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Abstract

Vertebrate genomes exhibit global methylation of cytosine residues where they occur in a cytosine-guanine
dinucleotide (CpG) context and this epigenetic mark is generally thought to be repressive to transcription.
Punctuating this pervasive DNA methylation landscape are short, contiguous regions of non-methylated DNA
which are found at two thirds of mammalian gene promoters. These non-methylated regions exhibit CpG
content close to expected levels as they escape the depletion of CpGs observed across the methylated fraction
of the genome. The unique nucleotide properties of these CpG island (CGl) regions enable their identification
by computational prediction in mammalian genomes. Owing to a lack of high-resolution genome-wide DNA
methylation profiles in non-mammalian species, these CGI predictions have often been used as a proxy for
non-methylated DNA in these organisms. In contrast to mammals, CGI predictions in cold-blooded vertebrates
rarely coincide with gene promoters, leading to the belief that CGls are significantly divergent between
vertebrate species, and that unique promoter-associated features may have been acquired during warm-
blooded vertebrate evolution.

This thesis is primarily concerned with the location, establishment and biological function of non-methylated
islands of DNA in vertebrate genomes. To experimentally determine genome-wide profiles of non-methylated
DNA, a novel biochemical technique was established called biotinylated ZF-CxxC affinity purification (Bio-CAP),
and development of this method is discussed in Chapter 3. Experimental analysis of non-methylated DNA
profiles in this thesis initially addresses two main questions: (1) ‘How does the non-methylated DNA landscape
compare genome-wide for seven vertebrates considering distinct tissue types and developmental stages?’ (2)
‘How are vertebrate non-methylated regions of DNA defined and interpreted in the nuclear environment?’

To address the first question, non-methylated DNA was profiled by Bio-CAP sequencing across the genomes of
seven diverse vertebrate species, representing all major branch points of vertebrate evolution, and the results
are discussed in Chapters 4 and 5. Contrary to previously held dogma, experimentally determined non-
methylated islands of DNA (NMls) constitute an ancient epigenetic feature of vertebrate gene regulatory
elements. However, despite having numerous high-resolution maps of vertebrate non-methylated DNA, the
means by which NMls are identified and maintained in the nuclear environment remains poorly understood.
To address the second question and identify features which determine the methylation state of DNA,
exogenous DNA sequences were introduced into mouse embryonic stem (ES) cells. Non-methylated DNA was
profiled by Bio-CAP sequencing to investigate how different features, such as sequence-specific binding motifs,
chromatin architecture and nucleotide composition of a given DNA sequence impact local DNA methylation
patterns. Interestingly, the majority of exogenous promoters were appropriately non-methylated in mouse ES
cells, germline and somatic cells suggesting that gene promoters have retained strong signals for the non-
methylated state across millions of years of evolution (discussed in Chapter 6).

During mouse embryogenesis, genome-scale DNA demethylation and remethylation events occur to remodel
the epigenetic landscape and loss of DNA methylation during this time leads to embryonic lethality. To
investigate the biological function of non-methylated DNA, the third question addressed in this thesis is (3)
‘What is the developmental importance of non-methylated islands of DNA during vertebrate embryogenesis?’
To investigate this, members of the ZF-CxxC domain-containing family of chromatin modifiers were ablated in
zebrafish embryos to perturb the chromatin landscape at NMils, and therefore interfere with their function
during early development (Chapter 7). Early embryonic development and patterning was disrupted in knock-
down embryos, suggesting that interpretation of non-methylated DNA and placement of chromatin
modifications at NMls is essential for normal zebrafish embryogenesis. Together this work sheds light on the
evolutionary origins of NMlIs, the mechanisms involved in the recognition and establishment of non-
methylated loci and provides an insight into the function of non-methylated DNA during early embryonic
development.
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Chapter 1 Introduction

1.1 Epigenetics and chromatin
In multicellular organisms, all cells have essentially the same genomic sequence to that of the
totipotent zygote from which they were derived. Despite this, distinct terminally-differentiated cell-
types in an organism exhibit extremely diverse morphology, gene expression profiles and function.
The mechanisms by which one cell at fertilisation can give rise to numerous diverse cell-types must
therefore rely on a non-genetic component, which can integrate both developmental signals and
inputs from the environment. The term ‘epigenetics’, first coined by the embryologist Conrad
Waddington in 1942 (Waddington, 2012), has been used to describe this phenomena or “the study
of mitotically and/or meiotically heritable changes in gene function that cannot be explained by
changes in DNA sequence” (Russo et al., 1996). Since the first use of the term there have been many
diverse definitions of epigenetics, although in general an epigenetic mechanism is thought to be

heritable, self-propagating and reversible (Riddihough and Zahn, 2010).

The term ‘chromatin’ is used to describe the complex of DNA in a eukaryotic nucleus with its
associated proteins. DNA therefore does not exist free in the eukaryotic nucleus, but is condensed
through the coordination with histone proteins to form a chromatin fibre. Chromatin generally exists
in two main states in the cell, first observed by differential condensation of chromosomal regions in
moss nuclei (Heitz, 1928). Decondensed euchromatin is generally associated with gene-rich regions
of the genome which are transcriptionally active. Conversely, heterochromatic regions of the
genome appear cytologically more condensed and are associated with non-coding or repetitive
portions of the genome which tend to be transcriptionally inert. A more recent definition of
epigenetic events therefore incorporates an appreciation of the relationship between chromatin
architecture and gene expression status, such that epigenetic changes involve: “the structural
adaptation of chromosomal regions so as to register, signal or perpetuate altered activity states”

(Bird, 2007). Overall, the term epigenetics has now come to refer to many non-genetic regulatory



systems, including non-coding RNAs, chromatin architecture and the modification of DNA and

histones.

1.2 The modification of DNA and histones
An octamer of histone proteins forms the core of the nucleosome structure which coordinates and
compacts DNA into the eukaryotic nucleus. Both DNA and histones are subject to chemical

modifications, which can impact the functionality and accessibility of the underlying genetic

material.
(A)
cytosine, C 5-methycytosine, 5mC 5-hydroxymethylcytosine, 5ShmC
NH NH 2-oxoglutarate succinate NH OH
2 SAM SAH - CH X 0, o, <
—_— e
él\ DNMT TET 41\
0] I\Il O I\Il O l\ll

(B) ©
£\ ~HO 1 ~HO
£ :CNH3 £ :C»NH3
<y <y NH,

@)
@)
-

CH; O
HN HN
A A -
07N 0~ °N i
|
)| P 5-azacytidine
uracil thymine

Figure 1.1 Methylation and deamination reactions of the cytosine base

(A) Cytosine residues can be methylated on the C5-position of the pyrimidine ring by DNA
methyltransferase enzymes (DNMTs) with the methyl group provides by the methyl donor S-
adenosylmethionine (SAM). The resulting 5-methylcytosine can be oxidised by TET enzymes to yield 5-
hydroxymethylcytosine). (B) Both cytosine and 5-methylcytosine are subject to mutagenic deamination.
Deamination converts cytosine to uracil and 5mC to thymine. If the resultant base pair mismatch is not
recognised and repaired prior to DNA replication, this can lead to a C/G to T/A point mutation. (C)
Chemical structure of 5-aza analogue of cytosine, 5-azacytidine. 5-azacytidine can be incorporated into
DNA where it inhibits DNA methylation. R=ribose.

1.2.2 Histones and histone modifications
The histone octamer consists of two dimers of H2A:H2B and H3:H4 and wraps approximately 147 bp

of DNA twice around its core (Peterson and Laniel, 2004). Each histone protein extends an



unstructured N-terminal tail from the globular nucleosomal structure, which can be post-
translationally modified by chromatin-modifying enzymes. These modifications include methylation,
acetylation, phosphorylation, ubiquitylation, sumoylation, ADP-ribosylation (Strahl and Allis, 2000)
and biotinylation (Camporeale et al., 2004) which can affect the compaction of nucleosomes directly
or lead to the recruitment of non-histone proteins to chromatin (Kouzarides, 2007). These
modifications, in addition to variant histone proteins, play important roles in many cellular processes
including gene regulation, the DNA damage response, chromosome segregation and transcriptional

termination (Talbert and Henikoff, 2010).

1.2.3 Modification of DNA
DNA, the genetic material of inheritance, is composed of a double-stranded helix of two
complementary phosphate-deoxyribose backbones bridged by the four bases adenine, cytosine,
guanine and thymine. The fifth base uracil, normally only incorporated into RNA, is only detected in
DNA as a deamination product of cytosine (Figure 1.1B). Despite the presence of only 5 nucleotides,
chemical modification of DNA is known to add another layer of complexity to the DNA sequence.
Across all kingdoms of life, the most frequent modification of DNA is the methylation of cytosine on
the C5 position of the pyrimidine ring (5mC) (Figure 1.1A), which was first identified by biochemical
analysis of DNA (Hotchkiss, 1948; Johnson and Coghill, 1925). The majority of DNA methylation in
eukaryotes occurs at CpG dinucleotides and the symmetric nature of this site allows DNA
methylation to be propagated following semi-conservative DNA replication which lead to the
hypothesis in 1975 that DNA methylation could act as an epigenetic mark in vertebrates (Holliday
and Pugh, 1975; Riggs, 1975). DNA methylation in eukaryotes has been implicated in many
important cellular processes including differentiation, gene regulation, DNA repair and embryonic
development (Bird, 2002; Challen et al., 2012; Cuozzo et al., 2007; Jones, 2012; Reik et al., 2001). In
prokaryotes, DNA methylation can also occur on the N4 position of cytosine and N6 position of
adenine and here DNA methylation has been implicated in DNA repair and defence against foreign

DNA via a host-restriction mechanism (Wilson and Murray, 1991). More sensitive biochemical



analyses have recently identified other DNA modifications including oxidised derivatives of 5mC,
such as 5-hydroxymethylation, 5-formylcytosine and 5-carboxylcytosine (5hmC, 5fC and 5caC; Figure

1.1A) (He et al.,, 2011b; Ito et al., 2011; Tahiliani et al., 2009).

Figure 1.2 Bacterial Hhal methylates cytosine via a base-flipping mechanism

A crystal structure of a chemically-trapped covalent reaction intermediate between the bacterial DNA
methyltransferase M. Hhal, a 13-mer DNA oligonucleotide which contains a methylated 5-fluorocytosine
at its target position and the cofactor S-adenosyl-L-homocysteine (Klimasauskas et al., 1994). The target
cytosine is flipped out from the DNA helix (pink) and wedged into a binding pocket in close proximity to
the S-adenosyl-L-homocysteine (SAM, green). Images were generated in PyMol (Protein Data Bank ID:
1IMHT). Two views are shown, looking down the axis of the DNA double helix (left) and a view
perpendicular to this (right).

1.3 The DNA methylation machinery
DNA methylation is catalysed by the enzymatic activity of two classes of DNA methyltransferase
(DNMT) enzymes with the methyl group provided by the methyl donor S-adenosylmethionine (SAM)
(Figure 1.1, C to 5mC). The first eukaryotic methyltransferase to be identified was the maintenance
DNMT1 enzyme from homology to known bacterial enzymes (Bestor et al., 1988). DNMT1 is able to
recognise hemi-methylated DNA following DNA replication (Chen and Li, 2006; Goll and Bestor,
2005) or during DNA repair (Mortusewicz et al., 2005) and faithfully copy the methyl mark onto the
second DNA strand. A second class of de novo DNMT3 methyltransferases were later identified

which are able to place DNA methylation on unmodified DNA.

1.3.1 The mechanism of DNA methylation
The first insights into the catalytic mechanism of DNA methylation came from structural studies of
the bacterial M.Hhal cytosine methyltransferase (Klimasauskas et al., 1994). The target cytosine base

was observed to be extruded out from the DNA double helix, disrupting base-pairing interactions via



a base-flipping mechanism (Figure 1.2). This eversion of the target cytosine base facilitates the
formation of a transient covalent protein-nucleotide complex, similar to that observed for the
thymidylate synthetase enzyme (Wu and Santi, 1987), and transfer of a methyl group from the
methyl donor SAM onto the target cytosine. The substrate cytosine sits deep in a hydrophobic
pocket in the large domain of M.Hhal which forms the active site and the orphan guanine is
stabilised by interaction with glutamine residues from the small domain of the enzyme

(Klimasauskas et al., 1994).
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Figure 1.3 Mechanism of DNA methylation

The mechanism proposed for the DNA methylation reaction for (A) a cytosine base and (B) a so-called
suicide substrate 5-fluoro-2'-deoxycytidine with fluorine at the C5 position of the target cytosine. (A i)
Nucleophilic attack of the C6 position of cytosine by a reactive cysteine thiol group creates a transient
covalent cysteine-cytosine covalent bond in the active site. (A ii) A methyl group is then transferred from
SAM by electrophilic attack at the C5 position of cytosine. (A iii-iv) A proton is then lost from cytosine C5



and the covalent intermediate released. (B) The substrate 5-fluoro-2'-deoxycytidine cannot release F+
therefore the reaction intermediate is trapped in the active site along with the demethylated SAH. Figure
was adapted from a number of sources (Goll and Bestor, 2005; Ryazanova et al,, 2012; Zangi et al., 2010)
and https://www.google.com/patents/US5856090.

Nucleophilic attack of cytosine position C6 by a reactive cysteine thiol group in the enzymatic active
site creates a cysteine-cytosine covalent bond (Figure 1.3Ai). This then permits electrophilic attack
by cytosine C5 on the methyl group from the methyl-donor SAM (Figure 1.3Aii), followed by release
of the C5 proton, production of SAH (S-adenosyl-L-homocysteine, Figure 1.3Aiii) and elimination of
the covalent intermediate of a reactive cysteine (Figure 1.3Aiv) (Cheng, 1995; Wu and Santi, 1987).
Importantly, active site cysteine mutants lead to loss of function for a number of DNA
methyltransferase enzymes supporting this proposed mechanism (Chen et al., 1993; Mi and Roberts,
1993; Wyszynski et al.,, 1992). Furthermore, the active site cysteine residue has been identified
covalently attached to DNA with the suicide substrate 5-fluoro-2’-deoxycytidine (Chen et al., 1991;
Friedman and Ansari, 1992; Hanck et al., 1993; Smith et al., 1992). In this trapped state, the methyl
group has transferred to the C5 cytosine (Figure 1.3Bii) but the elimination step cannot take place as
F* cannot be released (Figure 1.3Biii). Use of similar suicide DNA substrates has enabled
determination of crystal structures of trapped DNA methyltransferase bound to DNA. For example,
the structure of the bacterial C5-cytosine DNA methyltransferase M.Hhal was co-crystallised
covalently linked to a 13-mer oligonucleotide containing a 5-fluoro-2’-deoxycytidine at the target

base (Figure 1.2) (Klimasauskas et al., 1994).

Base-flipping has also very recently been observed for a trapped mouse DNMT1 enzyme covalently
linked to a hemi-methylated DNA substrate via a reactive cysteine in the enzyme active site (Song et
al., 2012b). Similar to the bacterial enzyme, the cytosine on the target strand was flipped out and
anchored within the catalytic pocket of the enzyme. Both the major and minor grooves of the DNA
fragment were interrogated by catalytic and recognition loops from DNMT1 with a methionine side
chain from the catalytic loop occupying the space left by the extruded cytosine (Song et al., 2012b).

The methyl group from the non-substrate 5mC was positioned in a hydrophobic concave surface of



DNMT1, and together these interactions may be important for determining the substrate specificity

of the enzyme.

