Cover Page

The handle http://hdl.handle.net/1887/42675 holds various files of this Leiden University
dissertation.

Author: Thijssen, P.E.
Title: Genetics and epigenetics of repeat derepression in human disease
Issue Date: 2016-09-01


https://openaccess.leidenuniv.nl/handle/1887/1
http://hdl.handle.net/1887/42675
https://openaccess.leidenuniv.nl/handle/1887/1�




General introduction




Chapter 1

Epigenetic regulation of the genome

The human diploid genome consists of roughly 6.5 billion base pairs (bp), divided over
23 different chromosome pairs. This huge linear genome, and that of eukaryotes in
general, is packed into the cell nucleus in a non-random and organized fashion. In order
to store, maintain and use the genetic information in our genome, DNA is folded into a
nucleoprotein structure called chromatin. Historically, chromatin is classified into two
states: the more accessible state called euchromatin and a more inaccessible state called
heterochromatin®2. Euchromatin allows the DNA to be accessed by protein machineries
in the nucleus and is mainly found at actively transcribed loci. In contrast, the more
inaccessible heterochromatin is mainly found at repressed and non-transcribed regions
of the genome. Although chromatin organization of the genome is not static, it is
mitotically heritable and is central in studying epigenetics: “nuclear inheritance which
is not based on differences in DNA sequence™. More specifically, epigenetics can be
defined as “the sum of alterations to the chromatin template that collectively establish
and propagate different patterns of gene expression and silencing from the same
genome”. Thus, epigenetic regulation lies at the heart of establishing and maintaining
cell identity, and is achieved by modifying and regulating the chromatin template at
multiple levels.

Chromatin, histones and their post-translational modifications

The basic component of chromatin is the nucleosome: an octamer of 4 different histone
proteins (H2A, H2B, H3 and H4) wrapped by ~146 bp of DNA (Fig. 1A). The globular
domains of H2A, H2B, H3 and H4 fold into the histone octamer, whereas the more linear
tails of the histone proteins are protruding out of the nucleosome (Fig. 1A). Histone
tails, and the globular domains to a lesser extent, are subject to a wide variety of post-
translational modifications including, but not limited to, acetylation, methylation,
phosphorylation, ubiquitylation and sumoylation, which all in some way can affect the
organization and/or regulation of the chromatin template. Eu- and hetero- chromatin
are characterized by the presence of specific patterns of histone modifications, which
influence the chromatin through directly impacting chromatin structure or acting as a
scaffold for regulatory proteins.

In general, euchromatin is characterized by high levels of acetylation on lysine residues
in histones (Fig. 1B). The chromatin structure is directly affected by histone acetylation
as it neutralizes the positive charge of lysine residues on nucleosomes, thereby
interfering with the interaction of the nucleosome with negatively charged DNA and
increasing the binding possibility of transcription factors to DNA®*. Both eu- and hetero-
chromatic regions are enriched for lysine methylation, which can have different degrees
and functionalities depending on the number of methyl groups added to the substrate:
mono, di or trimethylation (Fig. 1B-D). Both the degree of methylation and the
specific histone tail residue used as substrate are associated with different chromatin
contexts. For example, active promoters are typically marked by high levels of Histone
3 lysine 4 di- and tri-methylation (H3K4me2/3) (Fig. 1B), whereas long distance
enhancers are usually marked by H3K4me1®. Methylation of H3K4 is thus considered
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to mark euchromatin. In contrast, methylation of H3K9 and H3K27 is typically found
at heterochromatin, which can be further subdivided in constitutive and facultative
heterochromatin. Constitutive heterochromatin, marked by high levels of H3K9me3,
is gene poor, often repetitive in nature and silenced in all somatic cell types (Fig. 1C)%.
Facultative heterochromatin, enriched for H3K27me3, is often found at gene bodies
which need to be transcriptionally silenced in specific cell types or during development
and is considered to be more plastic of nature (Fig. 1D)?.

n u

Histone marks are established, recognized and removed by so called “writer”, “reader”
and “eraser” proteins, respectively. Acetylation of histone is catalysed by histone acetyl
transferases (HATs) and can be subsequently removed by histone deacetylases (HDACs).
Both HATs and HDACs are subdivided into different subclasses based on domain
organization of the proteins and substrate specificity®. Histone acetylation is “read” by
proteins containing a bromodomain (BrD), which is found in at least 41 human proteins.
Among these 41 proteins are transcription factors, chromatin remodelers and HATSs,
of which the latter create a positive feedback loop where histone acetylation leads to
more histone acetylation (Fig. 1B)®".

Methylation and demethylation of histones is carried out by different lysine methyl
transferases (KMTs) and lysine specific demethylases (KDMs), respectively, which are
non-redundant in target residues and degrees of methylation. All except one member
of the large group of KMTs contain a SET domain, which catalyses lysine methylation?.
Different KMTs have different substrate specificity: methylation of H3K4, for example,
can be carried out by mixed lineage leukaemia (MLL) proteins, whereas H3K36
methylation is mainly catalysed by SET2 (Fig. 1B)8. H3K9 methylation can be catalysed
by different KMTs, including suppressor of variegation 3-9 homologue 1 (SUV39H1) and
SUV39H2 (Fig. 1C). Two major H3K27 KMTs are identified to date: enhancer of zeste
homologue 1 (EZH1) and EZH2, both only active in the context of the multi subunit
Polycomb repressive complex 2 (PRC2) (Fig. 1D)&.

