresion génica dirigida por la via de sefialacion de TGFf
y su proteina cooperadora JMJD3, cuyo papel regulador en enhancers ha
sido demostrado en células madre neurales. Por tanto, elegimos como
locus de estudio el de un gen cuya expresion depende del eje JMJD3-
TGFB, el gen Chst8. En concreto, estudiamos la formacién de un cluster
de enhancers en respuesta a TGF(, y de forma dependiente de JMJD3,
que regula la transcripcion de dicho locus. JMJD3 contiene una regién
intrinsicamente desordenada especialmente larga, dominio que se ha
demostrado implicado en procesos de separacion de fases. Asi pues, en
esta tesis hemos demostrado que JMJD3 participa en dichos procesos de
forma dependiente de su region desordenada. Ademas, mostramos la
existencia de una correlacion entre esta capacidad de JMJD3 y su

activacion transcripcional del locus de Chst8.

Ademas de JMJD3, otras desmetilasas con dominios JmjC (JMJC-KDMs)
estan implicadas en la regulacion de procesos transcripcionales.

Considerando nuestros hallazgos para JMJD3 y los recientemente



descritos condensados transcripcionales, decidimos investigar la
universalidad del mecanismo de separacion de fases para las JMJC-
KDMs. Asi, descubrimos que estas proteinas estan enriquecidas en
regiones desordenadas, y que ejemplos representativos de distintas
familias (KDM2A, KDM4B y PHF2) forman condensados que correlacionan
con sus caracteristicas transcripcionales. Por tanto, nuestros resultados
sugieren que la separacion de fases constituye otro mecanismo, ademas
del catalitico, usado comunmente por las JMJC-KDMs para promover sus
funciones biologicas.
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Introduction

The embryonic development depends on the interrelation of signaling
pathways, transcription factors (TFs) and epigenetic regulators, which are
coordinated in a spatial-temporal manner to promote the specific gene
expression program of each cell type (1). Along the present work we
explored the crosstalk between the TGFf pathway, lineage specific TFs
and chromatin modifying enzymes to regulate gene expression during
neurogenesis in neural stem cells (NSCs), focusing our efforts on the role
of the histone demethylase JMJD3 on these events. Also, considering the
discoveries made for JMJD3 along this thesis, we decided to broaden our
study to deepen into the common intrinsic structural features that govern

the JmjC-containing demethylases transcriptional regulation.

1. Chromatin

Chromatin is the polymer in which DNA is packaged within the cell nucleus.
Its basic repeating structural unit is the nucleosome, which is formed by 147
base pairs (bps) of DNA wrapped around an octamer of the four core
histones (H) (two copies of each histone H3, H4, H2A and H2B) and by
linker DNA bound by histone H1. This last protein holds the core together

and further condenses chromatin (Figure 11) (2).

Histone tail PTM
/

~ By

Nucleosome

Figure I1. Representation of chromatin polymer, which is formed by histone
octamers and linker DNA with H1. Adapted from (3).

Thanks to microscopic observations, eukaryotic chromatin has been

classically classified into two groups: the gene-rich, open, and



transcriptionally active euchromatin, that can be found at the center of the
nucleus, and the gene-poor, compacted and transcriptionally silent
heterochromatin, which is positioned at the nuclear periphery. Furthermore,
heterochromatin can be subclassified into constitutive heterochromatin,
which is conserved among cell types, and facultative heterochromatin,

which is not conserved (4).

Functionally, chromatin acts as a platform to coordinate transcriptional
events that take place specifically at euchromatic regions, both at the three-
dimensional (3D) and the linear levels. This will be further reviewed in the

following subsections of this introduction.

1.1. Epigenetic modifications of chromatin

Chromatin is decorated by modifications, including DNA methylation and
histone post-translational modifications, which impact its topological
organization and its accessibility (5). The main modifications that chromatin

is submitted to will be reviewed in the following subsections.

1.1.1. DNA methylation

DNA methylation is an epigenetic modification that has been traditionally
related to repression. It consists in the addition of methyl groups to the GC-
rich DNA regions CpG islands (6). These CpG islands are located at the 5’
ends of many genes, so that when they become methylated during
development their associated promoter is silenced. The way in which this
modification regulates transcriptional repression is both through the direct
hindrance that the methyl group imposes for other proteins to bind DNA,
and through the recruitment of factors that induce repression, such as
methyl-CpG binding domain proteins (MBD1, 2 and 3) and the methyl-CpG
binding protein 2 (MeCP2) (7). Apart from stabilizing repression of

promoters, DNA methylation also regulates enhancer and insulator regions,



constituting a fundamental mechanism for a proper embryonic development

(8)-

There are many enzymes implied in the addition of methyl groups to DNA,
and they can act both to maintain or to increase the global levels of
methylation. The DNA methyltransferase 1 (DNMT1) enzyme maintains the
methylation pattern between cell generations through the addition of the
mark to the CpG islands that contain a methyl group in the parental strand
(9). On the other hand, DNMT3A and DNMT3B catalyze de novo

methylation mainly in embryonic cells (10)