1.3.2 Inhibition of the DNMT enzymes using 5-azacytosine
Compounds were identified in the 1960s which were able to inhibit DNA methylation and lead to
aberrant differentiation of cells in culture (Taylor and Jones, 1979). The ability to cause DNA
hypomethylation was limited to cytosine analogues with modifications at the 5-position of the
pyrimidine ring and their ability to incorporate into DNA and target DNMTs for degradation (Jones
and Taylor, 1980; Yoo and Jones, 2006). Incorporation of cytosine analogues, such as 5-azacytosine
(Figure 1.1C), into DNA causes passive loss of DNA methylation in a DNA replication-dependent
manner as the base cannot be methylated (Glover and Leyland-Jones, 1987). Resultant
hypomethylation can lead to reactivation of genes (Issa and Kantarjian, 2009), and therefore
cytosine analogues are being investigated as potential therapeutics to reactivate genes silenced

during tumorigenesis (Beumer et al., 2008).

1.3.3 The maintenance DNA methylation machinery
The mammalian maintenance DNA methyltransferase DNMT1 is a large protein which encodes many
N-terminal regulatory domains including a replication foci-targeting sequence (RFTS), a ZF-CxxC
DNA-binding domain and a pair of bromo-adjacent homology domains (BAH1 and BAH2), with a
catalytic domain situated at the C-terminus of the protein (Figure 1.4). All eukaryotes which perform
DNA methylation, with the exception of a lineage of ascomycete fungi, possess a DNMT1 enzyme
(Figure 1.6) (Zemach and Zilberman, 2010). Following semiconservative DNA replication,
hemimethylated DNA is inherited by both daughter strands and DNMT1 conducts the majority of
maintenance methylation to faithfully restore symmetrical methylation at CpG dinucleotides (lida et
al.,, 2002). In keeping with its role in maintenance methylation, DNMT1 exhibits a 30 to 50-fold
greater efficiency at catalysing the addition of a methyl group to hemi-methylated as opposed to

unmodified CpG dinucleotides (Bestor and Ingram, 1983; Chuang et al., 1997). This specificity does



not seem to be absolute however, as DNMT1 has been reported to direct de novo methylation at
both CpG and non-CpG sites in vitro and in vivo (Fatemi et al., 2002; Gowher et al., 2005b; Grandjean
et al., 2007; Song et al.,, 2011). DNMT1 is observed to relocate to replication foci as cells enter S
phase (Leonhardt et al., 1992; Margot et al., 2001), and has been proposed to associate with PCNA
(proliferating cell nuclear antigen) at replication forks via its RFTS domain (Chuang et al., 1997).
However, disruption of this interaction only led to a small reduction in DNA methylation levels
suggesting that DNMT1 is targeted to replication foci by additional mechanisms (Schermelleh et al.,
2007; Spada et al.,, 2007). Recently, another interaction partner UHRF1 (ubiquitin-like plant
homeodomain and RING finger domain 1) was shown to be required for targeting DNMT1 to
chromatin, with UHRF1 depletion causing severe reduction in DNA methylation (Bostick et al., 2007;

Sharif et al., 2007).

Despite a lack of sequence or structural similarity with DNMT enzymes, UHRF1 domain appears to
utilise a similar base-flipping mechanism to bind hemi-methylated DNA via a SRA (SET and RING
finger associated) domain (Arita et al., 2008; Avvakumov et al., 2008; Bostick et al., 2007; Hashimoto
et al., 2008; Liu et al., 2013; Qian et al., 2008; Sharif et al., 2007). Two loops from UHRF1 interrogate
both the major and minor grooves, with the flipped base binding in a concave pocket of the protein
(Arita et al., 2008; Hashimoto et al., 2008). This mode of binding may act to clearly distinguish the
parental methylated strand from the unmethylated daughter and present the latter to DNMT1.
However, crystal structures reveal that DNMT1 should be unable to catalyse DNA methylation on
UHRF1-bound DNA (Arita et al., 2012; Song et al., 2011), suggesting that the unmethylated cytosine
may be transferred to DNMT1 for maintenance methylation. A recent study has suggested that
UHRF1 may indirectly recruit DNMT1 to newly replicated DNA by catalysing ubiquitylation of the
histone H3 tail (H3K23) which is subsequently recognised by the DNMT1 RFTS domain (Nishiyama et

al., 2013).

Further structural studies of isolated DNMT1 fragments have provided evidence that the enzyme

possesses mechanisms for auto-regulation. When bound to non-methylated CpG DNA, the ZF-CxxC



domain of DNMT1 has been reported to occlude access of the active site to DNA via insertion of an
‘auto-inhibitory linker’ (Song et al., 2011). However, structures of larger DNMT1 fragments suggest
that in fact the RFTS domain can insert into the DNMT1 DNA-binding pocket and play an inhibitory
role that prevails over the ‘auto-inhibitory linker’ implicated from the previous study (Syeda et al.,
2011; Takeshita et al., 2011). Therefore, binding of the DNMT1 RFTS domain either directly to UHRF1
(Achour et al., 2007; Leonhardt et al., 1992) or to its chromatin mark H3K23ub (Nishiyama et al.,
2013) may alleviate the auto-repression of DNMT1 and stimulate maintenance DNA methylation

activity at newly replicated DNA.
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Figure 1.4 Domain architecture of mammalian DNA methyltransferase enzymes

An illustration of the domain architecture of the mammalian maintenance (DNMT1) and de novo (DNMT3A
and DNMT3B) DNA methyltransferases and the helper DNMT3-like (DNMT3L) which lacks catalytic activity.
Proteins are drawn to scale, and are adapted from (Ryazanova et al., 2012), with the number of amino
acids indicated on the left for the mouse proteins, with both or a range of lengths indicated if two or more
isoforms have been identified (number of amino acids taken from NCBI). RFTS, replication focus targeting
sequence; BAH, bromo-adjacent homology; PWWP, domain name is derived from a conserved Pro-Trp-
Trp-Pro motif; ADD, ATRX-DNMT3-DNMT3L. The proteins are shown with the N-terminus on the left.

1.3.4 The de novo DNA methylation machinery
In mammals, the de novo methylation machinery consists of two active enzymes DNMT3A and
DNMT3B and a regulatory factor DNMT3-like (DNMT3L) which together are responsible for the
establishment of genomic patterns of DNA methylation (Bird and Wolffe, 1999; Okano et al., 1999;
Xu et al., 1999). DNMT3A and DNMT3B exhibit similar domain architecture, with an N-terminal
variable region, followed by a PWWP domain, a Cys-rich 3-Zn-binding domain called ADD (ATRX-
DNMT3-DNMT3L) and a C-terminal catalytic domain containing six highly conserved C5-DNA

methyltransferase motifs (Figure 1.4). The DNMT3L amino acid sequence is very similar to DNMT3A



and DNMT3B in the Cys-rich 3-Zn-binding domain, but lacks conservation in the C-terminal domain
required for catalytic activity (Figure 1.4). DNMT3A and DNMT3B have been shown to methylate
CpG sites with no preference for hemi-methylated DNA (Okano et al., 1998a) and have some
detectable activity towards non-CpG sites (Gowher and Jeltsch, 2001). Cells lacking DNMT3A and
DNMT3B slowly lose genomic methylation perhaps due to lack of fidelity of the maintenance
machinery (Chen et al., 2003). Restoration of DNA methylation in these cells by replacement of the
DNMT3 enzymes verifies the role of these enzymes as de novo DNA methyltransferases (Chen et al.,

2003).

The third DNMT3 family member, DNMT3L, is unable to bind SAM and lacks enzymatic activity
(Figure 1.4) (Gowher et al., 2005a; Kareta et al., 2006). DNMT3L has been co-immunoprecipitated
with the C-terminal portion of both DNMT3A and DNMT3B (Hata et al., 2002) via its own C-terminal
domain (Chen et al., 2005). Interaction with DNMT3L is known to increase the enzymatic activity of
both DNMT3A and DNMT3B by around 15 fold (Chedin et al., 2002; Chen et al., 2005; Gowher et al.,
2005a) suggesting that DNMT3L may stimulate DNA methyltransferase activity as part of its

regulatory action.

No crystal structures are yet available for the mammalian de novo class of enzyme bound to DNA,
however a structure of a DNMT3A and DNMT3L tetramer has shed light into the mechanism by
which DNMT3A is stimulated by DNMT3L and suggests a possible mechanism of action for the de
novo methyltransferases. In this structure, C-terminal DNMT3L fragments were observed to bind the
DNMT3A catalytic domain. DNMT3A and DNMT3B have the smallest active sites of the known DNA
methyltransferases, and dimerisation of DNMT3A observed in the crystal structure doubles the
available surface area by bringing two active sites together (Jia et al., 2007). By superimposing this
structure onto that for M.Hhal (Klimasauskas et al., 1994), DNA modelled into the DNMT3A dimer
suggested that the two active sites are localised in the major groove of DNA approximately one
helical turn apart. Therefore, two CpGs separated by 8-10 base pairs could potentially be methylated

simultaneously. The coordination of DNA methylation in this manner has been proposed to play a
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role in recognition and methylation of differentially methylated regions (DMRs) at imprinted genes
(Jia et al., 2007). Other reported interactions of DNMT3L and DNMT3A/B with chromatin (discussed
in more detail in section 1.8), may act to target DNA methylation to appropriate regions of the

genome (Chen et al., 2004; Dhayalan et al., 2010; Ooi et al., 2007).

1.3.5 DNMT?2
DNMT2 exhibits high sequence and structural similarity to DNA methyltransferases (Dong et al.,
2001; Okano et al., 1998a; Yoder and Bestor, 1998) and homologues have been identified in plants,
animals and fungal species (Zemach and Zilberman, 2010). DNMT2 exhibits a weak cytosine
methyltransferase activity in vitro (Hermann et al., 2003), however no detectable effect on global
DNA methylation was observed in ES cells with a targeted deletion of the Dnmt2 gene (Okano et al.,
1998b). DNMT2 has since been found to methylate cytosine 38 in the anticodon loop of tRNA*" via a
similar mechanism to that proposed for DNA methyltransferases (Goll et al., 2006; Rai et al., 2007). It
has been suggested that DNMT2 evolved from an ancient DNA methyltransferase which has
switched its substrate preference to RNA and now has little involvement in global de novo or
maintenance DNA methylation (lyer et al., 2011; Jeltsch et al., 2006; Jurkowski and Jeltsch, 2011).
For a number of species, including Drosophila melanogaster and Caenorhabditis elegans, DNMT2
represents the only putative DNMT present in the genome and whole genome bisulfite sequencing
has determined that no defined methylation patterns can be detected in DNMT2-only genomes
(Raddatz et al., 2013). Despite this finding, it has been suggested that the Drosophila DNMT2
orthologue is able to methylate DNA during a small window in early development as a tiny fraction
of methylated cytosines (0.3%) were detected in the Drosophila embryo. However, these

observations remain contentious (Kunert et al., 2003; Lyko et al., 2000).

1.4 DNA methylation profiles
DNA methylation is present in some, but not all, eukaryotic species where it plays important roles in

silencing transposable elements for genome-defence and regulating gene expression via the
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methylation of gene promoters and bodies. DNA methylation profiles, and total levels of DNA
methylation, are not strictly conserved across eukaryotes as invertebrate species appear to have lost
the requirement for DNA methylation in silencing repeats while gene body methylation is not
detectable in fungi. The DNA methylation landscapes of the major eukaryotic clades will be

discussed below.
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Figure 1.5 DNA methylation patterns in fungi, plants and animals

(A) (i) Mosaic DNA methylation is observed in the filamentous fungi Neurospora crassa where non-
methylated regions (green) are interspersed with methylated sequences (red) with DNA methylation
targeted to transposable elements (red boxes). (i) The plant Arabidopsis thaliana, which has a small
genome, also exhibits mosaic methylation with DNA methylation targeted to gene bodies and repetitive
sequences. (iii) Mosaic methylation is also characteristic of invertebrates such as Ciona intestinalis, in which
around 50 % of gene bodies are methylated, although the majority of transposable elements remain
unmethylated. (B) (i) Global methylation is a feature of all vertebrate genomes, with non-methylated DNA
found at CpG islands. Transposable elements, gene bodies and intergenic DNA are methylated. (ii) Plants
with large genomes also appear to exhibit global DNA methylation, with genes separated by long tracts of
transposable elements and their relics (SanMiguel et al., 1996) and gene bodies also tend to be
methylated. Adapted from (Suzuki and Bird, 2008).

1.4.1 Fungi
The two most well-studied fungi, Saccharomyces cerevisiae (budding vyeast) and
Schizosaccharomyces pombe (fission yeast) exhibit no DNA methylation (Figure 1.6) (Becker et al.,

2012; Proffitt et al., 1984), and the sole DNMT homologue, DNMT2, has been characterised as a
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tRNA methyltransferase in S. pombe (Becker et al., 2012). Other fungi have been shown to exhibit
low levels of DNA methylation which appears to be patterned across the genome (Figure 1.5 and
Figure 1.6) (Antequera et al., 1984; Tang et al., 2012; Zemach et al., 2010). The common ancestor of
all fungi appears to have lost the DNMT3 homologue as no fungal genomes have been identified to
date with a DNMT3 orthologue (Zemach et al., 2010; Zemach and Zilberman, 2010). P. blakesleeanus
for example encodes a DNMT1-like and a dim-2-like DNA methyltransferase which methylates
cytosine in any sequence in context (Kouzminova and Selker, 2001; Selker et al., 2003), and has
substantial amounts of DNA methylation at CG sites and to a lesser extent in non-CG contexts at CHG
and CHH (where H is A, C or T). DNA methylation is targeted to transposable elements (TEs) and

other repeats for silencing while genes remain unmethylated (Zemach et al., 2010).

A lineage of ascomycetes, or filamentous fungi, including Uncinocarpus reessii and Neurospora
crassa have lost the DNMT1-like methyltransferase (Figure 1.6) and therefore appear to solely rely
on dim-2 directed de novo methyltransferase activity for DNA methylation levels. The genome of N.
crassa is almost completely devoid of DNA methylation except at very densely methylated loci which
correspond to relics of RIP (repeat-induced point mutation) (Singer et al., 1995) at transposon relics
(Selker et al., 2003). RIP detects duplicated DNA sequences prior to meiosis as a means of genome
defence, and induces numerous C/G to T/A mutations dependent on the RID (RIP defective) protein,
a non-catalytic DNMT1 homologue (Singer et al., 1995; Zemach and Zilberman, 2010). These regions
are also targeted for DNA methylation by dim-2, the establishment of which is dependent on the
H3K9 histone methyltransferase dim-5 (Tamaru and Selker, 2001; Tamaru et al., 2003) and the Hp1-
like protein that recognises this histone modification (Freitag 2004). Therefore, with the exception of
a small amount of gene body methylation detected for U. reessii, all species of fungi analysed so far
appear to preferentially methylate transposable elements (TEs) as a means of genome defence to

prevent the reactivation of parasitic genomic regions (Lewis et al., 2009).
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1.4.2 Plants
Similar to fungi, plants have the capacity to methylate DNA at CpG and non-CpG sites, including
symmetric CHG and asymmetric CHH positions (where H is A, G or T). De novo methylation is
catalysed by DRM2 (domains rearranged methyltransferase 2), a homologue of the DNMT3
methyltransferases and is maintained by three different enzymatic activities depending on the
methylation site. CG methylation is maintained by the plant DNMT1 homologue MET1 (or DMT1,
DNA methyltransferase 1), CHG methylation is maintained by CMT3 (chromomethylase 3), a plant-
specific methyltransferase proposed to be from the same family as the fungal dim-2 (Zemach and
Zilberman, 2010), and CHH methylation is maintained by continued de novo placement by DRM1/2
(Law and Jacobsen, 2010). De novo methylation is targeted by short RNA molecules to homologous
DNA sequences in retrotransposons and endogenous repeats via a process called RNA-directed DNA
methylation (RADM). RADM requires the RNAi (RNA interference) machinery, two plant-specific RNA

polymerases (PollV and PolV) DRM1 and two chromatin remodellers (Matzke et al., 2009).