Lysine methylation can be “read” by a versatile group of protein domains, including the
PHD zinc finger and the chromodomain®. As for acetylation, “reading” methylation can
create a positive feedback loop. H3K9me creates a binding site for the chromodomain
of Heterochromatin protein 1 (HP1) which recruits the H3K9me “writer” SUV39H1
(Fig. 1C)** 11, Similarly, the WD40 domain of the PRC2 component embryonic ectoderm
development (EED) binds H3K27me3 and thereby promotes more H3K27me3 (Fig. 1D)®

12

Next to the establishment of positive feedback loops, “Reader” proteins are also central
to the concept of crosstalk between different histone modifications. At euchromatin, for
example, the chromodomain of HDAC1, which travels with the transcriptional machinery,
binds SET2 mediated H3K36me3 and leads to histone deacetylation in transcribed gene
bodies (Fig. 1B)*>**. In heterochromatin, PRC2 mediated H3K27me3 is “read” by the
PRC1 complex, which further promotes chromatin compaction and silencing through
H2AK119 mono-ubiquitylation (H2AK119Ub) (Fig. 1D)*. In both examples, "reading”
of methylation marks leads to the removal or deposition of different modifications,
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creating another layer of regulatory complexity on the chromatin template. Altogether,
the dynamic nature of histone modifications, their ability to act as a docking platform for
effector proteins and their potential crosstalk creates a potent mechanism to organize,
maintain and employ the large amount of genetic information in the context of the
chromatin template.

Epigenetic regulation on the DNA backbone: CpG methylation

The regulation of chromatin structure is not limited to the modification of histone
proteins. In fact, the DNA backbone can be subject to methylation, which affects
gene expression and chromatin organization. In mammals, CpG dinucleotides form
the main substrate for cytosine methylation. CpGs are found dispersed throughout
the genome as single CpGs, or as clustered CpG islands (CGls) in gene promoters. In
general, single CpGs throughout the genome are methylated, whereas the majority of
CGls are unmethylated (Fig 1B-D)Y". As for histone modifications, the human genome

» o«

also encodes “writers”, “readers” and “erasers” of DNA methylation to ensure proper
regulation and interpretation of this mark.

Methylation of CpGs is “written” by DNA methyltransferases (DNMTs). DNMT1 primarily
acts on hemi-methylated DNA and thereby is pivotal for maintaining CpG methylation
patterns during DNA replication” 8, DNMT1 is targeted to DNA replication foci by its
interaction with proliferating cell nuclear antigen (PCNA). Specific targeting of DNMT1
to heterochromatic regions is dependent on the H3K9me machinery. DNMT1 interacts
with ubiquitin-like, containing PHD and Ring finger domains 1 (UHRF1), which binds
H3K9me3 through its PHD finger, and with H3K9 KMTs directly (Fig. 1C)Y. Binding
through UHRF1 is mediated by ubiquitylation of H3K23, another example of crosstalk
between epigenetic marks.

Figure 1: Schematic representation of histone proteins, chromatin and chromatin modifications

A) The double stranded DNA helix (thin black line) wraps itself around an octamer of 4 histone proteins
-H2A (cyan), H2B (dark blue), H3 (green) and H4 (red)- to form the nucleosome, the basic component
of the chromatin template. The linear tails of the histone proteins, subject to a wide variety of post-
translational modifications, are protruding out of the nucleosome. B) schematic representation of
euchromatin at actively transcribed regions. Euchromatin is generally characterized by high levels
of histone acetylation (green triangles) and trimethylation of H3K4 and H3K36 (green hexagons).
MLL proteins trimethylate H3K4, whereas H3K36 is mainly methylated by SET2. Histone acetylation
is “written” and “erased” by HATs and HDACs respectively. Active gene expression, indicated by
the arrow, associates with CpG island hypomethylation, as H3K4 methylation inhibits de novo CpG
methylation by DNMT3. C) Regions of constitutive heterochromatin are generally characterized by high
levels of H3K9me3 and CpG methylation. HP1 proteins can bind H3K9me3 and recruit the SUV39H1
methyltransferase, creating a positive feedback loop. CpG methylation is “read” by i.a. MeCP2 which
promotes heterochromatin formation by recruitment of HDACs. Upon DNA replication, DNMT1
is localized to sites of heterochromatin through UHRF1 in order to maintain methylation levels. D)
Polycomb repressive complexes 1 and 2 play a major role in silencing gene expression at facultative
heterochromatin. PRC2 catalyses H3K27me3 (yellow hexagons) which is “read” by PRC1 to establish
H2AK119Ub (red circles) which further compacts the chromatin. TET enzymes, not necessarily at
facultative heterochromatin, catalyse active demethylation of meCpG through a series of oxidative
reactions.
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DNMT3A and DNMT3B encode de novo methyltransferases which, together with
the non-catalytic DNMT3L co-factor, establish the genome wide pattern of DNA
methylation during early development?” *°, Establishment of DNA methylation in
mammals is at least in part dependent on crosstalk with histone modifications (or the
lack thereof). DNMT3A/B enzymes contain an ATRX-DNMT3-DNMTL (ADD) domain
which efficiently binds unmethylated H3K4'’. However, H3K4me3, highly enriched at
promoters of actively transcribed genes, inhibits binding of DNMT enzymes and as a
consequence promoter CGls are protected from de novo methylation (Fig. 1B, D). In
contrast, methylation of H3K9 has a strong positive correlation with CpG methylation.
At a subset gene promoters, which are silenced during differentiation, H3K9me (in)
directly recruits DNMT3A and/or DNMT3B and thereby promotes CpG methylation.
De novo methylation at sporadic, non-genic CpG sites can occur either dependent or
independent of H3K9me machineries, reliant on the genetic context. CoG methylation
at these sites is an important mechanism to maintain genomic integrity and preserve
the heterochromatic conformation of non-transcribed loci'’.

DNA methylation can be read primarily by proteins containing a methyl binding domain
(MBD), which was first identified in methyl-CpG binding protein 2 (MeCP2)?°. MeCP2,
as well as other MBD containing proteins, interacts with HDACs and KMTs to maintain
a heterochromatic structure and thereby bridges two layers of epigenetic regulation
(Fig. 1C)*. A possible direct link between CpG methylation and repressive histone
methylation exists through SET domain and bifurcated 1 (SETDB1) and SETDB2, two
H3K9 KMTs that have a putative MBD?.