DNA can be demethylated too, both in an active or in a passive way. While
active DNA demethylation involves the removal of the methyl group through
ten eleven translocation (TET) enzymes (11), passive demethylation
implies the loss of the mark through successive rounds of replication
without its active addition. Furthermore, there are many factors that
promote DNA demethylation, including DNA cytosine deaminases, DNA
glycosylases, DNA repair factors and DNA methyltransferases (12).

1.1.2. Histones post-translational modifications

Histone proteins that conform chromatin are also subjected to the post-
translational addition or removal of different chemical groups. The
extensive combinatorial repertoire of modifications that histones can
present, which give them the potential to regulate many chromatin-
templated functions, constitute the so-called “histone-code” (13). These
histone proteins, which are highly conserved among organism, contain two
common domains: the fold or globular domain, which mediates the
formation of H2A-H2B and H3-H4 dimers, and the unstructured, flexible N-
terminal tail, which protrudes from the nucleosome core and interacts with
DNA (14). Although residues found in both domains can be post-
translationally modified (15), in this thesis | will focus on the N-terminal tail

post-translational modifications (PTMs) as they are the most relevant for



transcriptional regulation (as well as for replication, recombination and DNA
repair). In particular, | will review PTMs occurring on lysines of histone H3
N-terminal tails, although there are over 60 different residues on histone
tails that are exposed to PTMs (2). These PTMs are deposited and/or
removed by chromatin-modifying enzymes recruited through regulatory
sequences, transcription factors and coactivators — the so-called “writer”
and “eraser” proteins, respectively. They induce chemical changes on the
histones they decorate, affecting their interaction with DNA and hence the
compaction state of chromatin (2,16). Furthermore, they serve as targets
for chromatin acting proteins — “readers” - such as remodelers, potentiating
the regulatory capacity of chromatin (17). The most well-characterized
modifications  include acetylation, methylation, phosphorylation,
ubiquitylation, and SUMOylation. They all exert different functions on

chromatin, as seen in Table I1.

Chromatin Modifications Residues Modified Functions Regulated
. Transcription, Repair,
Acetytation K-ac Replication, Condensation

Methylation (lysines) K-me1 K-me2 K-me3 Transcription, Repair
Methylation (arginines) R-me1 R-me2a R-me2s Transcription

. Transcription, Repair,
Phosphorylation S-ph T-ph Condensation

Ubiquitylation K-ub Transcription, Repair
Sumoylation K-su Transcription
ADP ribosylation E-ar Transcription
Deimination R > Cit Transcription
Proline Isomerization P-cis > P-trans Transcription

Table I11. Main types of histone modifications, including the affected

residues and the regulated biological functions. Adapted from (2).

Historically, acetylation is the most studied PTM on histone tails and both
histone acetyl transferases (HATs) and histone deacetylases (HDACs)
have been extensively analyzed (18). HATs utilize the acetyl-CoA as a
cofactor to catalyze the addition of an acetyl group to the g-amino group of
the lysine (Table 11). This reaction weakens the interaction between
histones and DNA, so HATs usually work as coactivators and HDACs as
corepressors (19,20) Among the main target residues of histone H3 for
these enzymes we found K9, K14, K18, K23 and K27. They correlate with

active transcription, as they are found at transcription start sites (TSS) and



enhancers. Due to its location at enhancers, the acetylation of H3K27 by
the well-studied HAT p300/CBP is of particular interest for this thesis
(21,22).

During the past decade, the focus has shifted more towards the study of
histone methylation. Taking this into account, as well as the relevance that
this PTM has for the present work, in the following subsection | will deepen
into it. However, there are other PTMs apart from acetylation and
methylation that play relevant roles in transcriptional regulation, such as
phosphorylation, which is deposited by kinase proteins upon extracellular
signals, DNA damage and mitosis and define chromatin structure (23);
ubiquitylation, which consists in the deposition of ubiquitin to lysine residues
and contribute to histone crosstalk and DNA repair processes (24); or

sumoylation, which prevents the addition of ubiquitin to lysines (17).

1.1.2.1. Histone methylation

Histone methylation consists in the addition of one, two or three —CH3
groups to lysines, or one or two to arginines, and is performed by histone
lysine methyltransferases (HKMTs) or arginine methyltransferases (HRMT)
respectively. Despite not changing the electrical charge of the amino acid,
this reaction has functional consequences (Table 11) (25). Although all
histones can be methylated on one or more residues, some sites
demonstrate certain prevalence to the targeting of HKMTs, including K4,
K9, K27, K36 and K79 on histone H3 and K20 on histone H4. These
residues can be mono-, di- and tri-methylated, in a way in which up to 40-
80% of mammalian genomes are dimethylated at H3K9, H3K27, H3K36 or
H4K20, while mono- and trimethylation is less abundant (26,27).