DNA methylation patterns have been determined at single nucleotide resolution for Arabidopsis
thaliana (Cokus et al., 2008) and at lower resolution, by shotgun genomic bisulfite sequencing, in a
number of other plant species (Feng et al., 2010; Zemach et al., 2010). Cytosine methylation was
detected in all three sequences contexts, with non-CpG context DNA methylation detected at a
much lower frequency in the genome than CpG methylation. In Arabidopsis, cytosine methylation
levels are around 24, 6.7 and 1.7 % for CG, CHG and CHH contexts respectively (Cokus et al., 2008).
Cytosine methylation, in all sequence contexts, is found predominantly at transposons and repetitive
elements in the three flowering plants Arabidopsis, rice and poplar (Feng et al., 2010; Zemach et al.,
2010). One-third of genes exhibit CpG (but not non-CpG) DNA methylation in their coding regions
(Cokus et al., 2008; Feng et al., 2010; Lister et al., 2008; Zemach et al., 2010; Zhang et al., 2006;
Zilberman et al.,, 2007) (Figure 1.5). The relationship between gene body methylation and
transcription is unclear. It has been proposed that DNA methylation may silence antisense cryptic

promoters (Tran et al., 2005; Zilberman et al., 2007), although increased antisense transcripts were
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rare in metl knockout plants (metl maintains gene body methylation in wildtype plants) (Zhang et
al.,, 2006). Two early diverging land plants, Selaginella moellendorffii and Physcomitrella patens,
exhibit CG, CHG and CHH methylation of TEs, but exhibit little gene body or promoter methylation
reminiscent of fungal methylomes (Figure 1.5Ai) (Zemach et al., 2010). Plants therefore appear to
exhibit variable usage of genomic DNA methylation. Plants with large genomes, such as maize, are
an extreme example of this as large tracts of DNA containing TEs dominate intergenic regions and

are targeted for DNA methylation (Figure 1.5Bii) (Palmer et al., 2003; SanMiguel et al., 1996).

1.4.3 Invertebrates
Animals species appear to have lost the ancestral CMT1/DIM-2 DNA methyltransferase enzyme,
therefore the vast majority of DNA methylation is found at CpG dinucleotides in these species
(Figure 1.6) (Zemach and Zilberman, 2010). Similar to plants, invertebrate species which have DNA
methylation exhibit fractional or mosaic patterns of DNA methylation, with relatively long tracts
(tens of kb) of alternating methylated and non-methylated DNA (Okamura et al., 2010). The sea
squirt, an ascidian, for example contains roughly the same proportion of methylated and non-
methylated regions of DNA (Figure 1.5A) (Simmen et al., 1999). Generally, DNA methylation in
invertebrates is found in gene bodies. It has been suggested that DNA methylation may be recruited
to gene bodies during the process of splicing and interestingly, DNA methylation is enriched at exons
in the honey bee and sea squirt genomes (Feng et al.,, 2010; Zemach and Zilberman, 2010).
Transposable elements are generally hypomethylated in invertebrates, therefore there is little
evidence that DNA methylation in invertebrates inhibits transcription or silences TEs (Zemach et al.,
2010). However, the origin of gene body methylation appears to be primordial as it is shared
between plants and animals, despite being lost in fungi. Interestingly, a number of invertebrate
species, including the well-studied model organisms D. melanogaster and C. elegans, have lost their
DNMT1 and 3 gene orthologues (Zemach and Zilberman, 2010) and generally lack detectable DNA

methylation patterns (Raddatz et al., 2013) (see 1.3.5).
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Figure 1.6 The evolution of eukaryotic DNA methylation

A phylogenetic tree illustrating the evolution of eukaryotic DNA methyltransferases and the associated
profiles of DNA methylation. Representative species are shown from the animal, fungi and plant kingdoms.
Circles with 1, 3, CMT, DIM and C/D represent DNMT1, DNMT3, CMT, Dim-2 and CMT/Dim-2 respectively.
A white cross represents loss of the gene family in a given lineage. Green and red lines represent the
presence of gene body and transposable element methylation in these species respectively. A scale bar
indicates the when branch-points are estimate to have occurred during evolution. Adapted from (Zemach
and Zilberman, 2010).

1.4.4 Vertebrates
At the evolutionary transition from invertebrates to vertebrates, DNA methylation profiles change
drastically, with cytosine methylation becoming highly pervasive throughout the genome. This is
proposed to have occurred early during vertebrate evolution as the early vertebrates lamprey and
hagfish exhibit vertebrate-like DNA methylation characteristics (Tweedie et al.,, 1997). The
emergence of pervasive DNA methylation may have been beneficial due to an enhanced innate
immunity through the capacity to differentiate self from CpG-rich non-methylated bacterial

pathogen DNA (Bird, 1995; Suzuki and Bird, 2008). In humans around 70-80 % of CpG cytosines are
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methylated (Ehrlich et al., 1982) with both gene bodies and repetitive elements being subject to high

levels of DNA methylation (Figure 1.5B).

1.5 Non-methylated DNA in vertebrate genomes
1.5.1 Experimental identification of short non-methylated regions of DNA
Counteracting the pervasive DNA methylation across vertebrate genomes are contiguous regions of
non-methylated DNA. First identified as a fraction of the mouse genome susceptible to digestion by
the methyl-CpG sensitive restriction enzyme Hpall, these regions were named Hpall tiny fragments
(HTFs). DNA sequencing later revealed that, in addition to exhibiting an elevated GC content, these
short released fragments contained clustered CpG sites (Bird et al., 1985; Bird, 1987; Cooper et al.,
1983) and were therefore renamed CpG islands (CGls) (Bird, 1987; Gardiner-Garden and Frommer,
1987). The tight association with gene promoters suggested that CGls may be involved in regulating

gene expression (Antequera and Bird, 1993).

1.5.2 Predicting CpG island location using computational algorithms
Due to the unique nucleotide properties of CGls, algorithms were developed to identify genomic
regions which exhibit CGl-like properties. The first CGl prediction algorithm was proposed by
Gardiner-Garden and Frommer and uses a sliding window approach to identify contiguous regions of
DNA (greater than 200 bp in length) which exhibit a CpG observed/expected ratio greater than 0.6
based on sequence composition, and a GC content above 50 % (Gardiner-Garden and Frommer,
1987). The original CGl prediction algorithm exhibited a relatively high false discovery rate
(ingworth et al., 2008), mainly in repetitive sequences, which was improved by increasing the
length requirement of the prediction algorithm (Takai and Jones, 2002). Many computational
methods are now available for the identification of CGIs (Chuang et al., 2012; Hackenberg et al.,
2006; Wang and Leung, 2004). However, it is important to bear in mind that all prediction
approaches decouple the two features of CGls, their nucleotide properties and tendency to be non-

methylated.
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1.5.3 Depletion of methylated cytosines over evolutionary time
In vertebrates, CpG dinucleotides occur at only 20-25% of the expected frequency (Josse et al., 1961;
Lander et al., 2001; Swartz et al., 1962). Depletion of CpGs has been attributed to the tendency of
methylated cytosine to spontaneously deaminate to thymine (Coulondre et al., 1978) (Figure 1.1B).
Deamination of cytosine to uracil is efficiently recognised and corrected by uracil glycosylases, as
uracil is an unnatural base in DNA (Visnes et al., 2009). However, deamination of 5mC yields thymine
(Shen et al., 1994) and the resultant thymine-guanine (T-G) mismatch base-pair is recognised and
removed in an error-prone mechanism involving methyl-CpG binding protein 4 (MBD4) or a thymine
DNA glycosylase (TDG) (Cortazar et al., 2007; Hendrich et al., 1999; Waters and Swann, 2000). An
increased deamination rate of 5mC compared to unmodified cytosine has also been reported (Shen
et al., 1994). Therefore, increased deamination of 5mC and inefficient repair of T-G mismatches both
likely contribute to the hypermutability of methylated cytosines. Importantly, if a deamination event
is not repaired in the germline it will be inherited by subsequent generations and contribute to
genomic CpG depletion. The enhanced mutability of 5mC is apparent in mammalian genomes due to
a positive correlation between the level of CpG methylation and the extent of TpG and CpA elevation
(Bird, 1980; Sved and Bird, 1990). In somatic cells CpG to CpA/TpG mutations are also implicated in

human disorders (Barker et al., 1984; Cooper et al., 2010).

Intriguingly, the rarity of CpG dinucleotides genome-wide appears to be a consequence of the fact
that they are subject to methylation. This CpG-depletion is not uniform throughout vertebrate
genome and ‘protected’ non-methylated CpGs cluster at CGls presumably due to either a shared
function or a shared protection at these regions. It is this genome-wide depletion of CpGs and the
local protection at CGls which allows these elements to be predicted computationally. Interestingly,
it appears that the raised GC content observed at CGls cannot be explained by CpG density alone.
Contributions from biased DNA repair pathways and the association with replication origins are

postulated to have led to the raised GC content at CGls (Antequera and Bird, 1999).
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Figure 1.7 Mechanisms proposed to maintain CpG islands free of DNA methylation

Schematic diagrams of mechanisms proposed to specify or protect regions of non-methylated DNA.

1.5.3.2 What maintains the high CpG density at CGls?

Given the tendency of deamination mediated mutagenesis to convert 5mC to T it would be expected
that, given enough time, the genome would become completely depleted of CpGs. In fact, it was
estimated that it would take 25 million years for CpG density to reduce to the current levels in
vertebrates from an undepleted ancestor, a much shorter timescale than vertebrate evolution
(around 416 million years) (Ponting, 2008) (Bird et al., 1987; Sved and Bird, 1990). Since complete
CpG depletion has not occurred, it appears that a balance has been reached between the rapid rate
of CpG loss and the rate of CpG creation by mutation (Antequera, 2003; Sved and Bird, 1990).
Therefore CpG dinucleotides at CGls must be maintained by some selective pressure or property of
these regions. One possibility is that loss of CpGs may be opposed by natural selection at sites where

a given cytosine residue is important for protein-coding requirements (for example, an arginine
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codon CGX), or is found in a transcription factor binding site. Alternatively, CGls may remain non-
methylated in the germline, which protects these regions from the increased CpG depletion rates
experienced by methylated cytosines, and prevents inheritance of CGIl erosion by the next

generation (Tykocinski and Max, 1984).

1.5.3.3 Maintaining CpG islands free of DNA methylation

A number of mechanisms have been proposed for the maintenance of non-methylated DNA at CGls
in the germline, and in somatic cells. For example, global transcription may occur at CGl genes during
a critical time during gametogenesis when global methylation patterns are being established (Singh
et al., 2013), and this may protect CGls from DNA methylation (Figure 1.7A). Furthermore, CGls have
been proposed to act as origins of replication, which may also protect them from de novo DNA
methylation (Antequera and Bird, 1999) (Figure 1.7B). The nucleotide content of CGls may also play
an important role in protection from DNA methylation (Figure 1.7C). For example, strand asymmetry
of cytosine and guanine content at CGI promoters has been linked to the formation of R-loops,
RNA:DNA hybrids formed from transcription through a region of GC skew (Ginno et al., 2012) (Figure
1.7D). These structures may form when CGI genes are transcribed and have been proposed to
protect DNA from de novo methylation (Ginno et al., 2012) perhaps because RNA:DNA hybrids
present a poor substrate for the DNMT enzymes (Ross et al., 2010). Furthermore, due to their CpG-
rich nature, CGls provide a large number of binding sites for non-methyl CpG binding proteins, and
protein binding may act to sterically block access of DNMTs to DNA (Antequera, 2003; Cuadrado et
al., 2001) (Figure 1.7E). Similarly, binding of transcription factors to DNA may also block access of
DNMTSs to CpG sites to protect DNA from DNA methylation (Hsieh, 1994) (Figure 1.7F). The proposed
DNA demethylase enzymes TET1 and TET3 encode putative non-methylated DNA-binding domains
and so may be directly recruited to remove aberrant methylation (Williams et al., 2011; Wu et al.,
2011b; Xu et al.,, 2011b) or may be recruited indirectly by interaction with transcription factors

(Figure 1.7E-F). Recent evidence also suggests that chromatin structure and histone modifications

20



(such as H3K4me3) may also act to prevent de novo methylation of CGls (Figure 1.7G) and will be
discussed in sections 1.8 and 1.10. A recent study revealed a novel mechanism for regulating
genomic DNA methylation whereby an extra-coding RNA transcribed from the human CEBPA gene is
proposed to interact with DNMT1 and block maintenance DNA methylation across the transcribed
gene locus (Di Ruscio et al.,, 2013) Figure 1.7H). Together, there are a number of mechanisms
proposed to counteract DNA methylation which may therefore act to specify regions of non-

methylated DNA.

1.5.4 Segregation of vertebrate gene promoters based on CpG content
Vertebrate gene promoters can be distinguished based on CpG density, ranging from high to low
CpG content. This measure is likely reflective of the time the promoter spends in the methylated
state in the germline (Saxonov et al.,, 2006). Interestingly, analysis of all mammalian promoters
revealed a bimodality of promoter CpG density, in keeping with the idea that a promoter either
exists in a methylated (non-CGl) or non-methylated (CGl) state (Saxonov et al., 2006). More recently,
a third class of promoters with intermediate CpG content has been described (Weber et al., 2007). In
comparison to those with high or low CpG content, intermediate CpG promoters are subject to a
greater degree of differential methylation in somatic cells, and acquisition of DNA methylation is
associated with transcriptional silencing (Weber et al.,, 2007). Furthermore, deep bisulfite
sequencing in mouse ES cells has detected regions of the genome which exhibit low levels of
methylation (10-50%) and again tend to be CpG poor (Stadler et al., 2011). These regions are distal
to gene promoters, appear to encompass transcription factor binding sites and are subject to

differential methylation (Stadler et al., 2011).

Unsurprisingly, promoter bimodality is not detected in the invertebrate Drosophila (which has little
or no DNA methylation), or the sea squirt (which has mosaic DNA methylation away from gene
promoters) (Aerts et al., 2004; Elango and Yi, 2008; Sharif et al., 2010). Interestingly, promoter

bimodality for fish and other cold-blooded vertebrates species is less clear than for mammals (Aerts
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et al.,, 2004; Elango and Yi, 2008; Sharif et al., 2010), suggesting that cold-blooded vertebrate
promoters may not segregate into high and low CpG classes in the same manner as warm-blooded

species.

1.6 Developmental systems for studying DNA methylation
1.6.1 Mouse
The study of the DNA methylation system in mouse has provided considerable insight into the
importance of DNA methylation during development and in disease. Mouse knockout models
provide insight into the functionality of the DNA methylation machinery and readers of the DNA
methylation state. Profiling genomic DNA methylation during early development has also revealed
carefully orchestrated changes in DNA methylation patterning which are essential for

reprogramming, establishment of imprinting and dosage compensation.

1.6.1.1 DNA methylation is essential for embryonic and germ-line development

Mouse models have been instrumental in addressing the biological importance of DNA methylation
during development (Goll and Bestor, 2005). Knockout of DNMT1 causes a dramatic reduction of
DNA methylation levels to around 5% of wild-type levels (Lei et al., 1996), with biallelic expression
observed for normally imprinted genes (Li et al., 1993) and aberrant silencing of both X
chromosomes in female cells due to derepression of both Xist alleles (Panning and Jaenisch, 1996).
DNMT1 knockout mice die between 9.5-11 days post coitum (dpc) suggesting that DNA methylation

is essential for embryonic development (Lei et al., 1996; Li et al., 1992).