More recently, a class of enzymes was discovered that can “erase”, or better “edit”,
CpG methylation. Active removal of CpG methylation is carried out through stepwise
oxidation of the methyl group to hydroxymethyl, formyl and carboxyl which finally
can be removed and subsequently repaired. This oxidation, and removal of meCpG,
is carried out by ten eleven translocation 1 (TET1), TET2 and TET3 proteins (Fig. 1D).
Next to active removal of CpG methylation, TET enzymes create another layer of
possible epigenetic regulation: the intermediates formed by the TET enzymes may have
biological roles themselves®?. In support of this, for example, is the observed stable
and persistent enrichment of hydroxymethylation at euchromatic regions in cells of the
neuronal lineage, which positively correlates with gene expression??. In summary, CpG
methylation is established and maintained by DNMTs, interpreted by MBD containing
proteins and removed by TET enzymes. It correlates with histone modification patterns
and together these epigenetic systems dictate the organization of the chromatin
template and create a platform to maintain and use genetic information in order to
establish heritable patterns of gene expression, which identify cell identity.
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Epigenetics and disease

The establishment of stable and heritable patterns of gene expression ensures cell,
tissue and organ homeostasis. Therefore, epigenetic dysregulation of the genome is
an important risk factor for the development of disease. Indeed, the dysregulation
of the epigenome is one of the hallmarks of cancer cells, which generally display
hypomethylation of sporadic CpGs, hypermethylation of hundreds of promoter CpG
islands and disturbed patterns of histone modifications?* 24, Changes in the epigenetic
regulation of the genic part of genome in cancer cells can lead to the activation of
oncogenes and/or the silencing of tumor suppressors. Moreover, the globally
unbalanced epigenome is believed to result in higher genomic instability, another
hallmark of cancer cells*.

Next to cancer, various classes of epigenetic diseases have been recognized, among
which imprinting disorders are the classic example. Imprinting is an epigenetic process
leading to mono-allelic expression depending on parental origin of a substantial group
of human genes and is primarily mediated by epigenetic regulation in cis on several
levels. Genetic or epigenetic disruption of these imprinted regions leads to aberrant
expression of the imprinted genes (biallelic expression or absence of expression) and
can lead to human disease?® 26, For example, Beckwith-Wiedemann syndrome (BWS),
characterized by overgrowth, and Silver-Russell syndrome (SRS), characterized by
undergrowth and asymmetry, both map to an imprinted region on chromosome 11p15.
Opposite incorrect epigenetic regulation of the loci that control the imprinting of this
imprinted region leads to either increased paternal or maternal expression of the
imprinted genes, leading to BWS or SRS respectively? ¢,

Imprinting disorders belong to the group of in cis epigenetic disorders, where
local changes in the chromatin organization lead to human disease. Several in cis
epigenetic disorders are known in which non-imprinted loci are involved. For example,
genetic mutations in the fragile X mental retardation 1 (FMR1) gene lead to the
neurodegenerative FXTAS disorder or fragile X syndrome, depending on the type of
mutation?’. In both cases, a trinucleotide repeat in the 5’ untranslated region (UTR)
of FMR1 is expanded to either a pre-mutation allele (55-200 copies, FXTAS) or a full
mutation allele (>200 copies, fragile X syndrome)?’. The pre-mutation allele leads to
transcriptional activation, presumably because the expansion results in the formation of
a larger promoter region. Full mutation alleles, on the contrary, result in transcriptional
repression of the FMR1 gene by the recruitment of repressive complexes that silence
the locus?. The expanded repeat thus acts in cis to control the levels of transcription
through epigenetic mechanisms.

The example of fragile X syndrome shows that a gene mutations can have an epigenetic
effect in cis which leads to disease. The list of disorders where genetic mutations lead
to an epigenetic phenotype in trans is considerably larger. Mutations in numerous
“writers”, “readers” and “erasers” have been identified to underlie syndromes, often
characterized by developmental problems and intellectual disability?®. An intriguing

example of an in trans disorder is Kabuki syndrome, characterized by intellectual
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disability, facial dysmorphisms and short stature. Kabuki syndrome is caused by
mutations in MLL2 or KDM6A, an H3K4 KMT and H3K27 KDM respectively®® . By
modulating lysine methylation on histones MLL2 promotes chromatin relaxation
whereas KDMG6A inhibits chromatin repression. This essentially results in the same:
a shifted balance of gene expression at target genes of these machineries, which is
supported by the indistinguishable phenotype of both patient groups?®.

All the above shows that faithful epigenetic regulation of genome is pivotal for cell
homeostasis and that disruptions in this system, globally and locally, can result in
human disease. In general, studies focus on the effect of epigenetic dysregulation on
the genic compartment of the genome. Since the great minority of the human genome
is actually protein coding, the effect on non-coding genomic regions should not be
underestimated.

The repetitive genome: expand and silence.

With the completion of the human genome project at the beginning of the century,
early estimates of the total number of genes in the human genome (around 100.000)
were proven wrong®. In fact, the latest numbers indicate that the human genome
contains less than 25.000 genes. Compared to the number of genes identified in lower,
less complex, eukaryotes like Saccharomyces cerevisiae and Drosophila melanogaster,
it becomes clear that increased organismal complexity does not solely depend on
the number of genes (Fig. 2A)3" 32, Besides, the number of identified genes in these
organisms does not reflect the size of their genomes (Fig. 2A). In other words: the
complexity of human life, compared to that of budding yeast or fruit fly, cannot be
simply explained by an increase in the number of genes.

Rather than the coding part of the genome, the steep increase in non-coding DNA
sequences underlies the dramatic expansion of the human genome compared to that of
other eukaryotes. With increasing genome sizes in Saccheromyces cerevisiae, Drosophila
melanogaster and Homo sapiens, there is a concomitant decrease in the percentage of
protein coding basepairs (Fig. 2B-D)**. The vast majority of the human genome, more
than 97%, is actually non-protein coding and was referred to as non-functional “junk
DNA"3%, The publication of the “Encyclopedia of DNA Elements” (ENCODE), however,
revealed that many of these junk DNA regions are actually functional, e.g. by acting
as distant gene expression enhancer sites, and contribute to the regulation of gene
expression patterns®. The increase in non-coding regulatory elements thus creates an
additional layer of transcriptional regulation and thereby contributes to organismal
complexity.