The association of methylation and gene regulation depends on the target
residue and the degree of methylation at this site. Accordingly, H3K4me3
and H3K36me3 correlate with active transcription, while H3K27me2/3,

H3K9me2/3 and H4K20me2/3 are associated with repression. The location



of these marks differs along the genome, so that through the combination
of PTMs they stablish an epigenetic pattern that distinguishes chromatin
regions. This way, within active regions H3K4me1/2 is typically found at
enhancers, H3K4me2/3 at promoters or around the TSS, and H3K36me3
at gene bodies (28). On inactive regions, H3K27me3 is enriched at
promoters of silent genes whereas H3K9 and H4K20 methylation marks are
relatively homogeneously distributed (29). The presence of these marks is
not restricted to the mentioned regions; in fact, H3K27me3 and H3K4me3
marks coexist on the so-called “bivalent” promoters, which maintain genes
“poised” for their subsequent activation. “Bivalent” regions are found on
developmental genes in stem cell states, as they provide them with the
capability to be rapidly activated or repressed upon developmental cues
(30).

Regarding HKMTs, although there are many (31), the ones that are more
related to our work are EZH2/1 and MLL, that form part of the PRC2 and
MLL complexes, respectively (Figure 12). PRC2 is part of the Polycomb
group of proteins (PcG), which mediate chromatin compaction and
transcriptional repression; particularly, PRC2 complexes repress cell
identity and developmental genes through the di- and trimethylation of the
H3K27 residue (32). On the other hand, MLL complexes regulate gene
activation through the methylation of the H3K4 residues. The antagonistic
effect of both complexes is fundamental to ensure the correct expression

of developmental genes during cellular identity determination (33).

H3K4 H3K9 H3K36
SETD1A Suv39H1 SETD2
SETD1B Suv39H2 NSD1
MLL1 SETDB1 NSD2
MLL2 GIA/EHMT2 NSD3
MLL3 GLP/EHMT1 ASH1L
MLL4
SETD7
PRDM9
H4K20 ———
H3K27
SET8
e Suv420H1 EZH1
hDOT1L Suv420H2 EZH2

Figure 12: Histone KTMs found in humans, grouped by their substrate
specificity. Adapted from (34).
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1.1.2.2. Histone demethylation

During many years histone demethylation was thought to be a passive

process that resulted from histone exchange or dilution during replication.

However, nowadays many histone lysine demethylases (KDMs) “eraser”

proteins have been identified (reviewed in (35)), which target most of the
methylated residues - H3K4, H3K9, H3K27, H3K36 and H4K20 (Table 12).

FAMILY HDM

LsSD

JMJC

KDM1A
KDM1B
KDM2A
KDM2B
KDM3A
KDM3B
JMJDI1C
KDM4A
KDM4B
KDM4C
KDM4D
KDMSA
KDMSB
KDM5C
KDMSD
KDM6A
KDM6B

KDM7A
PHF8
PHF2

OTHER NAMES

KDM1, KIAA0BO1, LSD1, AOF2

LSD2, AOF1, Csorf193

JHDMI1 A, KIAA 1004, CXXC8, FBL7, FBXL11
JHDM1 B, CXXC2, FBL10, FBXL10, PCCX2
JHDMRA, JMID1, JMIDIA, KIAAQ742, TSGA
JHDMEB, JMID1B, KIAA 1082, C5orf7
JHDMEC, KIAA1380, TRIPB

JHDMBA, JMUD2A, KIAAOE77

JHDMBB, JMID2B, KIAA0B76

JHDMBC, JMID2C, KIAAQ780, GASCT
JHDMBD, JMID2D, FLJ10251

JARID1A, RBP2

JARD1B, PLU1

JARD1C, SMCX

JARD1D, SMCY

uTx

JMUDS, KIAA0346

JHDM1D, KIAA1718, KDM7
JHDM1F, KIAA1111, ZNF422
JHDM1 E, KIAAOB62

HISTONE SUBSTRATE

H3K4me2/me1, H3K9me2/me1
H3K4me2/me1, H3K9me2/me1
H3K36me2/me1

H3K4me3, H3K36me2

H3K9me2/me 1

H3K9me2/me1

H3K9me2/me1

H3K9me3/me2, H3K36me3/me2, H1.4K26me3
H3K9me3/me2, H3K36me3/me2, H1.4K26me3
H3K9me3/me2, H3K36me3/me2, H1.4K26me3
H3K9me3/me2, H1.4K26me3/me2
H3K4me3/me2

H3K4me3/me2

H3K4me3/me2

H3K4me3/me2

H3K27me3/me2

H3K27me3/me2

H3K9me2/me1, H3K27me2/me1
H3K9me2/me1, HAK20me1

H3K9me2/me1, HAK20me3
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Table 12: Histone demethylases families, subfamilies, alternative names

and target substrates. Adapted from (35).