DNMT3A and DNMT3B are highly expressed at around the blastocyst stage and during mouse germ
cell development, coincident with the times when novel DNA methylation patterns are being
deposited genome-wide (Li, 2002). The two enzymes appear to have separable functions during
development, and DNMT3B has a more dominant role in de novo methylation during mouse
embryonic development (Borgel et al., 2010; La Salle and Trasler, 2006; Lucifero et al., 2007) while

DNMT3A is important for setting up DNA methylation patterns in germ cells (Kaneda et al., 2004).
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This distinction may be reflected in the mutant mouse phenotypes as DNMT3B knockout mice die at
9.5 dpc with demethylation of minor satellite repeats while mice mutant for DNMT3A die at 4 weeks
post birth (Okano et al., 1999). Conditional knockout of DNMT3A in germ cells caused embryonic
lethality when inherited only from the mother, indicative of maternal effects and defective

imprinting in the germline (Kaneda et al., 2004).

DNMTS3L is expressed specifically in germ cells (Aapola et al., 2000) and is essential for establishing
maternal imprints in oocytes and at dispersed repeated sequences in the developing sperm and
consequently, despite being viable, both male and female DNMTL homozygous null mice are sterile
(Bourc'his et al., 2001). Heterozygous offspring of DNMT3L homozygous females die at around 9 dpc
due to imprinting defects (Bourc'his and Bestor, 2004; Bourc'his et al., 2001). The similarity between
the DNMT3L and DNMT3A conditional phenotypes appear to reflect a shared role in the
establishment of maternal imprints (Chedin et al., 2002; Kaneda et al., 2004). Together, genetic
ablation of DNA methyltransferase enzymes has revealed that correct DNA methylation patterns are
essential during development for establishment of monoallelic gene expression, germline

development and viability.

1.6.1.2 Early developmental changes in DNA methylation
Despite the seemingly stable inheritance of DNA methylation between somatic cells, DNA
methylation is highly dynamic at the genome-scale during early development (Bogdanovic and
Veenstra, 2009; Reik et al., 2001). In mammals, two waves of demethylation followed by the
reacquisition of DNA methylation patterns occur during development. The first wave occurs during
gametogenesis when parent-specific imprinting marks are reset. The second wave initiates following
fertilisation, when the paternal genome undergoes a selective, rapid loss of DNA methylation prior
to the onset of replication (Figure 1.8A). The oocyte genome, which is hypomethylated compared to
sperm (Shirane et al., 2013; Smallwood et al., 2011), avoids this early wave of demethylation (Mayer
et al., 2000; Oswald et al., 2000; Santos et al., 2002). The early window of paternal-specific

demethylation is followed by continued replication-dependent demethylation of both the maternal
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and paternal genomes, which reach a DNA methylation minimum by the blastocyst stage, 4 days
after fertilisation (Santos et al., 2002). Interestingly, intracisternal A particle (IAP) repeats, other
retroelements and imprinted loci are largely resistant to DNA demethylation (Howlett and Reik,

1991; Kim et al., 2004; Lane et al., 2003; Smith et al., 2012) (Figure 1.8A).

Concomitant with the loss of 5mC in the male pronucleus, 5hmC has been observed to accumulate,
suggesting a mechanism for active loss of DNA methylation through enzymatic oxidation of 5mC to
5hmC by the TET enzymes (specifically TET3) (Inoue and Zhang, 2011; Wossidlo et al., 2011). This
mechanism appears to be supported by the finding that DNA methylation in the maternal
pronucleus is protected from enzymatic conversion by the nucleation of PGC7/Stella specifically on
the maternal genome (Nakamura et al., 2012; Wossidlo et al., 2011). Furthermore, TET3-null mice
exhibit maternal dominant lethality (Gu et al., 2011). 5hmC on the paternal chromosome is proposed
to be diluted during early divisions (Inoue and Zhang, 2011), suggesting that the majority of
demethylation occurs through replicative loss (Igbal et al., 2011; Wossidlo et al., 2011), although
base-excision repair has also been implicated (Hajkova et al., 2010; Wossidlo et al., 2010). During
very early embryonic divisions, an oocyte-specific degradation-resistant DNMT1 (DNMT10) is
excluded from the nucleus (Doherty et al., 2002; Howell et al., 2001; Ratnam et al., 2002), perhaps
accounting for the passive demethylation in the mouse embryo observed during early cell cleavages.
Low levels of a somatic DNMT1 isoform (DNMT1s) are detected in the early embryo (Cirio et al.,
2008; Kurihara et al., 2008), and may be involved in the maintenance methylation of imprinted loci

(Borowczyk et al., 2009).

De novo DNA methylation occurs at around the time of blastocyst implantation and occurs in
embryonic cells, while DNA methylation levels remain relatively low in extraembryonic tissues
(Figure 1.8A) (Dean et al., 2001). Methylation of CGls is rare, however a small fraction of CGls are
methylated, including those associated with pluripotency genes and the germline expression
programme (Borgel et al., 2010; Farthing et al., 2008; Meissner et al., 2008; Mohn et al., 2008;

Weber et al.,, 2007). DNA methylation is also observed at developmental genes, suggesting that
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acquisition of DNA methylation is associated with loss of pluripotency and maintenance of cellular

identity (Borgel et al., 2010).
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Figure 1.8 DNA methylation changes during mouse and zebrafish development

(A) As primordial germ cells (PGCs) proliferate and migrate towards the genital ridge in the mouse embryo
from E7.5, global DNA methylation patterns are erased (imprints erasure). New methylation patterns are
then established in germ-cell precursors, in prospermatogonia this occurs before meiosis and is
completed before birth (blue line), whereas in the female germline primary oocytes enter meiosis and
arrest in prophase I and DNA methylation patterns are only reestablished after birth during the growth
phase. Oocytes are globally hypomethylated compared to sperm. Following fertilisation, a second wave of
demethylation occurs, first methylation patterns are rapidly erased from the paternal genome by an active
mechanism (blue line) while demethylation of the maternal genome occurs much more slowly and
passively, dependent on DNA replication (pink line). Importantly, these demethylation events in the zygote
do not include imprinted differentially methylated regions (DMRs) (blue and pink dashed lines), leading to
parent-of-origin specific allelic methylation of these loci in early embryos and consequently leads to
parental-specific expression of the associated imprinted gene. At blastocyst implantation, DNA
methylation landscapes are re-established, concomitant with cell-lineage determination and cellular
differentiation. Figure adapted from (Smallwood and Kelsey, 2012). (B) Average DNA methylation levels
calculated for zebrafish gametes and different stages during development, including 16 cell, 32 cell, 64,
cell 128 cell, 1000 cell (mid-blastula transition; MBT) and germ ring (gastrulation) stage. Zygotic
methylation level is the mean of the methylation level of sperm and oocyte. DNA methylation levels are
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shown as the percentage of methylated cytosine from all CpG contexts. The 16 cell embryo appears to
have intermediate methylation status between the male and female gametes, DNA methylation levels then
increase up to MBT when the maternal genome DNA methylation patterns are proposed to resemble that
of the paternal genome in sperm (Jiang et al., 2013; Potok et al, 2013). Genome equivalence of DNA
methylation patterns on the maternal and paternal chromosomes at MBT is proposed to create a
totipotent chromatin state (Potok et al., 2013). DNA methylation changes continue to occur following MBT.
Figure adapted from (Jiang et al.,, 2013).

1.6.1.3 Imprinting
Genomic imprinting is an epigenetic process by which a subset of genes is expressed in a parent-of-
origin specific manner. Differential DNA methylation at imprinting control regions (ICRs), observed
across a number of mammalian species, has been implicated in controlling the expression of
clustered imprinted genes (Wood and Oakey, 2006). These ICRs generally fall into two categories,
those which function as insulator elements and those which function as a promoter element for a
regulatory non-coding RNA (lderaabdullah et al., 2008). Genomic imprinting has therefore become a

paradigm for studying the impact of DNA methylation on gene regulation (Ferguson-Smith, 2011).

Studies in the mouse have revealed a number of fundamental features of genomic imprinting.
Imprints have been shown to be established during gametogenesis when DNA methylation patterns
are initially completely erased and then replaced in a sex-specific manner at ICRs (Figure 1.8A). Many
imprinted genes play important roles during fetal development and growth, and therefore accurate
genomic imprinting is essential for normal mammalian development (Abramowitz and Bartolomei,
2012; Ferguson-Smith, 2011). Interestingly, a number of imprinted genes have also been implicated
in post-natal processes, such as regulation of behaviour and metabolism (Charalambous et al., 2007,

Wilkinson et al., 2007).

A well-studied example of genomic imprinting is the insulin-like growth factor gene (/gf2), which is
expressed solely from the paternally inherited allele while the maternal allele is repressed (DeChiara
et al., 1991; Ferguson-Smith et al., 1991). Conversely, the H19 non-coding RNA gene, which lies 90
kb downstream of Igf2, is expressed only from the maternally-inherited chromosome (Bartolomei et
al.,, 1991). The paternally methylated ICR at the H19-DMR (differentially methylated region) is

required for normal imprinting of H19 and the linked, but reciprocally imprinted, /gf2 gene (Figure
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1.9). The ICR element is bound by CTCF (CCCTC-binding factor) when non-methylated (maternal
allele), and this binding prevents access of downstream enhancers to the Igf2 gene rendering it
silent. On the paternal chromosome, the enhancer region is free to preferentially interact with the
Igf2 promoter, while the H19 promoter is repressed and gains DNA methylation. This paradigm
appears widely applicable to other imprinted loci, as the establishment of germline-derived DMRs is
consistently observed at imprinted loci, although how these lead to mono-allelic gene expression is

different at each locus.
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Figure 1.9 Imprinting at the Igf2/H19locus

Example of an imprinted loci where the H19 gene is expressed only from the maternal chromosome and
the Igf2 gene is expressed only from the paternal chromosome (Reik and Murrell, 2000). The two genes
share an enhancer which is downstream of the H19 gene and the interaction of this enhancer with the Igf2
and H19 promoters is controlled by an imprinting-control region (ICR) upstream of HI19. The ICR acts as a
boundary element, and is bound by CTCF when non-methylated (open circles) on the maternal allele,
which prevents interaction with and activation of the Igf2 promoter but allows activation of the H19 gene.
The ICR is methylated (filled circles) on the paternal chromosome, which prevents binding of CTCF and
allows the enhancer to interact with the Igf2 promoter, while the H19 promoter becomes methylated and
silenced. Differentially methylated regions (DMRs) are also found at the /gf2 locus (Abramowitz and
Bartolomei, 2012).

1.6.1.4 X inactivation
X chromosome inactivation (XCl) provides a second paradigm for understanding the role of DNA
methylation in the epigenetic regulation of monoallelic gene expression. In mammalian species,
males contain only one X chromosome, while females contain two, therefore in order to balance the
expression of genes from the X chromosome between males and females one of the two female X
chromosomes is randomly silenced during early development. Dosage compensation in mammals is
mediated via the process of X inactivation in female mammals whereby one X chromosomes is

inactivated by successive silencing mechanisms to form a compacted and silent X chromosome.
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Most of the current knowledge about X chromosome inactivation has come from work in mice which
initially undergo imprinted XClI during early embryonic divisions (of the paternal X chromosome).
This imprinted silencing is reversed in the inner cell mass of the mouse embryo following which an X
chromosome is silenced at random (Okamoto et al., 2004). Both forms of silencing appear to involve
the monoallelic expression of the non-coding RNA Xist from the future inactive X chromosome (Xi),
which regulates the onset of gene silencing, chromosome remodelling and recruitment of chromatin
modifying complexes (Chow and Heard, 2009). DNA methylation occurs on the randomly inactivated
X chromosome but not on the paternal imprinted Xi, which may potentially explain why the inactive
state of the imprinted paternal Xi can be easily reversed in the inner cell mass prior to random X
inactivation (Okamoto et al., 2004). Acquisition of DNA methylation occurs relatively late in random
XCl, with CGls on the inactive X becoming hypermethylated while gene-poor regions in fact exhibit
lower levels of DNA methylation compared to the active X chromosome (Weber et al., 2005). De
novo DNA methylation appears dispensable for XCI (Sado et al., 2004), suggesting that DNA
methylation may act to maintain silencing of genes which have already been repressed by other
chromatin-based processes (Jones, 2012; Lock et al., 1987). Skewing of XCl is rare, but is observed
frequently in females with X-linked mutations (Muers et al., 2007), for example in ATR-X syndrome

discussed in section 1.10.1.2.

1.6.2 Zebrafish
The zebrafish is an emerging model for the study of DNA methylation and encodes clear functional
orthologues to mammalian DNMTs (Campos et al., 2012; Hendrich and Tweedie, 2003; Rai et al.,
2008; Rai et al.,, 2010; Rai et al., 2006; Smith et al., 2011). (For a discussion of early zebrafish
development, see Appendix 1.1 - Appendix 1.5). Unlike mammals, the zebrafish genome does not
appear to undergo global demethylation following fertilisation (Macleod et al., 1999), suggesting this
is not an essential process for vertebrate development. Zebrafish may not require global DNA
methylation erasure as two processes associated with DNA methylation in mouse, imprinting and X

chromosome inactivation, have not been reported in zebrafish. Similar to zebrafish, DNA
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methylation levels appear to remain high and unchanging during Xenopus development (Veenstra
and Wolffe, 2001), although some locus-specific changes have been reported at developmentally

regulated promoters (Stancheva et al., 2002).

Although less dramatic than in the mouse, careful profiling of DNA methylation during zebrafish
embryogenesis has revealed that DNA methylation changes occur during early development (Jiang et
al., 2013; Potok et al., 2013). The zebrafish oocyte genome was observed to be hypomethylated in
comparison to sperm, although this was not as striking as hypomethylation levels reported for
mouse oocytes (Jiang et al., 2013; Shirane et al., 2013; Smith et al., 2012). Upon fertilisation, global
methylation levels in the zebrafish zygote were observed shift to an intermediate methylation level
and increase gradually to the mid-blastula transition (MBT, Appendix 1.4). Comparison of DNA
methylation at 22 differentially methylated regions (DMRs) adjacent to SNPs revealed that in all
cases the gametic methylation state was retained in the 16 cell stage embryo. However, by MBT the
methylation state of the maternal locus matched that of the paternal genome (Jiang et al., 2013). It
has been suggested that global DNA methylation changes may be required in zebrafish to attain a
totipotent chromatin state at the time of zygotic genome activation (Appendix 1.4), and that
maternal and paternal methylome equivalence may be required to induce the onset of zygotic

transcription at MBT (Potok et al., 2013).

1.7 Interpretation of DNA methylation
1.7.1 Targeting DNA methylation
DNA methylation is thought to be targeted to regions of the genome by three main mechanisms.
Firstly, de novo methyltransferases may be recruited by specific transcription factors (Figure 1.10A),
secondly the DNMTs themselves may directly recognise DNA or chromatin modifications (Figure
1.10B) and finally RNA-based systems might target DNA methylation to target sequences (Figure
1.10C). For example, small RNAs known as Piwi-interacting RNAs (piRNAs) have been shown to

target DNA methylation to transposable elements in animal germ cells (Luteijn and Ketting, 2013),
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while RdDM in plants directs DNA methylation to transposons in an RNA-dependent manner
(Matzke et al., 2009). The maintenance DNMT, DNMT1, can be recruited to replication forks in a
UHRF1-dependent manner (Bostick et al., 2007; Nishiyama et al., 2013; Sharif et al., 2007) (see

1.3.3).
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Figure 1.10 Mechanisms by which DNA methyltransferases are targeted to DNA

Schematic diagrams illustrating targeting of DNA methylation. (A) DNA methyltransferase (DNMT)
enzymes can be targeted to DNA by interaction with transcription factors (TFs). (B) DNMTs can be
recruited to chromatin through direct binding of histone tails (right, H3K9me3 or H3K4meO0) or interaction
with HP1 which binds H3K9me3 (left). (C) Small RNA-based pathways can also recruit DNMTs to DNA. (D)
The maintenance DNMT, DNMTL, can be recruited to DNA replication forks by UHRFL.

