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Chapter 1

EPIGENETICS

Every living cell, at its essence, has a ‘simple; yet elegant DNA double helix. Since 1944,
DNA is known as the carrier of genetic information '. However, DNA sequence by itself
cannot explain an exquisite phenomenon - a single fertilized egg can develop into
a human body, consisting of more than 400 different cell types. While every cell in the
body carries the same DNA sequence, each cell type expresses a unique set of genes and
thus develops a particular phenotype. So how does a cell know, which genes should be
expressed and when?

In the nucleus, DNA is coated with approximately twice as much protein as DNA, known
as histones. Together, DNA and histone proteins form a structure called chromatin. There
are two different forms of chromatin - euchromatin and heterochromatin. Euchromatin
is the more open form, allowing the transcriptional machinery access to DNA, commonly
referred to as an ‘active’ state. Heterochromatin, on the other hand, is organized into a
dense structure, keeping DNA inaccessible, thereby ‘compressing’ the transcriptionally
inactive part of the genome. Different chemical modifications or ‘tags’ can be placed
directly onto the DNA or its associated histone proteins. These ‘tags, known as epigenetic
marks, can influence accessibility of different protein machineries to chromatin and DNA 2.

In the early 1940s, already before the discovery of the double helix, the British
developmental biologist Conrad Hal Waddington coined the term epigenetics (prefix epi-
in Greek—over, on), and referred to it as ‘the processes involved in the mechanism by
which the genes of the genotype bring about phenotypic effects’ . During the past eight
decades, the term has evolved into the current working definition of epigenetics: ‘the
study of mitotically and/or meiotically heritable changes in gene function that cannot be
explained by changesin DNA sequence’“. In other words, a layer of epigenetic information,
placed on top of the DNA, allows for a fine-tuned control of how genetic information, in a
spatiotemporal manner is translated to gene expression patterns and the establishment
and maintenance of cell identity.

DNA METHYLATION AS A REGULATORY EPIGENETIC MARK

One of the most studied and best characterized epigenetic marks is DNA methylation,
which generally refers to the direct chemical modification of DNA. In living cells, DNA
methylation was first described more than 80 years ago *%, almost simultaneously with
DNA being identified as the genetic material '. In the late 1970s, hypotheses on a role for
DNA methylation in the regulation of gene expression were proposed for the first time 72,
Today its important function in diverse biological processes in mammalian cells, such as
the silencing of germline genes ° and transposable elements °, genomic imprinting ' and
X-chromosome inactivation '>'3, is well established. DNA methylation is critical for normal
development . Not surprisingly, aberrant DNA methylation is a feature of different types
of human diseases including cancer %, as well as developmental disorders such as Sotos
and Kabuki syndrome ¢, Furthermore, genetic defects in several components of the DNA
methylation machinery have been linked to human congenital disease such as Tatton-
Brown-Rahman syndrome and Immunodeficiency, Centromeric instability and Facial
anomalies (ICF) syndrome 718,

In mammals, DNA methylation predominantly occurs on cytosine bases in the
symmetrical CpG dinucleotide context, which enables the post-replicative maintenance
of DNA methylation patterns. Specifically, the fifth carbon of the g tosine pyrimidine
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General introduction

ring is covalently modified by the addition of a methyl group 7. DNA methylation is
widespread in mammals, and, in somatic cells, approximately 70-80% of all CpGs are
methylated '°. Depending on the genomic context in which it is placed, DNA methylation
can be interpreted differently and fulfil diverse regulatory roles (Figure 1A). For example,
transposable elements, which are dispersed throughout the genome and account for
approximately 40% of the mammalian genome %, are highly methylated sequences ', with
about 95% of them becoming methylated (Figure 1B). In somatic cells, DNA methylation
is required to suppress transposon expression and mobility 2!, thereby protecting the
genome from deleterious effects of these elements which when mobilized, can cause
genome instability 2 In contrast, CpG islands (CGl), which are CpG-rich sequences often
found in the vicinity of gene promoters, are usually devoid of DNA methylation % (Figure
1). Promoter DNA methylation correlates with gene silencing and typically occurs in
a tissue- or developmental stage-specific manner °*2?>, Historically, DNA methylation
has been associated with gene repression, but it is now known that DNA methylation
can be associated with active transcription, when found across gene bodies 8. Gene
body methylation has been suggested to prevent transcription from intragenic/cryptic
promoters %, to play a role in the regulation of splicing ¥ and to function in transcript
elongation *°.

THE DNA METHYLATION MACHINERY

DNA methylation patterns are established by the de novo methyltransferases DNA
methyltransferase 3 alpha (DNMT3A) and DNA methyltransferase 3 beta (DNMT3B)
during early embryonic and germline development (Figure 2) 332, DNMT3s are generally
known as enzymes that lack DNA sequence specificity. However, recent in vitro studies
suggest that their catalytic activity can be influenced by nucleotides flanking CpG sites
3334 Furthermore, these enzymes can be targeted to or excluded from selected genomic
regions by different mechanisms including post-translational modifications and via
interaction with instructive partner proteins 7. For example, DNMT3A can form a complex
with its catalytically inactive cofactor, DNA methyltransferase 3 like (DNMT3L), which
stimulates DNMT3A activity during germline development '#**3, and in mouse embryonic
stem cells (mESCs) *. At their N-terminus, the DNMT3 enzymes contain a Pro-Trp-Trp-Pro
(PWWP) domain, which can specifically recognize histone H3 molecules trimethylated
at lysine 36, a histone modification enriched at actively transcribed gene bodies 042,
Another important domain for chromatin interaction is the ATRX-DNMT3-DNMT3L (ADD)
domain, which enables DNMT3s to specifically recognize unmodified histone H3 lysine
4 %4 while methylation of histone H3 lysine 4 is known to inhibit this recognition #3454,
Consequently, histone H3 lysine 4 tri-methylated (H3K4me3), a mark associated with
active transcription, is thought to protect promoter CpG dinucleotides from gaining a
methyl group and thereby preventing gene repression #.