According to their catalytic mechanism of action, two evolutionarily

conserved families of KDMs exist: the lysine-specific histone demethylase

(LSD) family and the JmJC (Jumonji-C domain containing proteins) family
(36,37). The LSD family uses a flavine adenine dinucleotide (FAD)-

dependent amine oxidation reaction to catalyze the demethylation (38—40).

There are only two enzymes within this family, which catalyze the removal
of H3K4me1/2 and H3K9me1/2: LSD1, the first discovered KDM, and LSD2
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(41). On the other hand, the JmJC family coordinates Fe (ll) to catalyze the
removal of methylated lysines using alpha-ketoglurate as a cofactor (Figure
I3). Through this reaction, the methyl group is converted to a hydroxymethyl
group that is finally released as formaldehyde. These are the KDMs we

have studied along this thesis, so | will further review them in the following

subsection.
CH,OH
C'ﬂs HDM i
*NH, Fe(i) +*NH, +N‘H3
| | —
(CHa)y , (CHy), (CH,),
(I: o-KG Succinate C|) HCHO (\:
HNTHcoo- @2 0y H coo H:NH “coo-
Methyl Lysine

lysine
Figure 13: JmJC-domain containing KDM lysine demethylation reaction.
Adapted from (42).

Recently, other two enzymes have been assigned as H4K20 demethylases
that require Fe (ll) and alpha-ketoglurate as cofactors, as well as the
ubiquitin-associated domain: the well-known DNA repair proteins hHR23A
and hHR23B (43,44).

1.1.2.3. JmjC containing KDMs: KDM6 subfamily and JMJD3

The JmjC-containing KDM family encompasses 24 JmjC-domain
containing KDMs, which are evolutionarily conserved from yeast to human.
They play major roles in many physiological and pathological processes,
such as gene expression (45), embryonic stem cell renewal (46), cellular

differentiation (47), X-linked mental retardation (48), and cancer (49).

Apart from the JmjC catalytic domain, their function is determined by the
combination of other conserved structural domains such as the PHD,
Tudor, CXXC, FBOX, ARID, LRR and JmjN. According to their structural
similarities and their specificity for histones, they can be classified into

12



seven subfamilies (Table 12). Due to its relevance for the present work, |
will focus the attention on the KDM6 subfamily (36).

The KDM6 subfamily of JmJC KDMs comprise three members: KDM6A
(UTX), KDM6B (JMJD3) and KDM6C (UTY), which present structural
differences. UTX and UTY contain a JmjC catalytic domain and several
tetratricopeptide repeats that mediate protein-protein interactions, while the
only defined domain in JMJD3 is the catalytic one (50-52) (Figure 14).
KDMB6 substrates are the repressive histone marks H3K27me2/3, which are
deposited by the PRC2 complex and are fundamental during development.
TPRs JmjC

X e
Human«{ EUTY —HHl——e—

JMJD3 o

Figure 14. Phylogenetic tree that shows the three members of the KDM6
subfamily of KDMs. JmjC: Jumonji-C domain; TPR: tetratricopeptide
repeats. Adapted from (53).

Along the present work we have studied specifically JMJD3. Human JMJD3
encodes a 1643 amino acid protein, while murine Jmjd3 consists of 1641
residues; they are highly conserved proteins, sharing more than 90% of
identity. This enzyme is ubiquitously expressed and is involved in many
different physiological and pathological processes according to the context,
such as proliferation, senescence, apoptosis, cell cycle regulation,
differentiation, tumorigenesis, neurodegeneration or inflammation (54,55).
Indeed, JMJD3 is regulated in a context-specific manner, so that in normal
conditions it is expressed in low levels, and it is specifically induced upon
developmental, immune, and oncogenic stress-related stimuli. This way, it
is upregulated by the MAPK, Wnt, NF-kB, bone morphogenetic protein
(BMP), TGFB, IL-4-STAT6, and T-bet signaling pathways. Then, it is
recruited to the chromatin through the interaction with transcription factors

(TFs), where it regulates gene expression (51,56,57).
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During the present work we specifically studied the participation of JMJD3
in development. It is worth noting the protein’s role on this process as it
targets the repressive marks H3K27me2/3, which are fundamental to
determine cell fate (32,35). This way, JMJD3 induces gene activation
through the demethylation of the repressive marks at promoters, the
release of the PRC2 complexes, and the promotion of transcription
elongation (Figure 15). However, its regulatory capacity relies not only on
the demethylase activity, but also on demethylase-independent
mechanisms. Indeed, JMJD3 can behave as a transcription factor that
interacts with coactivators in gene promoters and enhancers to activate
transcription, as observed in inflammation, reprogramming and
differentiation processes (58,59) (Figure 15). These two mechanisms have
been particularly observed during neurogenesis promotion, which will be
further commented in the subsection 3.3. of the thesis.