Apart from the size of the genome, the fraction of repetitive DNA positively correlates
to organismal complexity (Fig. 2B-D). Up to 45% of the non-coding part of the human
genome is repetitive of nature and is typically packed into constitutive heterochromatin.
Repeated sequences include large stretches (10-300 kb) of duplicated sequence blocks
known as segmental duplications. However, the majority of repetitive DNA is comprised
of two main classes of highly repetitive elements: interspersed and tandem repeats®°.
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Interspersed repeats, including long/short interspersed nuclear elements (LINE/SINE)
and long terminal repeats (LTRs), are viral DNA elements which have covered the
human genome by retrotransposition and account for 90% of all repetitive elements
in the human genome?®*. Tandem repeats, organised in a head to tail fashion, are
polymorphic in length and further classified according to the size of the repetitive
unit. Microsatellite repeats, or short tandem repeats (STR), have a repetitive unit of
1-7 bp long and can span up to several hundreds of basepairs®. Telomeric repeats, as
well as some centromeric satellite repeats, fall into this category. Minisatellites have a
repeat unit size between 8 and 100 bp and are typically found near centromeres and
telomeres. Micro- and mini-satellites are often used for DNA fingerprinting in forensic
DNA analyses. Macrosatellites are at least 100 bp, but usually several kb per unit and
can span up to several megabases in total length®® %, In total, the repetitive genome
comprises a significant proportion of the human genome and in majority has to be in

A B
S. cerevisiae )
Genome size (Mb)| number of genes 4
S. cerevisiae 12,2 6000 /
D. melanogaster 180 14000
H. sapiens 3107 25000
4000
=
£ 3000 u
8
& 2000
£
2 1000
é
ol R . i Il Exonic B Repetitive
0 10 20 30 [ Intronic / Intergenic [] Non-Repetitive

# Genes (x1000)

Cc D

D. melanogaster % H. sapiens

45%

. Exonic . Repetitive . Exonic . Repetitive

. Intronic / Intergenic |:| Non-Repetitive . Intronic / Intergenic |:| Non-Repetitive
Figure 2: The size of the genome and the fraction of repetitive DNA correlate with organismal
complexity.
A) The genome size, rather than the number of encoded genes, correlates with increasing organismal
complexity in S. cerevisiae, D. melanogaster and H. sapiens. B-D) The relative amount of non-coding
DNA (intronic and intergenic) and the relative distribution between non-repetitive and repetitive DNA
in S. cerevisiae (B), D. melanogaster (C) and H. sapiens (D) shows a correlation between organismal
complexity and the amount of repetitive DNA.
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a repressed chromatin conformation in order to maintain genome stability and silence
transcription of repeats.

This thesis focuses on the genetic and epigenetic features of facioscapulohumeral
muscular dystrophy (FSHD) and immunodeficiency, centromere instability and facial
anomalies (ICF) syndrome: epigenetic disorders in cis and in trans, respectively.
Common to both diseases is the epigenetic dysregulation of repetitive DNA. In FSHD
this is most often confined to the D4Z4 macrosatellite repeat, whereas in ICF syndrome
the epigenetic dysregulation of repeat sequences occurs genome wide, including D4Z4
and centromeric satellites. Both disorders will be further introduced below.

FSHD: derepression of a macrosatellite repeat

FSHD (OMIM 158900/158901) is a progressive muscular dystrophy first described
by Landouzy and Dejerine, with recent estimates to affect approximately 1 in 8000
individuals® 3, Patients suffer from progressive weakening of the facial, shoulder and
proximal limb muscles and often show asymmetric involvement of muscles®. With
disease progression, also other muscles may become affected. FSHD mostly shows an
age at onset in the second decade of life, but is however characterized by a high inter-
and intra-familial variability in onset, progression and severity*. Extreme cases show
muscle weakness at birth, whereas some individuals remain asymptomatic throughout
life. Eventually, 20% of FSHD patients above the age of 50 years become wheelchair
bound. A minority of patients shows respiratory and cardiac involvement (atrial
arrhythmia), of which the latter is rarely symptomatic. Extra muscular symptoms have
been reported and mainly involve retinal vasculopathy and progressive hearing loss*.

FSHD is linked to the subtelomeric D4Z4 repeat on chromosome 4q35

In most cases, FSHD is inherited in an autosomal dominant manner, with a high
frequency (10-30%) of de novo cases®- .. In the early nineties, linkage analysis revealed
that FSHD segregates with marker loci in the subtelomere of chromosome 4q35, which
harbours the D4Z4 macrosatellite repeat (Fig. 3A)***. Each D4Z4 repeat unitis 3.3 kb in
size and the number of repeats per allele is highly polymorphic. The D4Z4 array consists
of 1 to over 100 units, leading to a possible size difference of more than three mega-
basepairs between individual alleles (Fig. 3A)*’. The 4q subtelomere exists in two equally
frequently occuring haplotypes (4gA and 4qB), and FSHD uniquely associates with the A
variant®*. Using restriction enzyme analysis, it was found that partial deletion of D424
on 4qA alleles, resulting in a repeat array of less than 11 but more than 1 units, leads to
the development of FSHD type 1 (FSHD1)**2. The number of residual repeats shows a
rough positive correlation with age at onset and wheelchair use® >4, Only contraction
of 49A alleles is pathogenic since D4Z4 repeat arrays of less than 10 units in the control
population can be observed on 4qB chromosomes®*.

The contraction of the D4Z4 repeat is diagnostic for the vast majority of FSHD
patients. However, a small remaining group of patients, classified as FSHD2, shows
an indistinguishable phenotype, but carries a D4Z4 repeat in the lower size range of
control individuals®°¢. As seen for FSHD1, the disease relies on the presence of the 4gA
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haplotype, as all FSHD2 patients carry at least one such allele®.