Once established, DNA methylation patterns have to be maintained after every mitotic
cell division. Cells can achieve this through at least two different DNA methylation
maintenance pathways. One pathway relies on proteins that are present on the replication
fork, which is referred to as DNA replication coupled maintenance, and takes place in
early S-phase %8, The second pathway, which is termed DNA replication uncoupled
maintenance, occurs in late S-phase independently of the replication fork, and is thought
to ensure DNA methylation maintenance at CpGs found in heterochromatic regions “¢. The
maintenance DNA methyltransferase 1 (DNMTT1) is the only known enzyme responsible
for the conversion of hemi-methylated DNA in newly generated daughter cells back
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Figure 1. DNA methylation landscape. A lIllustration of DNA methylation distribution across
different genomic annotations, such as transposable elements, intergenic region, CGl and gene
bodies in mammalian genome (adapted from: https://commons.wikimedia.org/wiki/File:DNAme_
landscape.png). B Bar plot representing the percentage of indicated genomic annotations in the
mammalian genome. The coloured part of each bar represents the methylated proportion of the
different genomic annotations (adapted from ).

to symmetrically methylated molecules (Figure 2) *. Recruitment of DNMT1 to hemi-
methylated sites is facilitated by ubiquitin-like, containing PHD and RING finger domains
1 (UHRF1) #*2°, UHRF1 is a multi-domain E3 ubiquitin ligase which contains a ubiquitin-like
(UBL) domain, a tandem Tudor domain (TTD), a plant homeodomain (PHD) finger, a SET
and RING-associated (SRA) domain, and a really interesting new gene (RING) domain °'.
Through its SRA domain, UHRF1 can recognise hemi-methylated DNA *2°3 and utilise its
RING domain to ubiquitinate proliferating cell nuclear antigen (PCNA)-associated factor
15 (PAF15) in the DNA replication coupled, or the tail of histone H3 in the DNA replication
uncoupled maintenance pathway #. Subsequently, DNMT1 recognises ubiquitinylated
proteins and methylates CpGs on the newly synthetised strand in dividing cells.

DNA methylation can also be removed, by two distinct mechanisms (Figure 2). Passive
demethylation is the first mechanism. It refers to the dilution of DNA methylation through
cell divisions and can be caused by the absence or inhibition of DNMT1 ***>, absence
of UHRF1 *¢ or delocalization of UHRF1 and DNMT1 to the cytoplasm °78, For instance,
STELLA (developmental pluripotency-associated protein - DPPA3 or PGC7), a small
protein highly expressed in primordial germ cells (PGCs), oocytes and preimplantation
embryos and essential for female fertility, is involved in the delocalization of UHRF1 in
oocytes via binding to its PHA domain *°%°, Active demethylation is the second process.
It involves the removal of the methyl group from 5-methylcytosine (5mC) and is carried
out by the ten-eleven translocation (TET) family of proteins. The three family members,
TET1, TET2 and TET3, exhibit oxidizing activity and can catalyse the conversion of 5mC to
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5-hydroxymethylcytosine (5hmC), 5-formylcytosine (5fC) and 5-carboxylcytosine (5caC)
6162 |n addition, thymine-DNA-glycosylase (TDG)-catalysed base excision and the DNA
base excision repair pathway can remove 5fC and 5caC so that unmodified cytosines can
be incorporated®.
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Figure 2. Model of functions of the DNA methylation machinery in establishment and
maintenance of DNA methylation patterns. During early embryonic development and
gametogenesis DNA methylation is established by the de novo DNA methyltransferases DNMT3A
and DNMT3B, with the help of co-factors such as DNMT3L. After every cell cycle, methylation
patterns are maintained in daughter cells by DNMT1, based on the methylation state of the parental
strand. DNMT1 recognizes replication foci and hemi-methylated DNA with the help of PCNA and
UHRF1. DNA methylation can also be removed; either through absence or inhibition of DNMT1
(passive loss), or through the oxidizing activity of TET enzymes (active demethylation).



Chapter 1

EPIGENETIC REPROGRAMMING

For the correct placement of DNA methylation patterns and normal development, DNA
methylation first needs to be erased during early preimplantation development and
germline formation, a process often referred to as epigenetic reprogramming . This
mechanism of erasure ensures the restoration of the developmental potency of the
zygote.

Epigenetic reprogramming includes two rounds of genome-wide erasure of epigenetic
marks. More specifically, it occurs in the developing primordial germ cells (PGCs)
during early to mid-gestation in utero, and in the preimplantation embryo. During PGC
reprogramming, global erasure of DNA methylation and histone modifications takes place
6566, In females, this process continues even after birth in the growing oocytes of juvenile
mice %8, After the epigenetic marks are stripped, DNA methylation re-establishment in
PGCsis achieved through the combined action of the de novo methyltransferases DNMT3B,
DNMT3A and the DNMT3A cofactor DNMT3L 4 The second wave of reprogramming takes
place during pre-implantation development and involves the clearing of the epigenetic
marks that defined the gene expression patterns of the mature parental gametes i.e., the
sperm or the oocyte %7°. This process enables the zygote to return to a state of totipotency,
and allows the cells of the early embryo to differentiate into any of the different cell types
in our body. Post-zygotic DNA methylation re-establishment starts in the inner cell mass
(ICM) of the blastocyst, with the major wave of de novo methylation by DNMT3A and
DNMT3B taking place between E3.5 and E6.5 during mouse development >*54,

Notably, it has been suggested that in both rodents and humans, epigenetic
reprogramming is not complete, and regions that can ‘escape’ reprograming have been
reported 7'74. For example, retrotransposons that belong to the LINE/LTR family, and
also imprinted regions, were found to be protected from the global demethylation
process during PGC reprogramming in the mouse 7. Similar results have been reported
for humans where evolutionarily young repetitive elements but also some single-copy
genes can escape from reprogramming during early human ”* and PGC development 72,
reviewed in 7.