TF /

Pol *:S:ﬂme; P HaKorme =P
,*LJI"J,J'um}*\Lf LTIV EPCI IV
<@ —i
Figure 15. Model depicting the demethylase-dependent and independent
mechanisms used by JMJD3 to regulate gene expression. Adapted from
(60).

In mice, JMJD3 knockout (KO) experiments have shed different results
depending on the followed strategy. The homozygous deletion of its
catalytic domain caused perinatal death due to premature alveolar
development (61,62), while mice lacking 50% of JMJD3 died peri- or
neonatally due to the malfunction of the interneurons that comprise the Pre-
Botzinger complex, which generates the respiratory rhythm (63). The total
deletion of JMJD3 caused embryonic lethality at the E6.5 stage (64).

Regarding embryonic stem cells (ESCs) biology, JMJD3 is not necessary

to maintain their pluripotent state, but it is to generate the three germinal
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layers. Upon differentiation signals, JMJD3 promotes meso-, endo- or
ectodermal transcriptional programs through the activation of lineage
specific regulators (56,64). With respect to the mesoderm lineage, JMJD3
is involved in cardiomyogenic lineage determination and differentiation
through its cooperation with the insulin gene enhancer-binding protein 1
(ISL1) and the Wnt signaling pathway. Concerning endoderm
differentiation, JMJD3 has been demonstrated to interact with the TGF
pathway to demethylate NODAL promoter. Finally, JMJD3 promotes
ectoderm differentiation through the regulation of Pax6, Nestin and Sox1,
three key markers of neurogenesis, and the enhancement of neural

commitment (58).

JMJD3 plays major roles in multipotent stem cells. Indeed, it has been
reported that JMJD3 catalytic activity is important in the osteogenic
commitment of mesenchymal stem cells (MSCs) and in the self-renewal
capacity of hematopoietic stem cells (HSCs) (58). Moreover, JMJD3 is
necessary for the catalytic-dependent induction of neuronal transcriptional
programs in neural stem cells (NSCs) (47), and for the retinoic acid-induced
differentiation to neurons, which results from the de-repression of the
neurogenic pioneer transcription factor Ascl1 (65) (Figure 16). It also
increases the expression of the CDKNZ2a locus to stabilize the tumor

suppressor p53, which has a key function in mouse neurogenesis (58).

' Esc
JMJD3 Pax6
Nestin

Sox1

NSC
JMJD3 Ascl1
Dix5
Dcex

Neuron

Figure 16. The KDM JMJD3 participates in the commitment and

differentiation to the neuronal lineage. Adapted from (35).
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The role of JMJD3 within this neurodevelopmental context has been
extensively studied, both through in vivo experiments in the chicken neural
tube (cNT) and taking advantage of the in vitro model of NSCs. This way, it
has been shown that JMJD3 and the developmental pathway of TGFf
crosstalk to promote neuronal differentiation (66,67). In the cNT, the BMP
signaling pathway was also shown to induce JMJD3, which activates the
negative regulator of the BMP pathway Noggin. Hence, it stablishes an
inhibitory feedback loop that controls the appearance of dorsal interneurons
(68). These results will be further reviewed in the subsection 3.3., as they

were the basis for the present work.

Regarding its implication in neural disorders, JMJD3 has been shown to
exert dual functions. On the one hand, it is found to be a protective agent
in some neurodegenerative disorders, such as Parkinson’s disease, by
promoting a microglia anti-inflammatory response and mediating the
differentiation of midbrain dopaminergic neurons (69-71). A similar role
was detected in Alzheimer’s disease, where JMJD3 stabilizes p63 nuclear
accumulation, so that the tumor suppressor antagonizes neuronal
apoptosis (72,73). On the other hand, the demethylase was demonstrated
to promote neuropathic pain and neuroinflammation, and hence
neurogenerative disorders progression, through the cooperation with NF-
kB, STAT, TGF-B/SMAD3, and T-bet signaling (74-76). Furthermore,
genetic variants in JMJD3 gene were associated with dysmorphic facial
features and neurodevelopmental delays, including speech and motor
delays, and some degree of intellectual disability (77).