Acquisition of DNA methylation can impact genome function by two main mechanisms (Klose and
Bird, 2006). Firstly, DNA methylation can direct transcriptional repression by blocking the binding of
transcription factors which can inhibit gene activation (Comb and Goodman, 1990; Kim et al., 2003;
Mancini et al., 1999; Watt and Molloy, 1988). Secondly, proteins which recognise methyl-CpGs can
recruit co-repressor complexes which modify and remodel the local chromatin landscape to silence
transcription (Boyes and Bird, 1991; Hendrich and Bird, 1998; Jones et al., 1998; Nan et al., 1998).

This second mechanism will be discussed in more detail below.
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1.7.2 Interpretation of DNA methylation by a family of MBD-domain containing

proteins
Methyl-CpG binding proteins are able to bind to methylated DNA and therefore interpret and
determine the readout of DNA methylation, which is an otherwise inert modification (Antequera et
al., 1989; Hendrich and Bird, 1998; Meehan et al., 1989). MeCP2 (methyl CpG binding protein 2) was
the first methyl binding protein to be identified (Lewis et al., 1992; Meehan et al.,, 1989) and
homology searches using the methyl-CpG binding domain (MBD) from MeCP2 (Nan et al., 1993)
identified four gene homologues MBD1-4 (Hendrich and Bird, 1998) (Figure 1.11). The MBD domain
has since been shown to interact with methylated CpG DNA via insertion of a loop from the MBD
domain into the major groove of DNA. Specific recognition of the cytosine methyl group is
dependent on a hydrophobic patch of the MBD domain (Ho et al., 2008; Ohki et al., 2001), and two
arginine residues which form hydrogen bonds with the guanine bases and stack with the methyl-
cytosines in a stair motif conformation (Zou et al., 2012). The MBD domains of MBD1, MBD2, MBD4
and MeCP2 have recently been shown to confer 5mC-binding in vivo (Baubec et al., 2013). However,
human and mouse (Hendrich and Bird, 1998), but not Xenopus (Wade et al., 1999), MBD3 proteins
have lost the capacity to bind methylated DNA due to a point mutation in the MBD domain (Figure

1.11).

Based on protein interaction studies, the MBD-containing proteins are proposed to recruit
chromatin remodellers and modifying enzymes to methylated DNA to mediate transcriptional
repression (Nan et al., 1998; Ng and Adrian, 1999). MeCP2 acts as a transcriptional repressor to
silence methylated promoters via a number of interaction partners (Jones et al.,, 1998; Nan et al.,
1997). Association with TFIIB interrupts the initiation stages of transcription (Kaludov and Wolffe,
2000) while incorporation into the SIN3A co-repressor complex mediates gene repression in a
histone deacetylase (HDAC) dependent manner (Jones et al., 1998; Nan et al., 1998; Silverstein and
Ekwall, 2005). Recently the pathological mutation in MeCP2 that leads to the human disease Rett

syndrome was shown to disrupt the interaction of MeCP2 with the NCoR corepressor complex (see
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1.10.2.3) (Lyst et al., 2013). MBD1 associates with the SUV39H1-HP1 chromatin modifying complex
to mediate transcriptional repression at methylated regions of the genome (Fujita et al., 2003).
MBD2 and 3 are gene paralogues which both associate with the Mi-2/NuRD complex, which contains
both nucleosome remodelling and HDAC activities (Zhang et al., 1999), to confer DNA methylation-
mediated transcriptional repression. MBD4 can also silence transcription through interaction with
SIN3A and HDAC1 (Kondo et al., 2005) and has been implicated in targeting repair of sites of cytosine
deamination (Hendrich et al., 1999) and active demethylation in zebrafish (Rai et al., 2008). The MBD
proteins appear to have partial redundancy in function (Martin Caballero et al., 2009) which may be
reflected in the mild developmental defects observed for MBD1, 2, 4 and MeCP2 knockdown (Table

1.1).
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Figure 1.11 Methyl-CpG binding proteins

A schematic of methyl-CpG binding proteins adapted from (Bogdanovic and Veenstra, 2009). Number of
amino acid residues are indicated (left), taken from (Fatemi and Wade, 2006) and NCBL Where multiple
isoforms are known, a range or two lengths are indicated. A legend for the illustrated domains is shown
below the schematics, and an asterisk (*) indicates that the domain is non-functional. Methyl-CpG binding
domain, MBD; transcriptional repression domain, TRD; glycine and arginine rich region, GR. The proteins
are shown with the N-terminus on the left and are centred on the methyl-CpG binding domain.
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Table 1.1 Phenotypes of methyl-CpG binding protein knockout mice

Gene Methyl-CpG Phenotype Reference
binding domain
MeCP2 MBD At 3-8 weeks of age, mice develop an uncoordinated (Chen et al., 2001;

stiff gait and a loss of spontaneous movement. Death | Guy et al., 2001)
normally occurred by 54 days after birth.

Mbd1 MBD Viable, healthy and fertile but exhibits a mild (zhao et al., 2003)
neurological phenotype. Adult neuronal stem cells
display a reduced capacity to differentiate.

Mbd2 MBD Viable, healthy and fertile but exhibit defects in (Hendrich et al.,
maternal behaviour. 2001)
Mbd3 MBD — lost Embryonic lethal, likely due to disruption of the (Hendrich et al.,
binding specificity | NuRD co-repressor complex. 2001)
Mbd4 MBD Viable, healthy and fertile but show a three-fold (Millar et al., 2002;
increase in CpG to TpG mutations. Wong et al., 2002)
Kaiso Zinc finger No apparent abnormalities. (Prokhortchouk et al.,
2006)

1.7.3 A second family of methyl-CpG binding proteins
A second family of proteins, including KAISO, are able to bind methylated DNA via an MBD-
independent mechanism involving a zinc finger domain which has a binding site preference of CGCG
(Prokhortchouk et al., 2001). KAISO also exhibits a transcriptional repressor activity which is
mediated via the N-terminal POZ/BTB domain and interaction with the NCoR complex
(Prokhortchouk et al., 2001; Yoon et al., 2003). Knockdown of Kaiso in Xenopus leads to a premature
activation of a subset of genes prior to MBT, a phenocopy of Dnmt1 depletion, suggesting that Kaiso
may act to repress methylated genes during Xenopus early development (Ruzov et al.,, 2004;
Stancheva and Meehan, 2000). Kaiso has two close paralogues in mammals, ZBTB4 and ZBTB38
(Sasai et al., 2010). Similar to Kaiso, these two paralogues can bind to methylated DNA, but can also
bind to non-methylated CpG DNA within a specific sequence consensus (Filion et al., 2006; Sasai et

al., 2010).

Recently another zinc finger transcription factor, ZFP57, was also shown to bind methylated DNA in a
sequence-specific manner (Quenneville et al.,, 2011). ZFP57 encodes five putative Cys2His2 zinc
fingers and the adjacent zinc fingers ZF2 and ZF3 are able to recognise methylated CpG DNA in the

sequence context TGCCGC (Quenneville et al., 2011), with reduced binding affinity for other oxidised
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derivatives of 5mC or unmethylated cytosine (Liu et al., 2012). The ZF2 and ZF3 zinc fingers in Zfp57
interrogate the first (TGC) and second half (CGC) of the motif respectively (Liu et al., 2012). The 5’
5mC in the central CpG dinucleotide is coordinated by a layer of ordered water molecules while the
3’ 5mC makes contacts with Argl78 from ZFP57. Zfp57 plays an important role in maintaining both
maternal and paternal genomic imprinting and loss of maternal and zygotic function of Zfp57 leads

to embryonic lethality (Li et al., 2008).

1.8 Links between DNA methylation, histone modifications, nucleosome remodelling

and their impact on gene expression
The interplay between histone modifications and DNA methylation is now becoming apparent. It is
clear that the DNA methylation state can impact the modification of nearby histone tails, while

histone modifications can also influence the placement of DNA methylation.

1.8.1 Modification of histone lysine residues
1.8.1.1 Histone lysine acetylation

Acetylation of histone lysine residues (Figure 1.12B-C) can directly influence chromatin structure by
reducing the affinity of histones for DNA via neutralisation of the basic charge of lysine residues
(Krajewski, 2000; Tse et al., 1998). Furthermore, lysine acetylation can recruit bromodomain-
containing coactivators to chromatin (Yang, 2004) and in some cases can antagonise placement of
repressive methylation marks, such as those placed at lysine-9 (K9) and K27 on the histone H3 tail
(Figure 1.12C) (Pasini et al., 2010; Yang, 2004). Histone acetylation is therefore associated with
active, transcribed chromatin (Kouzarides, 2007). Heterochromatic regions exhibit low levels of
histone acetylation, mediated in part by methyl-CpG binding proteins recruiting histone deacetylase
activity (HDAC) to regions of DNA which are methylated (Jones et al., 1998; Nan et al., 1998) (see
section 1.7.2). During gene repression, histone deacetylation can also be followed by acquisition of
DNA methylation, revealing a further potential mechanistic link between histone acetylation and

DNA methylation (Cedar and Bergman, 2009; Epsztejn-Litman et al., 2008; Feldman et al., 2006b).
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Figure 1.12 Histone lysine methylation and acetylation

Histones are subject to post-translational modification, including methylation and acetylation. (A) Lysine
residues can be (i) mono-, (i) di- or (iii) tri-methylated, with lysine methyltransferase enzymes (KMTs)
placing the methylation marks and lysine demethylase enzymes (KDMs) removing them. (B) Lysine
residues can also be acetylated, catalysed by histone acetyltransferases (HATS) and removed by histone
deacetylases (HDACs). (C) The histone H3 tail is subject to a large number of post-translational
modifications, lysine methylation (me, blue) and lysine acetylation (ac, orange) are shown. Residues 1-36
of histone H3 are depicted. The KMT enzymes responsible for lysine methylation of mammalian histone
H3 are listed above the target lysine. Part (C) was adapted from (Margueron et al., 2005).

1.8.1.2 Histone lysine methylation
Many histone tail lysine residues are subject to methylation and, depending on the position on the
histone tail, these modifications can have a positive or negative impact on local transcription levels.
Most lysine methylation is placed by SET-domain containing histone lysine methyltransferase
enzymes (Martin and Zhang, 2005) and can occur in three modification states mono-, di- and tri-
methylation (Figure 1.12A). Only recently was the opposing histone lysine demethylase activity
identified, firstly for LSD1 (Shi et al., 2004) and a later for a distinct JmjC-domain containing class of
demethylases (Klose et al., 2006). Unlike acetylation, histone methylation does not directly impact
chromatin structure. However, many reader proteins have been identified which recognise specific

lysine methylation marks and impact chromatin structure, histone modification, DNA methylation
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and gene function (Cedar and Bergman, 2009; Kouzarides, 2007). A number of histone tail arginine
residues are also methylated, with three possible modes of methylation: monomethylated,
symmetrically dimethylated or asymmetrically dimethylated (Margueron et al.,, 2005). Histone
arginine methylation can impact transcription by blocking modification of adjacent residues on
histone tails, and through the recruitment of effector proteins (Di Lorenzo and Bedford, 2011), but

will not be discussed in further detail here.

1.8.2 DNA methylation and histone lysine methylation
1.8.2.1 DNA methylation and methylation of H3K9

G9a and GLP are two related methyltransferases which in mammals form a heteromeric complex
which is the primary enzyme for methylation of H3K9me1/2 in euchromatic regions of the genome
(Tachibana et al., 2002; Tachibana et al., 2005). The formation of long tracts of the H3K9me1/2
modification by G9a/GLP is linked with the silencing of associated genes and the formation of
facultative heterochromatin within regions of euchromatin (Tachibana et al., 2002; Tachibana et al.,
2005). Loss of G9a in mouse ES cells is associated with DNA hypomethylation (lkegami et al., 2007),
however G9a catalytic mutants, which cannot rescue H3K9 methylation, do not lead to global loss of
DNA methylation, suggesting that the G9a/GLP complex regulates H3K9 methylation and DNA
methylation independently (Tachibana et al., 2008). A number of further studies have linked G9a-
mediated H3K9 methylation with gene regulation and DNA methylation of imprinted genes (Nagano
et al., 2008; Wagschal et al., 2008; Xin et al., 2003), in de novo methylation and silencing of the OCT-
3/4 gene (Feldman et al., 2006a) and in coordinating the placement of H3K9 methylation and DNA

methylation during DNA replication (Estéve et al., 2006).

Tri-methylation of H3K9, placed by Suv39h1/2 (Rea et al., 2000) and Setdb1 (Schultz et al., 2002), is
found associated with repetitive DNA elements and regions of centromeric constitutive
heterochromatin (Martens et al., 2005; Rosenfeld et al., 2009). DNA methylation can facilitate the

post-translational modification of histone 3 lysine 9 (H3K9) through recruitment of methyl binding
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domain containing proteins (the MBD family, discussed in 1.7) which can recruit H3K9
methyltransferases to chromatin (Bogdanovic and Veenstra, 2009). For example, the association of
MBD1 with SETDB1 is necessary for the accurate maintenance of heterochromatic H3K9me3
methylation during replication (Fujita et al., 2003; Sarraf and Stancheva, 2004). Interestingly,
H3K9me3 has been reported at silenced genes in ES cells, suggesting that the tri-methylated state
may also play a role in regulating gene expression at facultative heterochromatic regions (Bilodeau

et al.,, 2009).

In turn, the targeting of the de novo methyltransferases DNMT3A/B is in some contexts dependent
on the presence of H3K9me3, first noted from studies in the filamentous fungi Neurospora crassa
(Tamaru and Selker, 2001). At pericentric heterochromatin in mammals, the catalytic activity of
SUV39H1/2 is required for the placement of H3K9me3 and the establishment of DNA methylation
(Lehnertz et al.,, 2003). The H3K9me3 modification is recognised by the chromodomain of
heterochromatin protein 1 (HP1) (Bannister et al., 2001; Jacobs et al., 2001; Lachner et al., 2001)
which can then recruit DNMTs to place DNA methylation (Lehnertz et al., 2003) (Figure 1.10B).
Furthermore, it appears that DNMT3A/B can interact directly, via their ADD domains, with the H3K9
histone methyltransferases SUV39H1 (Fuks et al., 2003) and SETDB1 (Li et al., 2006). It has also been
reported that the DNMT3A and ATRX ADD domains are also able to recognise H3K9me3 directly
(Dhayalan et al., 2011; Zhang et al., 2010b) (Figure 1.10C). H3K9me2/3 is also bound by UHRF1 via a
Tandem Tudor Domain (TTD) (Arita et al., 2012; Nady et al., 2011; Rothbart et al., 2012) as part of a
mechanism that targets maintenance DNA methylation to pericentric heterochromatin and
telomeres (Ebert et al.,, 2006; Ernst et al.,, 2011; Grewal and Elgin, 2007; Hawkins et al., 2010).
Together, H3K9me3 and DNA methylation appear to reinforce one another to maintain a repressive

chromatin environment at heterochromatic regions of the genome.
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1.8.2.2 DNA methylation and methylation of H3K36

Histone 3 lysine 36 trimethylation (H3K36me3) is placed co-transcriptionally throughout gene bodies
by SETD2 (Edmunds et al., 2008) which associates with the phosphorylated C-terminal domain of
RNAPII (Sun et al., 2005). The PWWP domain of DNMT3A/B is proposed to bind to H3K36me3
(Dhayalan et al.,, 2010) and indeed DNA methylation is reported to be higher at genes with
intermediate expression levels compared to lowly expressed genes (Zemach et al., 2010) (see section
1.8.3.2). Deletion of the DNMT3A/B PWWP domain reduced their ability to bind to and methylate
major repeats at pericentric heterochromatin (Chen et al., 2004; Ge et al., 2004), suggesting that
H3K36me3 may have a role in heterochromatic DNA methylation independent of its co-

transcriptional role (Chantalat et al., 2011).