HISTONE PROTEINS AND THEIR POST-TRANSLATIONAL MODIFICATIONS

To fit DNA, which is approximately 10,000 times longer than an average diameter of a
nucleus, within a nucleus, and at the same time‘expose’genes that need to be transcribed
or ‘conceal’ genes that should be silenced, cells have developed an elegant and efficient
DNA packaging strategy. Specifically, ~147 base pairs (bp) of DNA are wrapped around
an octamer of histone proteins (two copies of four different core histon es, most often
H2A, H2B, H3 and H4), that together form the nucleosome, the basic unit of chromatin ¢
Chromatin is often described as ‘beads-on-a-string, where the nucleosomes represent the
beads, which are held together by the DNA ‘string’”’.

The core histone proteins are built of a globular domain and free amino-terminal ends,
called histone tails, that extrude from the surface of the nucleosome 78 Both globular
domains and histone tails, especially those of histones H3 and H4, can acquire a diverse
array of post-translational modifications (PTMs), also known as covalent modifications
or histone marks. They include, but are not limited to, methylation, acetylation,
phosphorylation and ubiquitination 7. Histone modifications can be found throughout
the mammalian genome. Depending on the genomic context and across different
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genomic elements, histone modification composition differs 2. The correct genome-wide
distribution of each histone mark, is tightly controlled by ‘writer’ and ‘eraser;, enzymes
that deposit or remove these chemical tags from specific amino acid residues of histone
proteins, respectively &'. For instance, histone methyl transferases (HMTs) and histone
acetyl transferases (HATs) place methyl and acetyl groups, respectively. On the other hand,
histone demethylases and histone deacetylases (HDACs) have the opposite effect and are
required to remove them. Furthermore, a large number of histone marks can serve as
docking sites for nuclear regulatory proteins i.e., readers 828, Together, the ‘writers, ‘erasers’
and ‘readers’ cooperate, to shape the chromatin landscape throughout development and
in response to environmental cues.

Initially defined by Emil Heitz as densely stained parts of the chromosomes %,
condensed heterochromatin is decorated with repressive histone marks and stays mainly
transcriptionally silent during interphase ®. Heterochromatin can be further subdivided
into constitutive and facultative heterochromatin. Constitutive heterochromatin is tightly
packed and attenuates transcription of more than half of the mammalian genome. This
includes the highly repetitive (peri)centric and subtelomeric regions, non-coding and
gene-poor regions and transposable elements 2. In general, constitutive heterochromatin
is maintained throughout development and can be considered as non-cell-type
specific 8. In mammals, methylation of H3K9, the main constitutive heterochromatin
mark, is catalysed by six different HMTs that belong to three different families, namely
Suppressor of variegation 3-9 homologue 1 and 2 (SUV39H1/SUV39H2) ¥, SET domain
bifurcated 1 and 2 (SETDB1/SETDB2), and G9A (also known as euchromatic histone-lysine
N-methyltransferase 2 - EHMT2) 8/ G9A-like protein (GLP, also known as EHMT1). Recent
work in mouse embryonic fibroblasts (MEFs) showed that only the combined knock out
of all six enzymes results in a collapse of heterochromatin #, a phenotype that has been
attributed to their partial redundancy. However, all six HMTs also have unique genomic
targets, many of which appear to be different types of repetitive DNA. For instance,
SUV39H1/2, initially discovered in a genetic screen for modifiers of position effect
variegation (PEV) in Drosophila (as Su(var)3-9) ° as a heterochromatin associated protein
91, are required for H3K9me3 of satellite repeats located in pericentric and telomeric
heterochromatin in MEFs °*%3, In addition, SUV39H1-mediated H3K9me3 is required for
silencing of LINE1 retrotransposons in mESCs °*. On the other hand, SETDB1 is required
to catalyse H3K9me3 at intracisternal A-particle (IAP) retrotransposons in mESCs .
IAP elements are evolutionarily young and retain the ability to undergo transposition,
therefore they pose a threat to the genome if activated °°”. This makes them high priority
silencing targets. In mESCs, SETDB1 targets these elements for H3K9 methylation through
its interaction with Kriippel-associated box (KRAB)-interacting protein 1 (KAP1, also
known as Trim28) and KAP1’s KRAB domain-containing zinc-finger (KRAB-ZFPs) partner
proteins 8%, In somatic cells, the combinatorial effect of repressive histone marks, mainly
H3K9me3 and H3K9me2, together with DNA methylation, ensures the locked chromatin
state at these sites %, thereby protecting genome integrity.