1.2.Regulatory regions on DNA
The genome contains many cis- and trans-regulatory regions, that basically
are clusters of binding motifs that recruit TFs in an orchestrated spatial-

temporal manner to control gene expression programs (78). The different

regulatory regions found in the genome will be reviewed along this section.
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1.2.1. Gene promoters

Promoters are cis-regulatory regions that control the transcriptional output
rate through the recruitment of the transcription initiation complex. They
provide great regulatory versatility by differing in their accessibility and
architecture (79). Core promoters are the regions that contain the TSS, and
sometimes a TATA-box, which constitute the platforms to which the pre-
initiation complex (PIC) binds to initiate transcription. This way, a competent
PIC contains TATA-box binding proteins (TBPs), the general transcription
factors (GTFs), that include TFIIB, TFIIF, TFIIE and TFIIH, and the RNA
polymerase Il (RNAPII) (80). Apart from PIC recruitment, the RNAPII
pause-release constitutes another transcriptional regulatory step from
promoters. After the transcription of 50 nucleotides by RNAPII, the enzyme

pauses until receiving cellular release signals that trigger elongation (81).

1.2.2. Enhancers

Enhancers are defined as cis-regulatory regions that can induce gene
activation from a target promoter in an orientation and distance-
independent manner. They typically consist of hundreds of bps that contain
multiple binding sites for TFs, which are distally located from promoters
(82). They also display a specific pattern of chromatin features that allow
their identification, consisting of histone marks, cofactors, and chromatin
accessibility data. This way, enhancers show high levels of H3K4me1 and
absence or low levels of H3K4me3. Active enhancers also contain
H3K27ac, together with H3K27me3 for the inactive “poised” enhancers.
Usually, both classes of enhancers are also bound by the HAT p300 (Figure
17) (83). With respect to chromatin accessibility, enhancer regions are
characterized by low nucleosome density and clusters of TF binding sites
(TFBS) (84).
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Figure 17. Capture that shows the chromatin pattern characteristic of active
enhancers. Adapted from (83).

Enhancers constitute the major regulatory unit during development, when
they act in a cell-type specific manner to achieve a precise spatial-temporal
control of gene expression. In this regard, enhancers are able to regulate
the levels of gene expression according to the particular cellular context
through their own modulation, both by signaling cascades and the binding
of specific TFs (1). Then, to promote gene transcription they contact
promoters through the establishment of chromatin loops. Although
enhancer-promoter interaction is fundamental for gene transcription, not
much is clearly known regarding the processes that mediate it. For
example, it is not known how the specificity between enhancer and
promoter is established. Classically, enhancers have been assigned to their
nearby promoters just as a matter of linear proximity, but it is currently
known that it is not always the case that enhancers regulate their nearest
promoters (85). Nowadays, with the development of chromatin
conformation capture techniques enhancer-promoter contacts are starting
to be studied in more detail, but in-depth knowledge in the field is still

missing.
Apart from driving gene transcription, enhancers themselves have been

reported to be transcribed by the RNAPII into nuclear unspliced
bidirectional RNA species, named enhancer RNAs (eRNAs) (86,87).
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Although they are expressed at low levels, nowadays it is accepted that
these non-coding RNAs (ncRNA) are functional molecules necessary for
the enhancer activity, the expression of nearby genes, and the
establishment of enhancer-promoter loops. Indeed, they facilitate DNA
decompaction, the stabilization of TF binding and the recruitment of
cofactors, and the release of the negative elongation factor (NELF) from
promoters (82,88). Classically, eRNAs have been defined as short, non-
polyadenylated ncRNAs that arise by divergent transcription; however,
recently they have also been shown to be longer, contain a polyA tail, and
generate unidirectionally (89). Anyway, despite its current controversial
nature, eRNA has been determined as a mean to assess enhancer

activation.

Enhancer regions have been shown to cooperate to achieve a higher
transcriptional activity than the one promoted by a single, typical enhancer.
This way, they can form enhancer clusters that work in a coordinated
manner to induce gene transcription. Taking this into account, several
models have arisen to explain the way in which enhancers regulate gene
expression (Figure 18). They have been proposed to act in an additive
manner, so that transcription is determined by the additive effect of multiple
enhancers; in a synergistic manner, when multiple enhancers produce
higher levels of transcription than their sum individually; in a hierarchical
manner, in which one enhancer could induce transcription at basal levels
while activating other close enhancers to potentiate gene expression; and
in a redundancy manner, so that more than one enhancer control the same
gene and compete, this way ensuring gene expression even though an
enhancer is loss. Indeed, enhancer redundancy is a remarkable feature of
mammalian genomes. All these mechanisms correspond to the activity that
results from the above-mentioned enhancer clusters and are summarized
as “multiple enhancers-one target gene” (Figure 18A). Also, there are
models that depict the opposite situation, where individual typical
enhancers regulate various genes. These are the so-called “one enhancer-

multiple genes” models (Figure I8B), which basically comprehend the
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“‘winner takes it all” model, when one target gene is activated in each cell,
and the “we are all winners” model, when many genes are activated in all

cells, but not at maximum levels (85).