1.8.2.3 DNA methylation and methylation of H3K4

The H3K4me3 modification and DNA methylation appear to be mutually exclusive across the
genome. DNMT3L has been shown to bind to unmodified H3K4 through its ADD domain (Ooi et al.,
2007). The presence of H3K4me3 at non-methylated regions of the genome may therefore help to
repel de novo methyltransferase activity. Genome-wide analyses have also concluded that regions
modified by H3K4me2 methylation are protected from CpG methylation (Okitsu and Hsieh, 2007;

Weber et al., 2007).

1.8.3 The impact of DNA methylation on gene expression
Although DNA methylation is generally associated with gene silencing, it has become clear that the
function of DNA methylation varies with genomic context and the relationship between DNA
methylation and gene expression is not as straight forward as once thought. The impact of DNA
methylation on gene promoters, gene bodies, regulatory elements and repetitive elements will be

discussed briefly.
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1.8.3.1 Gene promoters and enhancers

During development and differentiation, a small number of CGI promoters acquire DNA methylation
and this event is strongly correlated with gene silencing (Hashimshony et al., 2003; Kass et al., 1997,
Venolia and Gartler, 1983) likely due to inhibition of transcription factor binding and recruitment of
transcriptionally repressive MBD-containing complexes (Klose and Bird, 2006). Methylation of
enhancer elements has been shown to reduce their activity in vivo (Stadler et al.,, 2011) and in
reporter assays (Schmidl et al., 2009), suggesting that DNA methylation may be able to regulate the
activity of distal regulatory elements in a similar mechanism to gene promoters. In most cases DNA
methylation is unlikely to be the initiating mechanism for promoter silencing, as DNA methylation is
usually limited to genes which have already entered the repressed state (Jones, 2012). For example,
methylation of the Hprt gene on the inactive X chromosome occurs after initiation of the silenced
state, suggesting that DNA methylation acts to lock in a repressed state (Lock et al., 1987). This is
supported by the observation that CGI promoters already marked by polycomb repression have a
greater chance of being methylated in cancer cells suggesting that the silent state precedes DNA

methylation (Gal-Yam et al., 2008; Schlesinger et al., 2007).

1.8.3.2 Gene body methylation

In general, gene bodies exhibit low CpG density and are broadly methylated. However, in contrast to
DNA methylation at promoter CGls, gene body methylation does not necessary block gene
expression (Jones, 1999). ‘Orphan’ CGls have been identified in gene bodies (lllingworth et al., 2010)
and acquisition of DNA methylation at an intragenic CGl has been reported to cause a reduction in
gene expression, most likely by reducing gene expression from an alternative promoter within the
body of the gene (Deaton et al., 2011; Maunakea et al., 2010). In another study, methylation of an
intergenic CGl lead to increased gene expression, however here the CGlI methylation may silence an
antisense transcript which may oppose the expression of the gene (Straussman et al., 2009). More

generally, a correlation has recently been observed between gene transcription and levels of gene
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body methylation with the highest levels of DNA methylation observed at genes with intermediate
levels of expression (Ball et al., 2009; Cokus et al., 2008; Zemach et al., 2010). In summary, the
precise role of gene body DNA methylation in transcriptional regulation remains unclear and appears

to be highly context dependent.

1.8.3.3 Silencing repetitive regions of the genome

Repetitive regions of the genome are methylated in vertebrates, plants and fungi (Zemach, 2010).
DNA methylation induces silencing through the recruitment of methyl-CpG binding proteins (see
section 1.7.2) which recruit co-repressor complexes to remodel and compact chromatin and place
repressive histone modifications including H3K9me3 (Kondo et al.,, 2004; Martens et al., 2005).
However, it is not known whether DNA methylation is the default state or if it is actively targeted to
these regions. Interestingly, H3K9me3 appears to be able to target DNA methylation to repetitive
DNA (Tamaru et al., 2003), and is in fact essential for DNA methylation and generating silent
heterochromatic regions in N. crassa (Honda et al., 2012; Tamaru and Selker, 2001). Furthermore, a
hypomorphic DNMT1 mouse model, with globally reduced DNA methylation levels, exhibited
derepression of retroviral elements (Howard et al., 2007). Together, DNA methylation appears to

lock in transcriptional silencing at heterochromatic regions of the genome.

1.9 Interpretation of non-methylated DNA
1.9.1 A family of non-methylated cytosine binding proteins
Given that a family of methyl-CpG binding proteins exist, it seemed likely that non-methylated CpG
dinucleotides may also act as a protein binding site. Through a phage-based ligand screen, Skalnik
and colleagues identified the first non-methylated CpG binding protein (CGBP or CFP1) whose DNA
binding activity relied on a cysteine-rich zinc finger CxxC (ZF-CxxC) domain (Voo et al., 2000).
Bioinformatic analyses subsequently identified an extended family of ZF-CxxC domain-containing
proteins (Figure 1.13 and Table 1.2). All family members contain two cysteine-rich clusters

composed of CxxCxxCx,/sCGxCxxC and CxxRxC motifs (where x is any amino acid). Variations in the
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linker region between the two clusters distinguish three classes of ZF-CxxC domain and define their

capacity or selectivity for binding non-methylated DNA (Figure 1.14A).
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Figure 1.13 A family of ZF-CxxC domain containing proteins

A schematic of the domain architecture for all 12 mouse ZF-CxxC domain containing proteins. The
proteins are drawn to scale with the number of amino acids in the protein indicated on the left. All
proteins are centred at the ZF-CxxC domain with the N-terminus on the left. In the case of KDM2A and
KDM2B, alternative downstream promoters give rise to short forms of each protein (SF). For MBD1, the
three ZF-CxxC domains are numbered 1-3 and the protein was aligned using the third ZF-CxxC domain
with non-methylated CpG DNA-binding activity. Domain annotation was performed using a sequence
search from the Pfam database (http://pfam.sanger.ac.uk/). All sequences apart from for TET3 were taken
from NCBL NCBI reference sequence: KDM2A NP_001001984.2; KDM2A SF (Homo sapiens)
NP_001243334.1;, KDM2B NP_001003953.1; KDM2B SF NP_038938.1; FBXL19 NP_766336.2; CFP1
NP_083144.1; DNMT1 NP_001186360.2; MLL1 NP_001074518.1; MLL2 NP_083550.2; TET1 NP_001240786.1;
TET3 NP_898961.2; IDAX NP_001004367.2. GenBank: MBD1 AAC68869.1; CXXC5 AAH89314.1. From
publication: TET3 (lyer et al., 2009).

1.9.2 How the ZF-CxxC domain binds to non-methylated CpG DNA
Recent crystal structures have revealed how the short primary sequence (35-42 amino acids) of the

type-1 ZF-CxxC domain enables precise recognition of a CpG dinucleotide (Allen et al., 2006; Cierpicki
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et al., 2010; Song et al., 2011; Xu et al., 2011a; Xu et al., 2012). The two cysteine-rich clusters
coordinate two Zn** ions in a tetrahedral manner and stabilise the ZF-CxxC domain in an extended
crescent-shaped structure (Figure 1.14B). Lying perpendicular to the DNA axis, the domain
interrogates the major groove via a DNA-binding loop while regions flanking the ZF-CxxC domain
reach around to interact with the minor groove (Figure 1.14B and Figure 1.15A). This requirement
for access to both faces of DNA is reflected in the preferential binding of the ZF-CxxC domain to
nucleosome-free linker DNA, presumably because the interaction between nucleosomal DNA and

histone proteins precludes interaction with both the major and minor groove of DNA (Zhou et al.,

2012).
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Figure 1.14 Primary sequence variation in ZF-CxxC domains

(A) A manually curated multiple sequence alignment of all ZF-CxxC domains from mouse. ZF-CxxC
domains can be split into three types depending on their sequence similarity, labelled as type-1, -2 and -3
on the right of the alignment. Eight cysteine residues 'C’' 1-8 are fully conserved across all of the ZF-CxxC
domains (yellow). In the linker region between the two cysteine rich clusters (1-6 and 7-8), a lysine-
phenylalanine-glycine-glycine 'KFGG' motif is conserved across the type-1 ZF-CxxC domains (orange) and
a lysine-glutamine or arginine-glutamine '‘KQ'/'RQ" DNA binding motif which binds specifically to the CpG
dinucleotide is present in all of the type-1 ZF-CxxC domains (green), but is lost in the type-2 ZF-CxxC
domains and substituted to histidine followed by glutamine 'HQ" in the type-3 ZF-CxxC domains. Notably,
while the type-3 ZF-CxxC domains are truncated in the linker region between the cysteine-rich clusters, the
linker length is retained in the type-2 ZF-CxxC domains, but the sequence similarity to type-1 ZF-CxxC
domains is completely lost. (B) A cartoon of the ZF-CxxC domain highlighting the crescent structure and
interaction with both the major and minor groove of DNA. Zinc ions (red) coordinate the eight cysteine
residues (yellow, C 1-8). The KQ/RQ motif region (green) of the domain wedges into the major groove of
the DNA while the N-terminal (NT) and C-terminal (CT) regions of the ZF-CxxC domain interrogate the
minor groove. The KFGG region (orange) forms part of the linker between the cysteine-rich regions but
does not from specific interactions with the CpG dinucleotide. DNA is viewed down the double helix with
bases shown as rods.
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Figure 1.15 Structural insights into the DNA binding properties of ZF-CxxC proteins

(A) Crystal structures of the DNMT1 (Homo sapiens; PDB ID: 3PTA) ZF-CxxC domain in complex with DNA,
viewed down the double helix axis (left) and rotated 60° to the right (right). The eight cysteine residues are
highlighted in yellow and their interaction with the Zn®* ions (represented as orange spheres) are shown
by dashes. The KFGG motif is highlighted in pink and the DNA binding tripeptide is highlighted in green,
blue and red for S, K and Q respectively. The DNA-binding tri-peptide loop interrogates the CpG
dinucleotide via the major groove of DNA (right), while the N- and C-terminus of the ZF-CxxC domain
interact with the minor groove. (B) The amino acid sequence of the DNMT1 ZF-CxxC domain; residues are
highlighted as in A. (C) Schematic showing the base-specific hydrogen bond interactions between the
DNA-binding tripeptide and a CpG dinucleotide. Side-chain interactions are shown by a solid arrow and
carbonyl oxygen interactions are shown by a dashed arrow.

Between the two cysteine-rich clusters the variable linker region confers non-methyl CpG binding
specificity for the type-1 ZF-CxxC domains (Figure 1.14A). A highly conserved ‘KFGG’ motif provides
rigidity to the ZF-CxxC domain fold while a hydrophilic, positively charged DNA binding loop inserts
into the DNA major groove and mediates base-specific interactions via an important tripeptide
containing a KQ/RQ motif (Figure 1.15A-B) (Cierpicki et al., 2010; Xu et al., 2011a). The KQ/RQ
dipeptide makes specific side-chain and peptide backbone interactions via hydrogen-bonding with
two of the cytosines and one guanine from the double-stranded CpG dinucleotide (Figure 1.15C).
The remaining guanine is interrogated by the amino acid immediately N-terminal to the KQ/RQ motif
via the carbonyl oxygen of the peptide backbone (Figure 1.15C). Importantly, methylation of the C-5
position would cause a severe steric clash and loss of hydrogen bonding leading to loss of binding

(Cierpicki et al., 2010; Song et al., 2011; Xu et al., 2011a). The two type 2 ZF-CxxC domains from
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MBD1 (CxxC-1 and CxxC-2) lack a functional DNA binding loop (Jorgensen et al., 2004) and instead
appear to mediate protein-protein interactions (Lyst et al., 2006; Sarraf and Stancheva, 2004) (Figure
1.14A). Despite loss of the KQ/RQ motif, type-3 ZF-CxxC domains appear able to bind non-
methylated CpG via a XHQ tripeptide with a more flexible mode of binding (Xu et al., 2012) (Figure

1.14A, see 0).

1.9.3 In vivo functions of ZF-CxxC domain-containing proteins
In vitro binding analyses and structural studies have elucidated the mechanism by which the type-1
and -3 ZF-CxxC domains recognises DNA (Cierpicki et al., 2010; Song et al., 2011; Xu et al., 2011a; Xu
et al., 2012). In vivo functions have also been elucidated for many of the ZF-CxxC domain-containing

proteins and a number of these will be discussed below.

1.9.3.1 KDM2A, KDM2B and FBLX19
The lysine demethylase 2 (KDM2) family are JmjC-containing histone demethylases which catalyse
the removal of mono- and di-methylation from lysine 36 on the histone H3 tail (H3K36me1/2) (Klose
and Zhang, 2007; Tsukada et al., 2006). In addition to the JmjC domain, the KDM2 proteins, KDM2A
and KDM2B, encode type-1 ZF-CxxC domains which are able to bind specifically to non-methylated

DNA in vitro (Blackledge et al., 2010; Farcas et al., 2012).

Profiling KDM2A binding genome-wide in mouse ES cells revealed that KDM2A is enriched at more
than 90% of CGls, including promoter CGls of both expressed and silenced genes (Blackledge et al.,
2010). Therefore KDM2A nucleation appears to be dependent on the DNA binding specificity of the
ZF-CxxC domain and independent of the transcriptional state of the associated gene. The substrate
of KDM2A, H3K36mel/2, is found on 30-50% of total histone H3, making it one of the most
abundant histone modifications in mammalian cells (Garcia et al., 2008; Peters et al., 2003; Robin et
al., 2007). The function of this modification is still poorly understood, although work in
Saccharomyces cerevisiae suggests that H3K26me2 is inhibitory to transcriptional initiation, perhaps

through the binding of the EAF3 chromodomain-containing protein and recruitment of the RPD3S
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HDAC-containing co-repressor complex (Carrozza et al., 2005; Li et al., 2009). Furthermore, it was
recently suggested that H3K36 methylation can prevent histone exchange by inhibiting the
interaction between histone chaperones and histone H3 thereby potentially suppressing the
capacity of non-regulatory regions to support transcriptional initiation (Venkatesh et al., 2012).
Importantly, H3K36mel/2 appears to be specifically depleted at KDM2A-bound CGls and was
observed to increase at CGls upon depletion of KDM2A (Blackledge et al., 2010). Although the
transcriptionally repressive roles of H3K36 methylation have yet to be verified in mammals, it is
tempting to speculate that recruitment of KDM2A to CGls via its ZF-CxxC acts to deplete the
repressive H3K36me2 modification from regulatory regions and create a favourable chromatin

landscape for the initiation of transcription.