Facultative heterochromatin was originally described as ‘developmentally regulated
heterochromatinization of only one allele of a homologous chromosome pair’ *°. Today,
facultative heterochromatin refers to the parts of the genome where chromatin is
generally in a condensed state, but can adopt an active state at a specific developmental
stage or in a specific cell type %" In mammals, facultative heterochromatin is mainly
found over developmental genes that are expressed in a cell type specific manner 2. They
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include the well-known example of the clustered homeotic (Hox) genes %%, Furthermore,
X-chromosomeinactivationservesasaparadigmforfacultative heterochromatinformation
191 Mechanistically, the formation of facultative heterochromatin is primarily orchestrated
by Polycomb Group proteins (PcG) %2 In addition, the histone methyltransferases G9a
and Glp have been described to take part . PcG are multi protein complexes that can be
divided in two main groups, Polycomb repressive complex 1 (PRC1) and PRC2 '%. The PRC2
complex is required for placing methylation on lysine 27 of histone H3 (H3K27me1/2/3
marks). Its catalytic subunits, namely enhancer of zest 1 (EZH1) (expressed in all the
cells) and EZH2 (more active in actively dividing cells) place methylation on H3K27 %,
The PRCT complex, on the other hand, establishes mono-ubiquitination of histone H2AK
(H2AK119ub1) via its RING1 (A or B) catalytic subunit '®. To propagate and maintain a
repressive chromatin environment and gene silencing, the two PcG complexes usually
function in cooperation '°2. Dysregulation of either of the two complexes can lead to
disruption of normal development and has been associated with neurodevelopmental
and neurodegenerative diseases, type Il diabetes and cancer 161,

Euchromatin was originally defined by its sparse staining pattern 8. This definition has
evolved and now, it represents decondensed and transcriptionally accessible chromatin.
More specifically, euchromatin encompasses the gene-rich and actively transcribed
regions of the genome and is marked by active histone modifications 2%, The well-
defined active histone marks that decorate euchromatin include different methylation
states of lysine 4 on histone H3 (H3K4) as well as histone acetylation . The Complex
Proteins Associated with Set1 (COMPASS) family, is responsible for catalysing methylation
at H3K4 "°, It is a multiprotein complex and in mammals, it can contain one of the six
methyltransferase proteins. They include SET domain containing 1A (SETD1A) and
SETD1B, Mixed lineage leukaemia 1 (MLL1, also known as KMT2A), MLL2 (also known as
KMT2B), MLL3 (also known as KMT2C) and MLL4 (also known as KMT2D) '"". H3K4me3 is
typically found around promoters of actively transcribed genes. Additionally, H3K4 can be
mono and di methylated. For example, H3K4meT1 is found at active and poised enhancer
elements while H3K4me?2, similarly to H3K4me3, is found at transcriptionally active genes
n2113. Acetylation of 27™ lysine of histone H3 (H3K27ac) can be deposited by various
acetyltransferases including p300 and CBP "% When found together with H3K4meT, the
two modifications are a characteristic of active enhancers (Figure 3). Histones H3 that
are positioned throughout transcribed gene bodies are marked by tri- methylation at
lysine 36 (H3K36me3, Figure 3), which is deposited by SET domain containing 2 (SETD2).
In addition, H3K36 exists in a di- methylated state (H3K36me?2). In this form, it is found at
intergenic euchromatin. Several HMTases, including NSD1, NSD2, NSD3 and ASH1L, can
place the H3K36me2 modification . The fact that mutations in histone methyltransferases
responsible for labelling euchromatin cause neurodevelopmental growth syndromes, such
as Sotos syndrome, Luscan-Lumish syndrome and Kabuki syndrome '¢''>""7, emphasizes
the importance of the correct placing of epigenetic marks for normal development.

MODIFIERS OF MURINE METASTABLE EPIALLELES DOMINANT SCREEN

With the aim to broaden our knowledge of epigenetic control and to discover and
characterize all epigenetic players, forward mutagenesis screens have been carried out in
different species, including Drosophila, Arabidopsis and mouse '"®72°, Some of the earliest
screens were done in Drosophila and made use of position-effect variegation (PEV) 1812
122 while the later screens mainly used transgenes and, in some cases, endogenous
alleles susceptible to epigenetic silencing to reveal the identities of the genes important
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Figure 3. Characteristics of euchromatin and heterochromatin./Histone marks of euchromatin
and heterochromatin. In the centre, a drawing of a nucleus as seen using electron microscopy.
Darker patches represent heterochromatin, which stains more densely than euchromatin.
Heterochromatin is primarily located at the periphery, while the euchromatin is spread throughout
the rest of the nucleus. The right half of the circle illustrates genomic contexts where euchromatic
marks prevail, while the left half depicts genomic regions where heterochromatin (either constitutive
or facultative) is found, along with the corresponding histone marks and their representative
distribution.

for epigenetic regulation 124130, Most relevant for this thesis is the Modifiers of murine
metastable epialleles Dominant (MommeD) screen that was established and carried out in
thelaboratory of Prof. Emma Whitelaw '2*'3'. The screen relies on amouse line (Line3), which
carries a green fluorescent protein (GFP) transgene array, tandemly integrated 5 times into
agene-poor region on chromosome 1 (Figure 4). The transgene is under the control of the
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Figure 4. Modifiers of murine metastable epialleles Dominant screen. Line3 males are treated
with ENU mutagen, and after recovery bred with Line3 females. G, offspring is screen for shift in
percentage of GFP expressing red blood cells using drop of peripheral blood and flow cytometry
analysis. Factors which when mutated increase percentage of GFP positive cells are referred to as
Suppressors of variegation Su(var), while factors that when mutated decrease percentage of GFP
positive red blood cells are termed Enhancers of variegation E(var) (adapted from ).