The D4Z4 macrosatellite repeat is located in the subtelomere of chromosome 4435,
which is immediately adjacent to the intact telomeric [TTAGGG] repeats. Subtelomeres
are characterized by the presence of repetitive DNA and segmental duplications and
are packed in a constitutive heterochromatin structure like the adjacent telomeres®” %8,
Subtelomeric segmental duplications have occurred both intra-and inter-chromosomally
and the duplicons can also be identified in non-subtelomeric regions of the genome,
such as pericentromeres®. Indeed, the subtelomere of chromosome 4q, including the
D4Z4 repeat array, is duplicated to the subtelomere of chromosome 10q (Fig. 3A), but
contractions of the 10q copy of D4Z4 are typically not pathogenic® ®°. Additionally,
single, often incomplete, D4Z4 copies can be found dispersed throughout the genome,
but were never linked to pathogenicity®3.

Together, genetic analyses put the partial deletion of the D4Z4 macrosatellite repeat
at 4935 at the centre of FSHD pathology. Each D4Z4 unit encodes a copy of the DUX4
retrogene, a member of the double homeobox transcription factor gene family which
has only been identified in placental mammals®. DUX4 is most likely a retrotransposed
copy of the ancestral and intron containing DUXC gene which is lost in the primate
lineage® %. DUX4 does not have a rodent orthologue, however a paralogue has been
identified: the rodent specific Dux array identified in mouse and rat suggests divergent
evolutionary events leading to conservation of a tandemly repeated Dux gene®-,
Remarkably, the organization of DUXC/DUX4/Dux like genes into a tandem repeat
array is conserved in mammals®. By ectopic expression, DUX4 was found to be a pro-
apoptotic protein and an inhibitor of muscle cell differentiation, however its expression
or dysregulation in FSHD muscle could for a long time not be established®”-°. The non-
detectable dysregulation of DUX4, together with the fact that only partial deletion of
the heterochromatic D4Z4 repeat causes FSHD, suggested an epigenetic component in
FSHD disease aetiology®®.

The complex interplay of chromatin regulators at D424

The D4Z4 repeat, as most macrosatellites, is transcriptionally silenced and organized
into heterochromatin in somatic cells. D4Z4, characterized by a high density of CpG
dinucleotides, is highly but inhomogeneously methylated and it is marked by H3K9me3
in somatic cells, consistent with its heterochromatic nature (Fig. 3B)>>°¢717>, Remarkably,
histone markers for euchromatin (acetylation), as well as facultative heterochromatin
(H3K27me3) were also found to be enriched at D424 (Fig. 3B)”>75. In FSHD individuals,
the chromatin organization is disrupted in somatic cells as CpG methylation levels are
reduced at D4Z4 (Fig. 3B)> > 72, Moreover, using primary myoblasts and fibroblasts,
it was shown that H3K9me3, mediated by SUV39H1, is decreased at D4Z4 in FSHD
patient derived cell lines compared to healthy controls or patients suffering from other
muscular dystrophies (Fig. 3B)”. Furthermore, the downstream “readers” of H3K9me3,
HP1y and Cohesin, were shown to be reduced at D4Z47. Together this shows that
the heterochromatin organization at D424 is disrupted in patients, leading to partial
relaxation of the locus.
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The epigenetic changes observed at D4Z4 are common to FSHD1 and FSHD2. In fact,
in FSHD2 individuals the chromatin changes are observed on both D474 repeat arrays
on chromosome 4 as well as the 10q copies, whereas in FSHD1 individuals the effects
are restricted to the contracted pathogenic repeat® ¢ 7>, FSHD1 is an in cis epigenetic
disorder: the contraction of the repeat leads to a change in local chromatin structure,
similar to fragile-X syndrome. In contrast, FSHD2 is an in trans epigenetic disorder
as >80% of the FSHD2 patients carry mutations in the structural maintenance of
chromosomes flexible hinge domain containing 1 (SMCHD1) gene, which is underlying
the changes in D4Z4 chromatin structure”’.

SMCHD1 is structurally related to the SMC protein superfamily, which constitutes core
proteins of the Cohesin complex, and was first identified in a screen to identify epigenetic
modifiers of variegated expression in a murine model’®. Smchdl has been shown
to play a role in X-chromosome inactivation, an epigenetic process ensuring dosage
compensation in females by silencing one of the two X chromosomes. A hallmark of
X-chromosome inactivation is the expression of a long non-coding RNA (IncRNA) known
as Xist. Xist covers the X-chromosome in cis and recruits the PRC2 complex to ensure
gene silencing throughout the inactive X-chromosome, with the exception of some
genes that escape this process™. In female Smchdl knockout mice, X-chromosome
inactivation is perturbed, with promoter hypomethylation of CpG islands and
concomitant upregulation of clustered transcripts normally subject to X-chromosome
inactivation, showing a role for Smchd1 in establishment and/or maintenance of CpG
methylation’® 282 Furthermore, it has been shown that SMCHD1 is involved in the
higher order compaction of the inactivated X-chromosome by interacting with Xist
and H3K27me3®, Next to its role in X-chromosome inactivation, Smchd1 is involved in
the silencing of several mono-allelically expressed autosomal genes, among which the
clustered protocadherin genes on mouse chromosome 1888,

In concordance with all these observations, reduced binding of SMCHD1 at D4Z4
correlates with CpG hypomethylation and chromatin derepression in FSHD2 patients
(Fig. 3B)””. Moreover, SMCHD1 was shown to act as a modifier of disease severity in
FSHD1 patients, supporting a role for SMCHD1 in both genetic forms of the disease®*
8, Expression of both long and small non-coding RNAs from D4Z4 have been reported
and linked to chromatin repression and/or activation®#”. A IncRNA starting proximal to
the D4Z4 repeat was shown to recruit the chromatin modifier ASH1L, an H3K36 KMT
normally associated with euchromatin, resulting in derepression of DUX4%®. Conversely,
expression of several different small interfering RNAs (siRNAs) matching the D4Z4 repeat
sequence led to repression of D4Z4 in a DICER/AGO dependent fashion®. Altogether,
a complex interplay of different mechanisms regulating the compaction of chromatin
has been shown to act at the D4Z4 macrosatellite repeat, highlighting the epigenetic
component of FSHD.