KDM2B, the sister protein to KDM2A, encodes a highly similar domain architecture and is also able
to catalyse the removal of H3K36me1l/2 (He et al., 2008). KDM2B has been implicated in cellular
immortalization, reprogramming and exhibits a transformative capacity in cancer (He et al., 2008; He
et al., 2011a; Liang et al., 2012; Pfau et al., 2008; Wang et al., 2011). Furthermore a knockout mouse
model and a naturally occurring bovine mutant exhibit developmental defects (Fukuda et al., 2011;
Testoni et al., 2012), suggesting that KDM2B has important roles during development and cellular
homeostasis. Genome-wide profiling of KDM2B revealed that KDM2B is also enriched at CGls in vivo
(Farcas et al., 2012; He et al., 2013; Wu et al., 2013). Intriguingly, KDM2B appeared to be enriched,
and KDM2A depleted, at a subset of CGls which were associated with a developmentally regulated
subset of genes. This gene class is often bound and transcriptionally repressed by the polycomb
group repressive complexes during development (Simon and Kingston, 2009), suggesting that

KDM2B may contribute to polycomb mediated transcriptional repression (Farcas et al., 2012).

In mammals, two classes of polycomb repressive complexes (PRCs) called PRC1 and PRC2 mediate
gene silencing via specific histone modifying activities (Mikkelsen et al., 2007; Simon and Kingston,
2009). PRC1 contains the RING1B E3 ubiquitin ligase which mono-ubiquitylates lysine 119 on the

histone H2A tail (H2AK119ub), while the PRC2 subunit EZH2 methylates the histone H3 tail at the
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lysine 27 position (H3K27me3). Polycomb complexes appear to nucleate at CGl elements (Ku et al.,
2008; Lynch et al.,, 2012), although the mechanisms by which this occurs are incompletely
understood. Interestingly, KDM2B has been identified in a variant PRC1 complex containing BCoR,
PCGF1, RYBP, YAF2 and RING1B in cancer cells (Gao et al., 2012; Gearhart et al., 2006; Sanchez et al.,
2007) and also in mouse ES cells (Farcas et al., 2012) suggesting that this complex may be relevant in
a non-malignant context. Given the lack of an apparent sequence-specific DNA binding domain
within components of the canonical PRC1 complex, it is possible that the KDM2B ZF-CxxC may act as
a targeting module in the variant PRC1 complex. Indeed shRNA-based knockdown of KDM2B lead to
a reduction in RING1B occupancy at polycomb-targets and a concomitant increase in expression of

some polycomb-repressed genes (Farcas et al., 2012; Wu et al., 2013).

The type-1 ZF-CxxC domain-containing FBXL19 has a very similar domain architecture to KDM2A and
KDM2B, lacking only the N-terminal catalytic JmjC domain (Figure 1.13). Interestingly, both KDM2A
and KDM2B encode short forms which are transcribed from an alternative transcription start site
downstream of the JmjC domain and therefore give rise to proteins which closely resemble FBXL19
(Figure 1.13). The role of the short form of KDM2A and KDM2B along with FBXL19 remain poorly
understood, however due to the presence of a presumably functional ZF-CxxC domain it appears

likely that they will localise to and affect CGI function.

1.9.3.2 CFP1

CFP1 is a component of the mammalian H3K4 methyltransferase SETD1 complex which includes
SETD1A or 1B, ASH2L, RbBP5, WDR5 and WDRS, and DPY-30 (Ernst and Vakoc, 2012; Lee and Skalnik,
2005; Lee et al., 2007). In agreement with its capacity to bind non-methylated DNA in vitro (Voo et
al., 2000), genome-wide profiling of CFP1 in mouse brain revealed that CFP1 associates with more
than 80% of CGls, the majority of which were enriched for H3K4me3 (Thomson et al., 2010).
Although the contribution of H3K4me3 to gene expression remains poorly defined, this mark is

generally thought to be permissive to active transcription (Bernstein et al., 2005) through the
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recruitment of plant homeodomain (PHD) or tudor domain effector proteins (Bian et al., 2011,
Blackledge and Klose, 2011; Lauberth et al., 2013; Vermeulen et al., 2007; Wysocka et al., 2006).
Importantly, an exogenous CpG-rich DNA sequence lacking gene regulatory features was able to
recruit CFP1 and nucleate H3K4me3, apparently in the absence of transcription factors and RNAPII
(Thomson et al.,, 2010), suggesting that non-methylated DNA can recruit CFP1 and lead to
modification of H3K4me3. Interestingly however, CFP1 appears to be recruited to a CGIl within the
alpha-globin locus only in erythroid cell-types in which the alpha-globin genes are active
(Vernimmen et al., 2011) therefore suggesting that CFP1 may not responsible for the presence of the
H3K4me3 modification at this locus in non-erythroid cells. CFP1 is essential for early mouse
development (Carlone and Skalnik, 2001) and CFP1 null mouse ESCs fail to effectively differentiate in
vitro (Carlone et al., 2005), losing H3K4me3 at up to half of CGls (Clouaire et al., 2012). Therefore the

CFP1 ZF-CxxC appears sufficient to nucleate activating chromatin modifying activity to CGls, which

appears to be essential for embryogenesis and differentiation.
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Figure 1.16 The role of ZF-CxxC proteins at CGIs and during DNA replication

A schematic illustrating the convergence of ZF-CxxC domain containing protein function at CGI elements
and the role of the ZF-CxxC domain containing DNMT1 during DNA replication.

1.9.3.3 MLL1 and MLL2

In addition to CFP1, two other H3K4 methyltransferases, MLL1 and MLL2, members of the mixed-
lineage leukaemia protein family contain ZF-CxxC domains able to bind to non-methylated DNA in

vitro (Bach et al., 2009; Birke et al., 2002). MLL1 and MLL2 share many of the interaction partners of
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CFP1 including ASH2L, WDR5, RbBP5 and DPY-30 (Ruthenburg et al., 2007) and similarly play an
essential role in early mammalian development and also in definitive haematopoiesis (Ernst et al.,
2004; Yu et al., 1995). However, unlike CFP1, MLL1 has been shown to localise to only to a small
subset of gene promoters (Guenther et al., 2005). In human lymphoma cells approximately 5000
promoters were observed to be bound by MLL1, coincident with H3K4me3, RNAPII and active
transcription (Guenther et al., 2005). Therefore it appears that MLL1 is recruited to CGls via its ZF-
CxxC domain, but is restricted to a subset of CGIl elements which are actively transcribed. This
reduced CGI binding preference of MLL1 is perhaps mediated via its N-terminal partner, MENIN,
which frequently coincides with MLL1 binding sites (Scacheri et al., 2006; Yokoyama et al., 2005),
interaction with the PAF1C complex members (Figure 1.16) (Milne et al., 2010; Muntean et al., 2010)
or via the action of other chromatin-interacting domains such as the AT-hook (Zeleznik-Le et al.,
1994) and PHD domain (PHD3) (Chang et al., 2010; Milne et al., 2010; Park et al., 2010; Wang et al.,
2010). Numerous MLL1 protein fusions have been implicated in driving aggressive adult and
childhood leukaemias (Meyer et al., 2009). Together with the embryonic lethality observed for MLL1
null mice, this strongly indicates that the correct targeting of MLL1 is essential to drive appropriate

gene expression from MLL1 target CGl genes.

1.9.3.4 DNMT1

As mentioned in section 1.3.3, DNMT1 contains a functional type-1 ZF-CxxC domain which initially
seemed counterintuitive given that CGls are for the most-part free of DNA methylation and DNMT1
appears to favour a hemi-methylated DNA substrate (Bestor and Ingram, 1983; Chuang et al., 1997).
However, structural studies suggest that the DNMT1 ZF-CxxC domain may act as an inbuilt
mechanism to help limit the catalytic activity of DNMT1 on unmodified CpG sites (Song et al., 2011)

(see section 1.3.3).
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1.9.3.5 MBD1

The CxxC-3 domain from MBD1 (Figure 1.14A) is able to bind non-methylated DNA in vitro (Clouaire
et al,, 2010; Jorgensen et al., 2004), but does not lead to MBD1 localisation to CGls (Baubec et al.,
2013). MBD1 instead appears to nucleate at sites with methylated CpGs via its methyl-CpG binding
domain (Clouaire et al., 2010; Cross et al., 1997; Jorgensen et al., 2004). It is possible that during
times of genome-wide hypomethylation, such as in preimplantation embryos, that the CxxC-3

domain may act as a relevant targeting module (Clouaire et al., 2010).

Table 1.2 ZF-CxxC domain-containing protein nomenclature

Gene CXXC NCBI Gene
name nomenclature Other names ID
Kdm2a Cxxc8 FbxI11, Jhdm1a, Ndy2 225876
Kdm2b Cxxc2 FbxI10, Jhdm1b, Ndy1l 30841
FbxI19 - 233902
Cfpl Cxxcl Cgbp, Phf18 74322
Dnmtl Cxxc9 Metl 13433
Mil1 Cxxc7 All1, Htrx1, Kmt2a 214162
MII2 - Whbp7, Kmt2b 75410
Mbd1 Cxxc3 Pcm1l 17190
Tetl Cxxc6 Lex 52463
Tet3 Cxxc10 194388
Idax Cxxc4d 319478
Cxxc5 Cxxc5 67393

1.9.3.6 TET1 and TET3

The TET protein family has been suggested to form part of the mammalian DNA demethylation
system as they are able to convert 5mC to 5hmC (Inoue and Zhang, 2011; Kriaucionis and Heintz,
2009; Tahiliani et al., 2009). TET1 and TET3 encode type-3 ZF-CxxC domains which have lost the
KFGG motif and KQ/RQ motif central to specific non-methylated CpG binding (Figure 1.14A). There
are conflicting reports whether the TET enzymes bind non-methylated cytosine (with a slight
preference for CpG dinucleotides) (Xu et al., 2012), bind CpG dinucleotides irrespective of
methylation status (Xu et al., 2011b; Zhang et al., 2010a) or exhibit no sequence preference (Frauer

et al., 2011). In vivo evidence suggests that in some cases type-3 ZF-CxxC domains may act as a CGl-
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targeting module as a number of studies have profiled TET1 genome-wide and generally concluded
that TET1 is enriched at gene promoters with a positive correlation for CpG density (Williams et al.,

2011; Wu et al., 2011b; Xu et al., 2011b).

1.9.4 Non-methylated DNA, histone modifications and the impact on gene expression
It is becoming clear that non-methylated DNA can recruit both activatory and repressive chromatin
modifying enzymes to CGls via nucleation of ZF-CxxC domain-containing proteins (Blackledge et al.,
2010; Farcas et al., 2012; Guenther et al., 2005; Thomson et al., 2010). H3K4me3 is placed at CGls by
the ZF-CxxC domain-containing CFP1 and MLL1/2 complexes. Although the contribution of H3K4me3
to gene expression remains poorly defined, this mark is generally thought to be permissive to active
transcription through the recruitment of plant homeodomain (PHD) or tudor domain effector
proteins (Bian et al., 2011; Blackledge and Klose, 2011; Lauberth et al., 2013; Vermeulen et al., 2007;
Wysocka et al., 2006). Furthermore, KDM2A nucleation at non-methylated CGls catalyses the
removal of the transcriptionally repressive H3K36me2 mark (Blackledge et al., 2010) while TET 5-
methylcytosine dioxygenases have been proposed to bind to CGls and remove spurious DNA
methylation (Long et al., 2013; Williams et al., 2011; Wu et al., 2011b; Xu et al., 2011b) (Figure 1.16).
Together, a number of ZF-CxxC targeted chromatin modifiers appear to establish and reinforce a

transcriptionally permissive chromatin environment at CGls (Blackledge and Klose, 2011).

Interestingly, opposing repressive chromatin modifiers have also recently been reported to be
targeted to CGls. For example, polycomb-repressive activities appear to be recruited to CGls (Lynch
et al., 2012). In fact, nearly all H3K27me3-marked polycomb targets are CGls (Mikkelsen et al., 2007)
and in ES cells genome-wide H3K27me3 appears to anti-correlate with DNA methylation (Hagarman
et al., 2013). In vertebrates, the mechanisms leading to the placement of H3K27me3 by polycomb
repressive complex 2 (PRC2) are still unclear, especially given that none of the components (Ezh2,
Eed, Suz12, Rbap46/48, Jarid2, Aebp2 or PHC1-3) contain a known non-methylated DNA binding

capacity, although Jarid2 has some preference for binding to GC-rich sequences (Mendenhall et al.,
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2010). PRC1 was previously thought to be recruited to DNA in a hierarchical manner through
recognition of the PRC2 H3K27me3 modification (Min et al., 2003; Wang et al., 2004). However, this
mechanism has recently been challenged as PRC1 can be recruited to targets independently of PRC2
(Puschendorf et al., 2008; Schoeftner et al., 2006; Tavares et al., 2012). Instead, a variant PRC1
complex containing the ZF-CxxC domain-containing KDM2B protein has been identified which
appears to direct PRC1 binding to CGls (Farcas et al., 2012; He et al., 2013; Wu et al., 2013) (Figure
1.16). Should PRC1 then be able to recruit PRC2, this could constitute a mechanism for establishing
full polycomb-based silencing at a specific CGI. Furthermore, an indirect mechanism for polycomb
recruitment at CGls has been suggested whereby the lack of H3K36me2/3 at CGls, which would
normally inhibit PRC2 activity, is permissive for the establishment of polycomb repression at CGls

(Klose et al., 2013; Schmitges et al., 2011).

By whichever means H3K27me3 is directed to CGls, this modification is associated with repression of
transcription (Simon and Kingston, 2013), perhaps through directing local chromatin compaction
(Grau et al., 2011) or disassembly of the RNAPII pre-initiation complex by interfering with Mediator
(Lehmann et al., 2012). Therefore, the presence of H3K27me3 at a CGI will lead to gene silencing.
Furthermore, the TET enzymes have been shown to play a repressive role at CpG-rich promoters,
through the direct recruitment of the SIN3A co-repressor complex (Williams et al., 2011). Together,
regions of non-methylated DNA appear to be subject to both activating and repressive chromatin
modifications. It has therefore been suggested that CGls may in fact facilitate a bistable chromatin
state, dominated either by transcriptionally positive or negative chromatin marks, which is
ultimately responsive to levels of transcription factors or the expression state of the associated gene

(Klose et al., 2013; Lynch et al., 2012).

1.9.5 Non-methylated DNA and nucleosome occupancy
It has been reported that CGls may create a nucleosome depleted region, perhaps due to their

elevated GC content, and this has been proposed to support poised transcription or ease of gene
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activation (Fenouil et al., 2012; Ramirez-Carrozzi et al., 2009). However, other studies have revealed
that active promoters and enhancers are in fact marked by nucleosomes containing the histone
variants H2AZ and H3.3 which are highly unstable and are therefore lost during preparative methods
used in other studies (Jin and Felsenfeld, 2007; Jin et al., 2009). Nucleosomes containing both H2AZ
and H3.3 appear to rapidly exchange at gene regulatory regions (Jin et al., 2009). This suggests that
CGIl promoters may be associated with unstable double variant nucleosomes which may facilitate
DNA binding by transcription factors and chromatin modifiers and therefore enable switching

between an active and repressed chromatin state (Klose et al., 2013).

1.10 DNA methylation, remodelling the nucleosome and links to human disease
Along with the ‘nucleosome-free regions’ reported at CGls, nucleosome remodelling has also been
implicated in modulating DNA methylation, and disruption of this process has been linked with
human disease. These diseases, and other human conditions, have provided insights into the
importance of appropriate regulation of DNA methylation in normal cellular development and

homeostasis.

1.10.1 Chromatin remodelers, DNA methylation and disease

1.10.1.1 DDM1 and LSH

It has been known for some time that chromatin remodelling is intimately linked with DNA
methylation (Meehan et al.,, 2001). The first evidence for this came from a screen in A. thaliana
aiming to identify genes required for the maintenance of DNA methylation. This revealed a gene
named DDM1 (decrease in DNA methylation) which reduced global DNA methylation by 70 % (Vongs
et al., 1993), causing progressive reduction of DNA methylation over a number of generations at a
number of loci. This suggested that the Ddm1 mutation impairs the ability to propagate DNA
methylation after DNA replication (Kakutani et al., 1996). A highly homologous protein LSH was
identified in mouse which is expressed ubiquitously during fetal development (Raabe et al., 2001).