(A) Modes of multiple enhancers — one gene Normal output Output when (B) Modes of one enhancer-multiple genes
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Figure 18. Models of enhancer-driven transcriptional activation, including

the “multiple enhancers-one target gene” and the “one enhancer-multiple

genes” models. Adapted from (85).

Currently, superenhancers (SEs) are the most well-studied enhancer
clusters, as they play a major role during development by controlling genes
that determine cell identity and cell fate. They will be further analyzed in the

following subsection.
1.2.2.1. Superenhancers

SEs are constituted by several clusters of enhancers that act together to
promote a high expression of cell-type-specific genes to maintain cell
identity and determine cell fate. Indeed, SEs induce activation in a much
higher manner than typical enhancers do (90,91) (Figure 19). To achieve
such a level of transcription, they accumulate large amounts of interacting
factors, up to 10-fold the density of the same components found at typical

enhancers. These interacting components include lineage specific TFs, co-
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factors (such as the Mediator complex), chromatin regulators, RNAPII, and
ncRNAs (such as eRNAs) (Figure 19) (82,91). They are also characterized
by a higher enrichment than typical enhancers in H3K4me1, H3K27ac,
p300 (88). Despite the commented features that define SEs, due to the low
resolution of current methods to study them, both their definition and

composition are very ambiguous.
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Figure 19. Comparison between SEs and typical enhancers features and
potential to induce transcriptional activity (92).

SEs are very sensitive to the alteration of some of their components, and
they arise from a single nucleation event. These facts highlight the
importance of cooperation for their formation and function. Apart from acting
together, the cluster of enhancers that form the SE physically contact one
another and with the promoter of their target genes (82). Not only they are
vulnerable to the alteration of their components, but also to their

constituents’ enhancers, demonstrating they are interdependent (82,93).

1.2.3. Silencers and insulators

Silencers are regulatory regions very similar to enhancers in that they
operate in an orientation and distance-independent manner, but instead of
activating, they hinder transcription, as they target repressor proteins (94).
For its part, insulators delimit gene expression within genomic boundaries
(95).
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1.3. Three-dimensional structure of chromatin

The DNA found within eukaryotic cells is around 2 meters long, so it needs
to be packaged into chromatin to fit the 5-10 um of diameter of the nucleus
(96). The first level of compaction is the “beads on a string”, a flexible 10
nm fiber formed by repeating nucleosomes, which shorten the DNA length
up to seven times (Figure 110). Traditionally, the 30 nm chromatin fiber
formed by the coiling of nucleosomes and linker DNA is considered the next
level of compaction. However, the contradictory fluid-like model views the
chromatin as a dynamic structure based on the irregular 10 nm fiber
(97,98). Anyway, if the traditional view is kept, the 30 nm fiber continues
coiling to form higher order stages of condensed and compacted chromatin,

which end up in the metaphase chromosome (99,100) (Figure 110).
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Figure 110. Depiction of the different levels of chromatin compaction, from

DNA double helix to mitotic chromosomes. Adapted from (101).

During interphase, the compacted chromatin fiber is organized in the three-

dimensional space into structures of growing complexity. This way, we can
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distinguish chromosome territories, topologically associating domains
(TADs), chromosome compartments and loop domains (102) (Figure 111).
The significance of genome 3D-organization cannot be dismissed, as there
is an intimate relationship between genome structure and function that is
not fully understood yet. Nowadays, there is a lot of controversy on whether
the three-dimensional structure of the genome is a cause or a consequence
of function, but what does seem clear is that genome architecture plays
major regulatory roles. Given this significance, albeit the many unanswered
essential questions and the current methodological limitations to study
them, in the following subsections | will deepen into each one of these levels

of 3D structure.

genome chromosome compartments domains loops

>
1000Mb 100Mb 10Mb 1Mb 100kb 10kb

Chromosomal territory 9 Compartment A (active)

Inter-chromosomal space Compartment B (inactive)

Figure 111. Genome is organized in the three-dimensional space intro

chromosome territories, compartments A and B, TADs and chromatin loop

structures. Adapted from (102).