D4Z4 chromatin changes in FSHD lead to the derepression of DUX4

In absence of evidence for DUX4 expression in FSHD muscle cells, early studies proposed
that the changed local chromatin environment at D4Z4 had an effect in cis on proximal
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genes. This hypothesis relied either on proximal spreading of the altered chromatin
structure at D4Z4 and/or changes in higher order chromatin organization and long
range interactions. 4935, in contrast to 10q26, preferentially localizes to the nuclear
periphery®. This is likely mediated through interactions with the nuclear matrix, which
is disturbed upon D4Z4 contraction®. Next to disturbed interactions with the nuclear
matrix, D4Z4 contractions also lead to an altered higher order chromatin structure at

A Duplicated to 10926

—
Cen FRG1 / / FRG2 Tel

D4Z4 copy number (4gA): D D424 repeat unit
Healthy control: 11-100 m DUX4 ORF
FSHD1: 1-10

FSHD2: 11-16

Control FSHD

® H3K4me2
H3K9me3
H3K27me3
meCpG
CpG

-

el

Figure 3: schematic representation of the genetic and epigenetic features of the FSHD locus on chro-
mosome 4q35.

A) The D4Z4 macrosatellite (triangles) and its flanking sequences, including the proximal FRG1 and
FRG2 genes, is contracted in FSHD1 patients. All patients (FSHD1 and FSHD2) carry the 4gA variant
of the p-LAM sequence element distal to the D4Z4, encoding a non-canonical poly adenylation signal
allowing the formation of stable DUX4 transcripts. The D4Z4 repeat and some flanking sequences are
duplicated to chromosome 10g26. Arches depict the reported long range interactions and/or position
effects of the chromatin affected in FSHD. Inset: overview of the DUX4 transcript produced from the
most distal D4Z4 unit and the p-LAM sequence. The full DUX4 open reading frame is included in the
first exon and is therefore present in each repeat unit. B) The D4Z4 chromatin structure is character-
ized by the presence of methylation markers for both eu- and hetero-chromatin (hexagons) and high
levels of CpG methylation. D4Z4 compaction is further established by binding of HP1 and SMCHD1.
In FSHD patients, D4Z4 is decompacted evidenced by a loss of CpG methylation and H3K9me3 with a
concomitant loss of SMCHD1 and HP1 binding.
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4q35% %, Furthermore, D4Z4 was reported to physically interact with more proximal
regions by which it may influence the local chromatin structure of more upstream genes
on 4q35°%°2,

Two candidate genes were identified in the region flanking D4Z4 proximally: FSHD
region gene 1 (FRG1) and FRG2, of which the latter is also present on chromosome 10
(Fig. 3A)* %%, Both FRG1 and FRG2 were reported to be upregulated in FSHD, suggesting
a mechanism of long range interactions and/or spreading of chromatin derepression
from the D4Z4 repeat (Fig. 3A)% %997, Qverexpression of FRG1, an Actin bundling and
MRNA processing protein, induces a muscular dystrophy phenotype in different animal
models, however most follow up studies failed to confirm the upregulation of FRG1 in
FSHD patient material®®*2. In contrast, FRG2 activation is a robust and reproducible
hallmark of FSHD cells, however its function is unknown and overexpression in mice did
not lead to a muscle phenotype® 97101,

More recently, few studies revealed a possible link between deregulation of FAT atypical
cadherin 1 (FAT1), located 3.6 Mb upstream of D4Z4, and FSHD pathology!**!%>. Mice in
which Fat1 was genetically ablated developed asymmetric muscle wasting reminiscent
of FSHD, and genetic analysis of FATI in human patients may suggest a secondary or
indirect involvement of FATI in FSHD pathology*'**, Altogether, these studies highlight
that genes proximal to the D4Z4 repeat may be deregulated in FSHD. Their involvement
in the disease mechanism and the mechanisms behind their deregulation remain
unclear at this point.

With the identification of several transcripts produced from D424, including an mRNA
encoding the full length DUX4 protein, efforts to identify the FSHD disease mechanism
focused on DUX4 again''®. The key to the FSHD disease mechanism lies within the
unique association of FSHD with the 4gA haplotype distal to the D4Z4 repeat**. This
sequence element (pLAM) encodes 1) an additional DUX4 exon distal to the last repeat
unit and 2) a non-canonical DUX4 polyadenylation signal (PAS). Both these elements
are absent in 4gB alleles, while the PAS is absent from 10q alleles®® 7. It was shown
that the presence of this PAS can lead to the formation of a stable full length DUX4
transcript and genetically unifies all FSHD patients (Fig. 3B)'". Additionally, full length
DUX4 was shown to be abundantly expressed in sporadic myonuclei of FSHD derived
proliferating myoblasts and differentiated myotubes, but at low or even undetectable
levels in control derived material'!® %9,

These combined efforts have led to a unifying disease mechanism in which developing

FSHD relies on three interdependent prerequisites:

1. the presence of at least one PAS containing 4gA allele (contracted to 1-10 units in
FSHD1);

2. chromatin derepression at D4Z4 through an in cis (FSHD1) or in trans (FSHD2)
mechanism;

3. sporadic DUX4 expression in a myogenic context.
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Upon expression, DUX4 acts as a potent transcriptional activator. In muscle cells, DUX4
activates a specific set of genes, through direct binding to a double homeodomain DNA
motif'?°. In response to DUX4 activation, genes involved in in germline biology, early
stem cell development and innate immunity are deregulated!?°. Furthermore, DUX4
binds and activates retroelements, mainly of the ERV/MaLR type, which can lead to
the formation of alternative transcriptional start sites for flanking genes®® 2!, Many
of the DUX4 targets identified by overexpression are deregulated in patient derived
material, including fetal muscles, and account for the majority of transcriptional
changes between FSHD and control muscle cells and/or biopsies'* 2122 More recently,
a reporter based approach, allowing transcriptome analysis of individual muscle cells
expressing endogenous DUX4, confirmed many of these targets and highlighted a role
for disrupted RNA metabolism in FSHD pathology'*.