alpha globin promoter and enhancer sequences, thus directed to be expressed specifically
in red blood cells. In Line3, GFP is expressed in a variegated manner, approximately 55% of
erythrocytes are GFP positive '32. Based on the hypothesis that epigenetic modifiers would
alter the extent of variegation, a N-ethyl-N-nitrosourea (ENU) screen was carried out and a
shift in the percentage of GFP expressing red blood cells in the offspring of ENU-treated
males (=10% in either direction) was used as a readout to identify mutants. According to
Drosophila nomenclature, factors which when mutated increase the percentage of GFP
positive cells are referred to as Suppressors of variegation Su(var), while factors that when
mutated decrease the percentage of GFP positive red blood cells are termed Enhancers
of variegation E(var). This screen is for dominant effects. In total, more than 40 mutant
alleles (termed MommeD) with mutations in over 30 different genes have been described,
utilizing this screen 3. Among the proteins discovered through the MommeD screen
are factors involved in DNA methylation, histone modification and chromatin remodelling
pathways. They include well-known epigenetic modifiers such as DNMT1 3"33, DNMT3B
134 SETDB1 3!, UHRF1 ', SMARCA4 3" and HDAC1 ™*'%, but also lesser-known ones,
including SMCHD1 '2#136, NSD1 (Vukic and Daxinger, unpublished), Widely-interspaced
zinc finger (WIZ) ' and Rearranged L-myc fusion (RLF) "35>3, Rap-interacting factor 1
(RIF1) ™', MommeD’s have been implicated in X-chromosome inactivation 3¢, transposon
silencing ¥4, the regulation of complex genomic structures such as large gene clusters
41143 and (satellite) repeats 4%, Furthermore, MommeD'’s are emerging as key players
in human diseases. Somatic mutations and copy number variations for MommeD's have
been reported for many cancers (COSMIC, TCGA). The most notable congenital disorders
with direct links to mutations in MommeD genes are Facioscapulohumeral muscular
dystrophy (FSHD), Bosma arhinia microphthalmia syndrome (BAMS) '*, Coffin-Siris, Sotos
and ICF syndrome 37115145148,



General introduction

IMMUNODEFICIENCY, CENTROMERIC INSTABILITY, FACIAL ANOMALIES

SYNDROME

Genetic defects in all three catalytically active DNA methyltransferases, DNMT1, DNMT3A,
and DNMT3B, have been associated with human congenital disorders '7'*1*°, emphasizing
the importance of DNA methylation for normal mammalian development. One of the
earliest reports of abnormal DNA methylation patterns in disease was in patients with
ICF syndrome (OMIM 602900) approximately 40 years ago >3, ICF syndrome is a rare,
autosomal recessive disorder and less than 150 patients have been reported worldwide
154158 The main characteristics of the disease are unusual facial features, reduced levels
or absence of serum immunoglobulins in the presence of B cells, and chromosome
instability which is reflected in aberrant configurations of chromosomes 1, 9, and 16 in
mitogen-stimulated lymphocytes '*°. The mild facial dysmorphisms frequently include
hypertelorism, epicanthic folds, a flat nasal bridge, and low-set ears . Most ICF patients
are diagnosed at a young age, suffer from recurrent gastrointestinal and respiratory tract
infections, sepsis and a failure to thrive, which often results in early childhood death '°.
An early study on ICF patient-derived peripheral blood found a lack of memory B and
plasma cells that could explain the hypo- and agammaglobulinemia phenotype '®', and
hematopoietic stem cell transplantation has been used to treat ICF patients *>'¢2, DNA
hypomethylation of pericentromeric satellite 2 and 3 repeats '®* is the molecular hallmark
of the disease and makes ICF syndrome the first example of a human disorder linked to
a constitutive defect in DNA methylation. The finding that the centromeric a-satellite
repeats are heterogeneously affected by the loss of DNA methylation among ICF patients
has led to the early recognition of genetic heterogeneity of the disease '®.

The genetics of ICF syndrome

In 1999, the first mutation underlying the ICF syndrome was described and found to
be located in the gene that encodes DNMT3B 314714 As mentioned above, DNMT3B is
a de novo methyltransferase involved in the establishment of DNA methylation patterns
early in life and during cell differentiation. The majority of ICF1 patients carry missense
mutations in the C-terminal part of DNMT3B, where the catalytic domain is located. In
addition, DNMT3B nonsense and splice-site mutations have been reported, and all
patients described to date appear to have impaired methyltransferase activity 641,
DNMT3B nonsense mutations only occur together with missense mutations, and it has
been suggested that complete loss of DNMT3B catalytic activity is not compatible with
life "%, Consistent with this hypothesis, deletion of Dnmt3b in mice results in embryonic
lethality '**, while mice carrying an ICF patient mutation in Dnmt3b are viable and
resemble some of the phenotypic features of ICF syndrome patients '5*'¢’, Patients with
DNMT3B mutations are designated ICF type 1 (ICF1) and account for approximately half
of the known ICF patients. Three additional ICF syndrome-associated genes have been
identified. Nonsense mutations in zinc-finger and BTB domain-containing 24 (ZBTB24) are
found in approximately 30% of ICF patients, referred to as ICF2 ', Twelve ICF cases with
mutations in cell division cycle associated 7 (CDCA7) or in helicase, lymphoid specific (HELLS) have been
reported ''7°, and are referred to as ICF3 and ICF4, respectively. A few patients remain who showed
molecular and phenotypic features characteristic of ICF syndrome but do not have mutations
in the four known genes, and were referred to as ICFX *°. Recently, a compound heterozygous
mutation in the DNA methylation maintenance factor UHRFT was reported in an ICF patient. While
this patient displays the molecular hallmarks, such as (peri)centromeric hypomethylation,
when compared to ICF1-4 patients, the UHRFT patient also showed atypical symptoms
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(including macroglossia and navel hernia) and a mild immune phenotype .