It is worth noting that the current knowledge regarding the three-
dimensional structure of chromatin comes from two complementary type of
assays: imaging techniques and chromosome conformation capture (3C)
methods. On the one hand, microscopy-related assays, such as RNA and
DNA fluorescence in situ hybridization (FISH), live-cell imaging, and
electron microscopy, uncover major principles of genome organization and
correlate nuclear location with transcriptional output. On the other hand, 3C
techniques are based on the digestion and religation of crosslinked
chromatin in cells, followed by the quantification of ligated fragments. This

way, it is possible to detect DNA contacts frequencies, both in a locus-
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specific (3C) or in a high-throughput sequencing manner (4C, 5C, Hi-C, and
other derived methods). Recent advances in both superresolution
microscopy and loci tracking in live-cells, and single-cell 3C technologies,
represent promising opportunities to explore the connections between

chromosome structure and nuclear functioning (103).

1.3.1. Chromosome territories

Nowadays it is known that the chromosome location at the nucleus is not
random. Each chromosome occupies discrete regions within the nuclear
space, so that gene-rich chromosomes are most likely located at the center
of the nucleus while gene-poor are at the periphery, and they even cluster
in a species and cell-type specific manner (Figure 111). These specific
positions have been named as chromosomal territories, which can be
observed both by fluorescence techniques and chromosome capture
methods (104). Chromosome territories show limited intermingling between
them. Thus, the functional consequences of these locations cannot be
dismissed; chromosome territories will determine gene expression
programs, and consequently chromosome mislocalizations give rise to

many pathological processes (105).

1.3.2. Chromosomal compartments

Hi-C experiments have shown plaid-like contacts maps constituted by
alternating blocks of enriched and depleted interaction frequencies. This
suggests that chromatin is further divided into spatial clusters of tens to
hundreds megabases (Mb) size with a similar epigenetic and transcriptional
state (104,106). These clusters are named compartments, and according
to its functionality two compartments can be defined: A and B
compartments (107) (Figure 111). While A compartment corresponds to
active regions - gene-rich, accessible, transcriptionally active chromatin -,
B compartment correlates to gene-poor regions and late replication. The
latter can be further subdivided into constitutive heterochromatin, located
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close to nuclear periphery lamina-associated domains (LADs) and nucleoli,
and facultative heterochromatin, positioned within the nuclear interior (108).
It is worth noting that loci contained within a compartment preferentially

contact between them.

Compartments are not conserved but change across cell types and during
development (107,109). Regarding their formation, it is believed that it is
promoted by homotypic chromatin interactions that can segregate distal loci
into a determined compartment. Apparently, these mechanisms would be
specific for each compartment type, although currently they are not fully
understood (110).

1.3.3. Topologically associating domains

TADs are insulated self-interacting domains on the scale of few kb to Mb
that seem to be intrinsic to mammalian genomes, as they are very stably
conserved across species and cell types. They were defined by means of
chromatin conformation capture techniques, specifically the high-
throughput version Hi-C (111) (Figure 112). Despite their conservation,
TADs have been demonstrated to be dynamic structures that disappear

during mitosis to be later reorganized during G1 (112).

Functionally, genes contained within TADs are coregulated (111), and
enhancer-promoter loops predominantly take place within them (113), so
TADs have been proposed as the basic regulatory unit of genome folding.
Indeed, TAD borders or boundaries have been shown to act as insulators
(Figure 112). They also constitute fundamental regulatory regions found
between TADs, which show enrichment in binding motifs for the insulator
protein CTCF and, to a lesser extent, housekeeping genes, active
chromatin marks such as H3K4me3 and H3K36me3, retrotransposons, and
transfer RNAs (tRNAs) (111). Therefore, through their insulation capacity,
TADs might represent fundamental regulatory units that promote and

delimit specific enhancer-promoter interactions, preventing ectopic
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interactions to occur (114). This way, they are used as indicative of high
frequency interactions between loci within a domain and low frequency

contacts between loci in different domains (115).

TAD
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Figure 12. Schematic representation of a TAD, including the contacts

established within them and its main components. Adapted from (116).

These three-dimensional chromatin structures are formed and maintained
by the loop maintenance complex of proteins (LMC), which include CTCF
and the cohesin complex (SMC1, SMC3, RAD21 and SA1/2 proteins). Both
protein complexes have been found in TAD borders; particularly, CTCF
proteins are placed in a convergent orientation within borders (111,115).
Taking this into account, the current model of TADs appearance is the loop
extrusion mechanism, which sustains that cohesin is loaded to enhancers
and promoters to progressively extrude larger loops, until encountering
convergent CTCF proteins at TAD boundaries (117) (Figure 111). This
mechanism seems to be a completely different and opposing manner of
chromatin organization than the homotypic chromatin interactions

underlaying chromosome compartments formation (110).

1.3.4. Loop domains
Intra-TADs genomic structures are also observed through targeted 3C-
based approaches, which provide lower coverage by higher resolution. This

way, it has been observed that chromatin further stablishes contact or loop

domains, which are long-range interactions that bring together two distant
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regions of the genome, typically enhancers and promoters, to incr