Apart from initiating aberrant transcriptional programs in muscle cells, DUX4
expression has other detrimental effects in various model systems which may or may
not depend on its function as a transcriptional activator. In rhabdomyosarcoma cells
it was shown that DUX4 induces cell cycle arrest in a P21 dependent fashion, possibly
impacting muscle regeneration?*. Besides, DUX4 expression in murine ES cells leads to
reduced pluripotency and an imbalance in the formation of the three germlayers upon
differentiation!?®. Expression of DUX4 in mesenchymal stromal cells promotes their
differentiation into osteoblasts by an unknown mechanism??. DUX4 was also shown to
inhibit RNA degradation through nonsense mediated decay (NMD). Expression of DUX4
leads to the degradation of the NMD factor UPF1, thereby creating a positive feedback
loop as DUX4 itself is a substrate for NMD*?’. Altogether, this likely accounts for the
observed toxicity of DUX4 expression in skeletal muscle cells.

Although the consequences of DUX4 expression are extensively studied, the mechanisms
underlying the sporadic activation of DUX4 are not so well understood. What is driving
the sporadic bursts of expression? Why is DUX4 expression increased during myotube
differentiation? Few studies have focused on these aspects and how the sporadic
expression of DUX4 leads to the progressive and variable phenotype characteristic of
FSHD. For example, DUX4 activation is repressed by active Wnt/B-catenin signalling??.
Next to that, DUX4 activation was linked to the activity of two enhancers proximal to
D474, which show myogenic activity in controls and patients'?®. DUX4 was also shown
to be controlled by a telomere position effect (TPE), a chromatin mediated regulation
similar to what was proposed for proximal gene regulation by D4Z4 (Fig. 3A)*°. It was
shown that the expression levels of DUX4, as well as FRG2, inversely correlate with
the length of the adjacent 4q telomere. As telomere length naturally declines with
(cellular) age and was shown to influence the epigenetic regulation of the adjacent
subtelomeres®¥ 132, this study possibly links the expression levels of DUX4 to the
progressive nature of FSHD.

Determining the mechanism of sporadic DUX4 activation in skeletal muscle will be
key to find targets for therapeutic intervention. Of importance is the identification
of the different epigenetic mechanisms regulating the D4Z4 repeat and their relative
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contribution to silencing DUX4 in muscle cells as these are potential druggable targets.
Furthermore, the epigenetic regulation of D4Z4 can be a determinant of disease severity
and variability: both endogenous factors, like epigenetic modifiers of D424 chromatin
structure, and environmental factors influencing the epigenome may determine
penetrance of FSHD.

Next to new avenues for mechanistic and molecular studies, the firm establishment of
the FSHD disease mechanism also paves the road for the generation of animal models
to initiate more translational research. The generation of faithful animal models is
however challenged by the fact that the D4Z4 macrosatellite and the DUX4 gene do
not have a homologue in a similar genomic context in other, non-primate species®.
Recapitulation of the FSHD phenotype therefore has to rely on the ectopic expression
of DUX4 in animal models, with the potential pitfall that the transcriptional targets
of DUX4, and thereby its molecular effects, may not be conserved between different
species.

ICF syndrome: an epigenetic disorder in trans

Immunodeficiency, centromere instability and facial anomalies syndrome (OMIM
602900/614064) is a rare autosomal recessive primary immunodeficiency, first
described in two independent reports in the late 1970s!3> 134, patients suffer from a
triad of phenotypes of which hypo- or a-gammaglobunemia (low or undetectable levels
of serum immunoglobulin A (IgA) and I1gG) is the most prominent!3> 1%, Although serum
immunoglobulins are drastically decreased in ICF patients, they do have circulating
B-cells, suggesting a defect in the final steps of B-cell maturation and immunoglobulin
selection and production®**. A- or hypo-gammaglobunemia in ICF patients results in
recurrent infections of the gastro-intestinal and/or respiratory tract, which are often
fatal at young age, although some patients show long term survival. These symptoms
can be alleviated by immunoglobulin replacement therapy or haematopoietic stem cell
transplantation'**%’, Nearly all patients present with a distinct but variable spectrum of
facial anomalies, of which hypertelorism, flat nasal bridge and epicanthus are the most
prevalent!* 1%, Further developmental problems include, but are not limited to, a delay
in motor and speech development and variable intellectual disability!3 3¢,

ICF syndrome was one of the first epigenetic disorders to be recognized as such, because
of the cytogenetic hallmark of centromere instability on chromosomes 1, 9 and 163
138 This instability leads to chromosomal aberrations in cultured patient cells, similar to
those observed in cell lines treated with demethylating agents3* 1%, The involvement of
centromeric chromatin organization was further proven by early reports showing DNA
hypomethylation in ICF patients of mainly, but not exclusively, satellite 2 centromeric
repeats, highly abundant on chromosomes 1, 9 and 163813,

Three different groups of patients can be recognized based on the genetic defect
underlying the syndrome. In the late ‘90s two papers described mutations in DNMT3B to
underlie ICF syndrome in approximately half of the patients (ICF1; OMIM 602900)% 141,
The majority of identified mutations affect the catalytic domain of DNMT3B and are of
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the missense type, resulting in reduced methyltransferase activity of DNMT3B36 142143,
ICF1 patients carry at least one partially functional DNMT3B copy, as nonsense alleles are
only identified in combination with missense alleles in compound heterozygotes®*. This
is in line with the observed phenotypes of mouse models for ICF1. Whereas Dnmt3b”
mice show embryonic lethality, hypomorphic mouse models carrying (patient derived)
missense mutations in Dnmt3b present with CpG hypomethylation at centromeric
satellite repeats, craniofacial abnormalities, runting and an impaired immune system
characterized by increased levels of apoptosis in T-cells***1%, Although some features of
ICF syndrome are clearly recapitulated in these models, the most prominent difference
is that none of the available models displays impaired B-cell functionality.