Functions for ICF genes in DNA methylation pathways and beyond

While aberrant hypomethylation of pericentromeric satellite 2 and 3 repeats is a feature of
all ICF patients '7''72, and is used for the diagnosis of ICF syndrome, the previously reported
differences in repeat hypomethylation in ICF patients '*'73, can now be associated with
the different genetic defects. More specifically, the a-satellite repeat hypomethylation
phenotype is shared between ICF2, ICF3, and ICF4 types 2, while DNA methylation
levels of subtelomeric repeats are not affected in these patients 7% In contrast, heavily
methylated a-satellites ' and the hypomethylation of subtelomeric repeats '7* are unique
features of patients carrying DNMT3B mutations, and can be used to distinguish ICF1 from
other ICF patients. On the other hand, the newly reported UHRF1 patient shows aberrant
hypomethylation of both a-satellites as well as subtelomeric repeats ''. Consistent with
a function for DNMT3B in the establishment of DNA methylation in early development
9175 ICF1 patients show promoter hypomethylation of germline genes '7° and loss of
methylation at X-linked genes 7% these sequences are not affected in ICF2, ICF3, and ICF4
patients 72, Indeed, in both mice and humans, it has been shown that ZBTB24, CDCA7,
and HELLS could be involved in the DNMT1-dependent DNA methylation maintenance
pathway. In mouse embryonic fibroblasts (MEFs), siRNA-mediated depletion of ZBTB24,
CDCA7, and HELLS resulted in loss of DNA methylation at minor satellite repeats '*.
Similarly, a progressive loss of DNA methylation at satellite repeats has been reported in
human embryonic kidney (HEK) 293 cells knocked out for ZBTB24, CDCA7, or HELLS '7’.
Interestingly, transient depletion of each of the four ICF factors in normal human primary
fibroblasts did not result in hypomethylation of satellite 2 or subtelomeric sequences "7,

Biochemical studies have demonstrated that HELLS can interact with DNMT1 in vitro '8,
and interactions between CDCA7 and HELLS 727777 and CDCA7 and UHRF1 have also
been reported 7. A recent study in Xenopus showed that Cdca7 is required for localization
of Hells to chromatin and that Cdca7 can stimulate Hells nucleosome remodeling activity
79 Furthermore, studies in human cell lines showed that HELLS/LSH enhances UHRF1
chromatin association ' and suggest that replication-uncoupled maintenance relies
on the chromatin remodeling activity of HELLS/LSH “¢. Therefore, the abnormal DNA
methylation patterns detected in ICF3 patients could be the result of a defect in HELLS
recruitment to chromatin '”°. Of note, some hypomethylated loci are shared between
ICF1-4 patients 72, and there is evidence that HELLS participates in DNMT3A/B-mediated
de novo methylation in MEFs and during the differentiation of mESCs 882 Thus, roles for
ZBTB24, CDCA7, and HELLS in de novo DNA methylation cannot be excluded, but are as
yet undetermined. Importantly, a recent evolutionary study could trace back the presence
of CDCA7 and HELLS to the last eukaryotic common ancestor (LECA), and further showed
that the two proteins are generally absent in species that do not have DNA methylation
such as C.elegans and Drosophila '®.

Depending on the developmental stage, targeted genomic location, protein complex
composition, cell cycle, or post-translational modifications, ZBTB24, CDCA7, and HELLS
could also have functions that differ from DNA methylation regulation but are relevant to
ICF syndrome pathology. For instance, both CDCA7 and HELLS have recently been linked
to the classical non-homologous end joining (c-NHEJ) pathway '””. CDCA7 was shown
to interact with members of the c-NHEJ pathway, and depletion of both CDCA7 and
HELLS in HEK293T cells was associated with c-NHEJ defects and delayed accumulation of
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Ku80 at sites of DNA damage . Unresolved Holiday junctions have been suggested to
underlie multiradial chromosome formation in ICF patients ¥, and the findings by Unoki
et al. provide supporting evidence for this hypothesis. In the case of ZBTB24, its function
as a transcription factor is now beginning to be understood. The functional connection
between ZBTB24 and CDCA7, whereby ZBTB24 positively controls CDCA7 expression, was
initially demonstrated in a mESC-based Zbtb24 knockout model and in fibroblasts and
T cells derived from ICF2 patients 8. Subsequent studies have confirmed these results
172177186188 Racent genome-wide ChlIP-seq studies reported that ZBTB24 is mainly enriched
at CpG-rich promoters 88 and that its C2H2 zinc fingers direct sequence-specific binding
%7 Down-regulation of cdca7 has also been observed in a zbtb24 knockout zebrafish
model '®, demonstrating that CDCA?7 is probably a highly conserved ZBTB24 target.

ICF syndrome patients have an altered DNA methylation landscape

Pericentromeric satellites 2, 3 and centromeric a-satellites are classical targets of DNA
hypomethylation in ICF syndrome patients. In addition, abnormal DNA methylation
of subtelomeric repeats is a feature of ICF1 patients 7#1%1°" and the UHRF1 patient '".
Initially ICF-related DNA hypomethylation appeared to be confined to the repetitive
compartment of the genome "731741921% and only a few single copy loci exhibiting
DNA hypomethylation in ICF patients were known 7697201 Rapid developments in
next-generation sequencing technologies and the identification of ZBTB24, CDCA7,
and HELLS as ICF disease genes have stimulated research in this area, allowing a more
detailed view of the ICF-related methylome. The first genome-wide DNA methylation
map, generated from ICF1 patient-derived cultured lymphoblastoid cell lines (LCLs),
has revealed widespread hypomethylation and a 41% reduction in global methylation
levels when compared with a control individual 2. All autosomes were equally affected
and loss of methylation was not restricted to repetitive regions but detected along all
genomic features including promoters, gene bodies, and intergenic regions (Figure 5)
202, A later study, using independent ICF1 patient-derived cultured LCLs and reduced-
representation bisulfite sequencing (RRBS), reported similar findings with respect to
global DNA methylation alterations 2%. In mESCs, it has been reported that DNMT3B is
the main enzyme responsible for genic DNA methylation *°, and mESCs lacking DNMT3B
lost DNA methylation across exons and introns . Consistent with this, ICF1 patients show
hypomethylation of gene bodies 2. It has also been shown that most DNMT3B binding
occurs at intragenic positions of genes and that DNMT3B binding is not impaired upon the
introduction of an ICF1 mutation in the catalytic domain 2, Intriguingly, DNMT3B patients
with a homozygous missense mutation close to the PWWP domain have been reported 2%,
demonstrating that the ICF syndrome phenotype can be recapitulated by mutations in the
regulatory N-terminal part of DNMT3B. Patients carrying the PWWP mutation show DNA
hypomethylation of satellite 2 repeats 2, and it will be interesting to determine whether
they have additional methylation defects that are similar or different from the ones that
have been described for ICF1 patients with impaired DNMT3B catalytic activity. Of note,
introduction of the PWWP mutation into mESCs resulted in loss of DNMT3B recruitment to
histone H3K36me3-decorated gene bodies *°. While ICF1 patients show prominent loss of
DNA methylation in CpG-rich regions (CGl and CpG shores) and gene bodies, it has become
evident that in addition to the satellite repeats, CpG-poor, heterochromatic regions that
are often referred to as ‘open sea; are predominantly affected in ICF2, 3, and 4 patients
(Figure 5). This was only recently revealed in a comprehensive study comparing ‘primary’
whole blood methylomes generated from 15 patients comprising samples from ICF1-4
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Figure 5. Schematic of the mammalian DNA methylation landscape and the putative influence
of ICF genes on DNA methylation. The distribution of DNA methylation across different genomic
elements, such as transposable elements, intergenic regions, CGl and gene bodies. DNMT3B can
influence DNA methylation establishment genome-wide, with the exception of CGI that are usu-
ally protected from DNA methylation. ZBTB24, CDCA7, and HELLS contribute to DNA methylation
maintenance and possibly establishment mainly at intergenic regions and repetitive elements. The

empty circles represent unmethylated cytosines, while filled circles represent methylated cytosines
(adapted from: https://commons.wikimedia.org/wiki/File:DNAme_landscape.png).

subtypes and ten gender- and age-matched controls 2. Many of the hypomethylated
CpGs in ICF2, 3, and 4 patients mapped to late-replicating regions and were found to be
located in the open sea regions of the genome 72, which are characterized by low CpG
density 2. Heterochromatin is usually characterized by the presence of the repressive
histone modifications H3K9me2 and H3K9me3, and binding of HP1 2°%. DNA methylation
can contribute to heterochromatin formation through interaction with components of
the chromatin remodeling and histone modification machinery, since DNMTs cannot bind
and efficiently methylate nucleosomal DNA 272%, For instance, DNMTs can interact with
the chromatin remodeler HELLS (also known as LSH) 78 or histone-modifying enzymes,
such as SUV39H1 2, and the H3K9me3 reader, UHRF1 #'°, In addition, DNMT3B can be
directly recruited to centromeric heterochromatin by centromere protein C (CENPC)
211 or the linker histone H1 2223, How ZBTB24, CDCA7, and HELLS contribute to DNA
methylation and possibly heterochromatin formation at (peri)centromeric repeats and
open sea regions, and why these sites are specifically affected in ICF2, ICF3 and ICF4
patients, remains an open question. Gene regulatory elements are also located in open
sea regions, and it has recently been suggested that short-term depletion of HELLS in
MEFs is associated with increased chromatin accessibility at selected genes and enhancers
214 Hypomethylation of large chromosomal domains has been observed in MEFs derived
from Hells”- embryos, and a function for HELLS in controlling DNA methylation in a nuclear
compartment partly defined by lamina-associated domains (LADs) has been proposed '°.
Given the functional connections between the three disease genes and the overlapping
hypomethylation phenotype in ICF2-4 type patients it will be interesting to test whether
ZBTB24, CDCA7, and HELLS may also have roles in LAD and/or enhancer regulation.
Members of big gene clusterfamiliesincluding the olfactory receptorgenes and the clustered
protocadherins (PCDH) exhibit aberrant DNA methylation in ICF1-4 patient subtypes 72
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Epigenetic mechanisms play important roles in the regulation of gene clusters #'¢ and
their dysregulation could be associated with ICF syndrome phenotypes. For example, the
clustered PCDH genes, which are predominantly expressed in the nervous system, are key
components of neuronal diversity 7. In mice, it has been shown that DNMT3B is essential
for the de novo methylation of Pcdh cluster genes in early embryonic development 2'8,
Defects in Pcdh cluster regulation have also been reported upon neuronal ablation of the
H3K9me3 histone methyltransferase, SETDB1, in mice '°, suggesting cross-talk between
DNA methylation and histone modification pathways in the regulation of this locus. In
addition, SETDB1 is important for preserving a large topologically associated domain
(TAD) encompassing the Pcdh locus #'°. Since intellectual disability is a common feature in
ICF syndrome patients ™, it will be interesting to determine whether defects in PCDH gene
cluster regulation can contribute to aspects of the disease. Finally, it is worth mentioning
that abnormal DNA hypermethylation of different genomic features including promoters
has been observed in ICF patients 7220229 Although its relevance is not yet understood,
given the well-established function of DNA methylation in gene silencing, it can be
envisioned that DNA hypermethylation may also contribute to the phenotypes observed
in ICF syndrome patients.