In line with a defect in one of the two de novo methyltransferases, the genome of ICF1
patients is characterized by global hypomethylation at both coding and non-coding
regions”*°, Moreover, higher order chromatin structure organization is altered in
ICF1 patients, exemplified by a changed nuclear localization of genes on the inactived
X-chromosome?®®'. ICF patients show hypomethylation at various types of repetitive
elements throughout the genome, including interspersed LINE repeat elements and
tandem repeats like centromeric satellites and the subtelomeric D4Z4 macrosatellite!**
147,152,153 CpG hypomethylation at subtelomeres in ICF patients correlates with extensive
shortening of the adjacent telomeres®®*. Telomeres are transcriptionally active, as they
have been shown to produce telomere repeat containing RNAs (TERRA)™> *¢, |n ICF1
derived patient cell lines an increase in expression levels of TERRA IncRNAs has been
observed, most likely in some way linked to the extensive telomere shortening in these
cells®>*. How these observations contribute to the disease mechanism remains unclear
at this point. In general, analyses of methylation at genic and non-genic regions and
transcriptional changes in ICF1 patient derived cell lines only showed partial correlations
and have not revealed a comprehensive disease mechanism yet?#7-10, 157,158

A second group of patients, negative for mutations in DNMT3B, shares all epigenetic and
phenotypic characteristics with ICF1 patients, however with additional hypomethylation
of alpha-satellite DNA, a centromeric macrosatellite!®**°, Additionally, specific germline
genes display hypomethylation and concomitant transcriptional activation in ICF1
derived patient material only**°. Genetic analyses of these DNMT3B mutation negative
patients revealed that the majority has mutations in zinc finger and BTB domain
containing protein 24 (ZBTB24; ICF2; OMIM 614064)%1¢3 |n contrast to what has been
observed for DNMT3B, mutations in ZBTB24 do not localize to a confined domain of
the gene'®. In fact, mutations in ZBTB24 are almost exclusively of the nonsense type,
most likely leading to complete absence of the full length protein in patients'*. Thus
far, no molecular function has been described for ZBTB24, although by homology it is
member of the ZBTB family of (hematopoietic) transcription factors!®*. The BTB domain,
found in the N-terminus of ZBTB24, mediates homo- or hetero-dimerization and may
facilitate additional protein-protein interactions!®. The C-terminal zinc finger (ZNF) of
ZBTB proteins is thought to mediate the localization to specific DNA sequences. Based
hereon, ZBTB24 is functionally unrelated to DNMT3B and discovering its function is of
great importance to understand ICF pathology.
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The majority of ICF patients is genetically explained by mutations in DNMT3B or ZBTB24.
However, the small group of patients negative for mutations in both genes (ICFX) shows
that at least one additional gene defect underlies ICF syndrome. Both the identification
of DNMT3B and ZBTB24 have not resulted in a comprehensive pathomechanism for
the triad of phenotypes in ICF syndrome yet. Both further characterizing the function
of the known ICF genes and identification of the gene(s) underlying ICFX is essential to
understand the disease mechanism. The overlapping clinical phenotype of all patients
suggests that DNMT3B, ZBTB24, and any number of additional ICF genes functionally
converge at some point.

Outline of the thesis

This thesis focuses on two epigenetic diseases: FSHD and ICF syndrome. Common
to both diseases is the epigenetic dysregulation of repetitive DNA, specifically the
D4Z4 macrosatellite repeat. We first aimed to better understand the chromatin
dysregulation at D4Z4 and its possible correlation to disease severity. In Chapter 2
we set out to analyse the correlation of the chromatin compaction at D4Z4 in patient
derived primary cell lines and the clinical severity. Although trends exist, a significant
correlation between clinical severity and chromatin compaction, measured by relative
amounts of H3K4me2 and H3K9me3, could not be observed. This study did reveal a
clear correlation between muscle pathology in the vastus lateralis muscle and clinical
severity. With regard to the known influence of telomeres on the epigenetic regulation
of the adjacent subtelomeres, chapter 3 describes the effect of telomere shortening
and cellular aging (senescence) on the epigenetic regulation of subtelomeres. We
observed that subtelomeres, including the D4Z4 macrosatellite, are characterized by a
shifted balance between markers for constitutive and facultative heterochromatin upon
telomere induced senescence.

In chapter 4, crosstalk and relative contributions of different epigenetic machineries
affecting D4Z4 chromatin structure and DUX4 activity during muscle differentiation
are investigated. SMCHD1, the major FSHD2 gene, is found to be a master regulator of
the chromatin organization of D4Z4 in both genetic forms of FSHD and forms a barrier
between the constitutive heterochromatic nature of D4Z4 and the PRC2 machinery,
characteristic of facultative heterochromatin. In chapter 5 we challenge the position
effect hypothesis of telomeres and D4Z4 on the FSHD specific activation of FRG2, by
showing that FRG2 is a direct target gene of DUX4 and follows the expression pattern
of other well-established DUX4 targets. Overall, these chapters highlight the clear
epigenetic component in FSHD and the central role of DUX4 in its pathology.

Chapter 6 describes the generation of two transgenic mouse models. Both models
carry human D4Z4 repeats in the size range of either FSHD1 (2.5 copies) or controls
(12.5 copies) and our study shows that key (epi)genetic features of D4Z4 are conserved
between man and mouse. Where the D4Z4-2.5 mouse recapitulates key features of the
disease, including chromatin relaxation of the D4Z4 repeat and sporadic activation of
DUX4, the D474-12.5 resembles the situation observed in healthy controls. Although
this mouse does not show an overt muscular phenotype, it offers great potential in
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deciphering the mechanisms underlying DUX4 activation and potential ways to identify
drugable targets for FSHD.

Finally, with regards to ICF syndrome, chapter 7 describes the identification of mutations
in the cell division cycle associated 7 (CDCA7) and the helicase, lymphoid specific
(HELLS) genes in previously unexplained cases. By doubling the number of ICF disease
genes, this work highlights the genetic heterogeneity of the disorder and leaves only
few cases unexplained. Molecular characterization of these genes will help to decipher
the pathomechanism of ICF syndrome.
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