Linking aberrant DNA methylation to ICF syndrome phenotype

Indeed, the challenge now is to link DNMT3B-, ZBTB24-, CDCA7-, and HELLS-related
genome-wide DNA methylation alterations to spatiotemporal gene expression changes
that could explain ICF patient phenotypes. For a large part, progress in this area has
been hampered by the scarcity of ICF patient-derived tissues or cell lines. Consequently,
an integrated analysis of genome-wide DNA methylation and gene expression data has
so far only been reported for cultured LCLs from ICF1 patients 2®. That study showed
that aberrant gene body methylation in ICF1 patients was associated with alternative
transcription start site (TSS) usage, the regulation of sense-antisense transcription and
alternative exon splicing 2®. A similar function for gene body methylation in preventing
aberrant transcript initiation has been shown in mESCs and could be ascribed to the
catalytic activity of DNMT3B 2. While it is challenging to directly translate observations
from model systems or cultured cells to the ICF patient situation, it is feasible that spurious
transcriptinitiation could critically affect phenotype, when associated with the production
of aberrant proteins.

Inaddition to the ICF1-specificanomalous gene body methylation, ICF patient methylomes
are characterized by hypomethylation of the heterochromatic compartment of the
genome, as discussed above. By definition, such regions are transcriptionally inert and
enriched for repressive epigenetic marks 22, Genome-wide expression profiling in ICF1
patient-derived LCLs identified modest changes in gene expression outside gene bodies,
although global DNA hypomethylation was observed 2%, Indeed, histone modification
ChIP-seq revealed increased histone H3 lysine 27 three-methylated (H3K27me3) levels
predominantly at hypomethylated CpGs and a compensatory function for this repressive
mark has been suggested 2%. Re-distribution of H3K27me3 at gene cluster regions and
surprisingly mild changes in gene expression have also been reported in Hells”~ MEFs,
consistent with a redundancy in epigenetic silencing pathways upon loss of DNA
methylation 2. Whether these findings reflect convergent functions of DNMT3B and
HELLS in de novo DNA methylation, or are a unifying feature in all ICF patients, remains to
be determined.
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SCOPE OF THE THESIS

In this thesis, we focused on CDCA7, which when homozygously mutated can cause
Immunodeficiency Centromeric instability, Facial anomalies (ICF) syndrome in humans,
with the aim to expand our understanding of how CDCA7 influences DNA methylation
genome-wide. We generated and characterized two novel CDCA7 mouse models: one
model carrying an ICF3-causing missense mutation (Cdca7®*") and one CDCA7 loss
of function model (Cdca7 KO). By leveraging these in vivo models, we investigated the
epigenetic and transcriptomic consequences linked to changes in CDCA7-mediated DNA
methylation across different developmental timepoints and in different tissues. In chapter
2, using our Cdca7%%" model, we discovered that CDCA7 is important for maintaining
DNA methylation within the B genomic compartment, which is mainly characterized by
stretches of inactive chromatin and gene clusters with specialized functions and makes
up about half of the mammalian genome. Notably, CDCA7-associated aberrant DNA
hypomethylation translated to localized, tissue-specific transcriptional dysregulation,
particularly affecting large gene clusters. Specifically, we found that, in cerebrum,
hypomethylation of the clustered protocadherins was accompanied by their altered
gene expression pattern — a finding potentially relevant to the ICF syndrome-associated
neurodevelopmental phenotype. In chapter 3, we showed that a complete loss of CDCA7
leads to stochastic death of homozygous animals during embryogenesis. At the genomic
loci tested, the DNA methylation phenotype and detected transcriptional dysregulation
observed in Cdca7 KO mice, mirrored the phenotype seen in Cdca7%%" mice. In addition,
we identify the first genic locus where loss of promoter DNA methylation correlates with
transcriptional dysregulation in brain of two independent ICF-relevant mouse models
carryingeithera Dnmt3b (ICF1) ora Cdca7 (ICF3) mutation. Lastly, in chapter 4 we employed
CDCA7 (ICF3) and HELLS (ICF4) patient-derived T cells to characterize perturbations in the
DNA methylation landscape. We found that DNA methylation loss mainly occurred within
the B genomic compartment, in agreement with our observations in the mouse. Further
analysis showed that while CpGs that are aberrantly hypomethylated in T cells highly
overlap between ICF3 (CDCA7) and ICF4 (HELLS), CpGs that gain DNA methylation seem
to be an ICF4 (HELLS)-specific feature. Interestingly, we found loss of DNA methylation in
patient cells at the T cell receptor (TCR) loci, which combined with reports of opportunistic
infections in these patients, underscores the need for more detailed studies on how the
ICF syndrome causing genes function in T cell development. Combined, the work in
this thesis reveals that, in addition to the well-studied satellite repeats, the B genomic
compartment, which harbours large gene clusters with specialized, often cell type-specific
functions, is a major target of the ICF syndrome-associated DNA methylation defect. While
genomic sites with impaired DNA methylation patterns where overlapping between
different developmental timepoints and across tissues, transcriptional dysregulation was
cell-type specific. This emphasizes that an intricated, context-dependent relationship
exists between cytosine methylation and transcription, offering new insights into the
mechanisms underlying ICF syndrome and gene regulation in general.
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