Lsh”" mice exhibit up to 70% loss of global DNA methylation in fetal and new born pups (Dennis et
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al., 2001; Geiman et al., 2001), including loss from major and minor satellite repeats (Dennis et al.,
2001; Muegge, 2005), and the mice exhibit postnatal lethality (Geiman et al., 2001). DDM1 and LSH
are closely related to the ISWI family of chromatin remodelers (Dennis et al., 2001; Geiman and
Muegge, 2000; Meehan et al., 2001) which are able to disrupt the interaction between histones and
DNA (Jeddeloh et al.,, 1999). Therefore, as cellular DNA methyltransferase activity appears
unaffected in ddm1 or Lsh mutants (Dennis et al., 2001; Kakutani et al., 1995), it was proposed that
LSH remodels chromatin, to regulate the accessibility of DNA to the de novo methyltransferases
(Brzeski and Jerzmanowski, 2003; Meehan et al., 2001) . Furthermore, LSH may also function to
recruit DNMT3A, DNMT3B and G9a/GLP directly to establish a transcriptionally repressive chromatin
domain (Myant and Stancheva, 2008; Myant et al., 2011; Zhu et al., 2006). LSH has been detected to
be over-expressed in some cancers, and may be essential for bypassing cellular senescence (Keyes et

al., 2011).

1.10.1.2 ATRX

ATRX is another member of the SNF2-like family of chromatin remodellers which is recruited to
heterochromatic repeats, including centromeres, telomeres and ribosomal DNA (Law et al., 2010;
McDowell et al., 1999). Targeting of ATRX involves interactions with MeCP2 (Nan et al., 2007), HP1
(Lechner et al., 2005) and interrogation of H3K9me3 and H3K4meO histone modifications by the
ATRX ADD domain (ATRX-DNMT3-DNMT3L domain) (Dhayalan et al., 2011; Eustermann et al., 2011;
Iwase et al., 2011). ATRX has also been observed to bind to G-rich regions of the genome, which
have a tendency to form a non-B form DNA structure called a G-quadruplex (G4) (Lipps and Rhodes,
2009). ATRX is proposed to resolve these G4 structures in tandem repetitive DNA in partnership with
DAXX through deposition of the histone variant H3.3 (Clynes et al., 2013; Drane et al., 2010; Elsasser

et al,, 2012; Gibbons and Higgs, 2010; Lewis et al., 2010; Shay et al., 2012).

Mutations in ATRX, gives rise to alpha-thalassemia mental retardation (ATR-X) syndrome, a very rare

X-linked disease. Disease-related mutations are clustered in the two functional domains, the N-
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terminal ADD domain and a C-terminal helicase domain, which may impair nuclear localisation,
protein-protein interactions or chromatin remodelling functions (Cardoso et al., 2000; Gibbons et al.,
1997; Mitson et al., 2011; Tang et al., 2004). Interestingly, diverse changes in DNA methylation are
commonly observed in ATRX patients including hypermethylation at the DYZ2 Y-chromosome repeat
and hypomethylation at ribosomal DNA repeats (Gibbons et al., 2000). However, how loss of
function of ATRX causes these changes is incompletely understood. Mutations in ATRX have also
been observed in a number of malignancies (Gibbons et al., 2003; Steensma et al., 2004), although

whether DNA methylation is affected in these tumours remains to be seen (Clynes et al., 2013).

1.10.2 DNA methylation and other human diseases
1.10.2.1 ICF syndrome

Mutations in the C-terminal catalytic or PWWP domain of DNMT3B have been associated with the
extremely rare autosomal recessive ICF (immunodeficiency, centromeric region instability, and facial
anomalies) syndrome mutants in humans. ICF is the only known genetic disease in humans known to
involve a DNA methyltransferase enzyme, and mutations are proposed to reduce, but not abolish,
catalytic activity (Gowher and Jeltsch, 2002; Ueda et al., 2006). Patients with ICF exhibit aberrant
hypomethylation, chromatin decondensation and distinctive chromosomal rearrangements at
pericentromeric heterochromatin of chromosome 1 and 16 and hypomethylation of satellite repeat
Il (Ehrlich et al., 2008). These abnormalities are almost exclusively observed in stimulated B cells
(Ehrlich, 2003; Xu et al., 1999), therefore ICF syndrome can provide insights into the impact of DNA

methylation on the maturation and activation of lymphocytes (Ehrlich, 2003).

1.10.2.2 Imprinting control related diseases

DNA methylation plays an important role in the mammalian germline in ensuring that for a subset of
genes only one allele is expressed, a phenomenon known as imprinting (Kaneda et al., 2004). Failure
to accurately methylate the correct parental allele at imprinted genes has been causally linked to

many human diseases including Angelman’s syndrome (AS) and Prader-Willi syndrome (PWS) (Lim
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and Maher, 2009) which result from maternal or paternal deficiency of the same chromosomal
fragment (Horsthemke and Wagstaff, 2008; White et al., 2006). Deficiencies in imprinting such as
those occurring for AS and PWS illustrate that abnormal patterns of DNA methylation at specific loci

are sufficient to cause human disease.

1.10.2.3 Rett syndrome

Rett syndrome, the most common form of mental retardation in females (Amir et al., 1999), is
caused in 96 % of cases by spontaneous mutation of the methyl DNA binding protein MeCP2
(Moretti and Zoghbi, 2006) (see section 1.7.2). Mutations cluster in the MBD and transcriptional
repressor domain (TRD, Figure 1.11) (Kriaucionis and Bird, 2003) which impairs binding to DNA
methylation and other chromatin modifiers including the NCoR co-repressor complex (Lyst et al.,
2013), resulting in the inability to appropriately silence genes in a subset of neurons during
development (Amir et al., 1999; Guy et al.,, 2001). This therefore suggests that the ability to
recognise and interpret patterns of DNA methylation is crucial for normal cell function, and that
MeCP2 may be essential in neuronal lineages for synaptic function and neuronal plasticity (Moretti

and Zoghbi, 2006).

1.10.2.4 Cancer

Deregulation of DNA methylation is a very common trait of cancer. In heterochromatic regions,
aberrant hypomethylation causes derepression of repetitive regions of the genome and reactivation
of mobile elements. An increase in mutation rate and incidence of chromosomal translocations can
lead to the subsequent silencing of tumour repressors or activation of oncogenes in mice (Eden et
al., 2003; Gaudet et al., 2003). Acquisition of DNA methylation at tumour suppressor genes, such as
CDKN2A, DAPK1 and CDH1 can also lead to tumourigenic features including increased proliferation,
invasiveness and escape from apoptosis (Kim et al., 2001; Merlo et al., 1995; Nakata et al., 2006).
Conversely, hypomethylation of CGlIs can also lead to abnormal expression of oncogenes, such as

NAT1 in breast cancer (Kim et al., 2008). The mechanisms which underlie DNA methylation
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alterations in cancer are still under investigation. However, recent studies indicate that DNA
methylation changes may occur very early in cancer development and in some cases contribute to
cancer initiation (Baylin and Jones, 2011). The study of human cancer therefore provides insight into
the importance of appropriate gene expression control, and the role of DNA methylation in this

process both at the genome-scale and at individual loci.

1.11 Experimental methods for identifying the methylation status of DNA
Many methods have been developed for the analysis of DNA methylation state, a number of which
will be summarized here, distinguishing between techniques to detect methylated and non-

methylated DNA.
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Figure 1.17 Methods for detection of DNA methylation status

(A) Techniques for the detection of methylated DNA. (i) Bisulphite conversion converts non-methylated
cytosines, but not methylated cytosines, to uracil. (i) Me-DIP and (iii) MethylCap (Methyl-CpG capture) rely
on affinity for 5-methylcytosine to purify methylated DNA using an anti-5mC antibody or the MBD domain
from MeCP2 respectively. (B) Techniques to detect non-methylated DNA include (i) MRE (methylation-
sensitive restriction enzyme) which utilises the fact that methylation-sensitive restriction enzymes can only
digest DNA when their recognition sequence is non-methylated and (ii) CAP (CxxC-affinity purification)
utilises the ZF-CxxC domain to specifically purify non-methylated DNA. (C) The original CAP protocol
utilised the MBD1 ZF-CxxC domain complexed to Ni-NTA beads via a His-tag to purify non-methylated
DNA. The CAP method was performed on a chromatography column using Msel digested DNA. Elution of
non-methylated DNA was performed using increasing concentration of NaCl, with non-methylated DNA
eluting at higher salt concentrations. Methylated cytosine is depicted as a black filled circle and non-
methylated cytosine as an open white circle.
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1.11.1 Profiling methylated DNA
1.11.1.1 Detection of total genomic DNA methylation levels

Following total acid hydrolysis of DNA, base composition can be precisely quantified by high-
resolution separation using a number of highly sensitive techniques. High-performance liquid
chromatography (HPLC) allows quantitative determination of the relative levels of cytosine and 5-
methylcytosine (Armstrong et al., 2011; Oakeley, 1999). This and other methods including thin layer
chromatography (TLC) (Dahl and Guldberg, 2003) have proven extremely useful for analysis of the
methylation status of entire genomes, for example in cancer cell lines or during early development

(Lyko et al., 2000; Rhee et al., 2000), however they do not yield locus-specific information.

1.11.1.2 Affinity-based purification of methylated DNA

There are a number of DNA methylation profiling techniques based on direct affinity purification of
methylated DNA, including the use of anti-5-methylcytosine antibodies (methylated DNA
immunoprecipitation (MeDIP)) or recombinant methyl binding domain proteins (methylated DNA

capture by affinity purification (MethylCap), or MBD-isolated Genome Sequencing (MiGS)) (Figure

et al., 2008; Kangaspeska et al., 2008; Serre et al., 2010). These methodologies, coupled to massively
parallel sequencing, directly profile DNA methylation genome-wide (Down et al., 2008; Serre et al.,
2010). As the majority of CpGs are methylated in vertebrate genomes, methyl-CpG affinity
approaches require a relatively high sequencing depth, and it can be challenging to assess
methylation status in regions sparse in CpGs (Weber et al., 2007). Algorithms which compensate for
CpG density are therefore used to detect genomic regions with low levels of DNA methylation (Down

et al., 2008; Pelizzola et al., 2008).
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1.11.1.3 Bisulfite conversion

A leap forward in the resolution of DNA methylation detection was the development of bisulfite-
induced modification of genomic DNA (Frommer et al., 1992). Treatment of genomic DNA with
sodium bisulfite causes deamination of non-methylated cytosines to uracil, while methylated
cytosines are unchanged (Figure 1.17Ai). Sequencing of bisulfite-converted DNA followed by
comparison with an unconverted reference sequence therefore allows mapping of 5-methylcytosine
at base-pair resolution (Zilberman and Henikoff, 2007). It is now relatively common for bisulfite
sequencing to be coupled to massively parallel sequencing to generate genome-wide DNA
methylation maps (Cokus et al., 2008; Lister et al., 2009; Meissner et al., 2008; Popp et al., 2010),
however the depth of sequencing required renders bisulfite sequencing prohibitively expensive for
the majority of applications. Furthermore, it can be challenging to align bisulfite converted reads,
and methylation ‘aware’ mapping methods can lead to an increase in discarded reads and a
potential bias in alignment (Krueger et al., 2012). Reduced representation bisulfite sequencing
(RRBS) offers a method to reduce the sequencing requirements of bisulfite sequencing by
incorporation of an initial purification step (Meissner et al., 2008). However this method is biased
towards CpG-rich regions of the genome and does not report the methylation state of CpGs in CpG-

poor regions of the genome.

1.11.2 Profiling non-methylated DNA
The non-methylated fraction of the genome represents only around 1-2 % of total genomic DNA in
vertebrates and the clear association of non-methylated DNA with gene regulatory elements has
gained much interest over recent years. Techniques have therefore been developed to directly
interrogate non-methylated DNA genome-wide as this can reduce sequencing depth requirements

and simplify downstream analysis.
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1.11.2.1 Methylation-sensitive restriction enzyme digestion

A number of restriction endonucleases are inhibited by the presence of cytosine methylation within
their recognition site and these enzymes have been exploited for detection of DNA methylation at
both the genome scale and at specific loci. Methylation-sensitive restriction enzymes (MSREs) can
only digest non-methylated sites (Laird, 2010), while methylation-insensitive isoschizomers are able
to digest the same sites irrespective of the DNA methylation state (Fouse et al., 2010). DNA digested
with an MSRE can be analysed by gel electrophoresis to determine genome-wide levels of DNA
methylation, or probed by Southern blot for locus-specific analysis (Bird et al., 1985; Cooper et al.,
1983). More recently, methylation-sensitive restriction enzyme digestion of DNA has been coupled
to whole-genome sequencing, whereby small double-cut DNA fragments are released from the bulk
genome and sequenced (methylation sensitive restriction enzyme sequencing, MRE-seq, Figure
1.17Bi) (Harris et al., 2010; Maunakea et al., 2010). MRE-seq has an inherent bias towards regions of
the genome containing restriction sites, although this can be partially overcome by digestion with

multiple MSREs and combining the samples prior to sequencing (Harris et al., 2010).

1.11.2.2 Affinity-based purification of non-methylated DNA

In order to directly profile the non-methylated fraction of the genome, Adrian Bird and colleagues
recently developed a novel approach to profile non-methylated DNA called CxxC-affinity purification
(CAP, Figure 1.17Bii and C) (Illingworth et al., 2008). This method exploits a zinc finger CxxC (ZF-CxxC)
domain from methyl binding domain 1 (MBD1) which specifically recognises non-methylated CpG
dinucleotides (Clouaire et al., 2010; Jorgensen et al., 2004). Therefore, CAP specifically purifies a
much smaller fraction of the genome compared to the previously described affinity purification
methods for methylated DNA. Therefore, CAP coupled to massively parallel sequencing requires a
relatively low sequencing depth to yield sufficient coverage to accurately profile non-methylated

regions of DNA genome-wide (lllingworth et al., 2010).
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1.12 Aims of this thesis
DNA methylation is the best studied of the known epigenetic modifications; however it is becoming
increasingly apparent that unmodified CpG dinucleotides have an equally important role in
modulating genome function. In all vertebrate species that have been examined, DNA methylation
appears to be pervasive throughout the genome (Tweedie et al., 1997), however the specific
genomic location of non-methylated DNA has only been carefully defined in mammalian species
(lingworth et al., 2010; Laurent et al., 2010; Stadler et al., 2011). In non-mammalian vertebrate
species, CGI predictions have often been used as a proxy for non-methylated DNA and the location
of these elements appears divergent between warm and cold-blooded vertebrates (Aissani and
Bernardi, 1991; Sharif et al.,, 2010). Therefore the overarching aim of this thesis is to better

understand the function and usage of non-methylated DNA across vertebrate species.

To experimentally profile non-methylated DNA genome-wide, a modified CAP technique was
developed to affinity purify the non-methylated fraction of the genome called biotinylated ZF-CxxC
affinity purification (Bio-CAP, described in detail in Chapter 3). To address whether usage of non-
methylated DNA between vertebrate species is similar or divergent, non-methylated DNA maps
were generated for seven diverse vertebrates and for distinct tissue types. The features of
vertebrate non-methylated DNA are described in Chapters 4 and 5. The mechanism by which non-
methylated regions of DNA are recognised and established in vertebrate genomes remains
unresolved. To address this problem, the establishment of non-methylated DNA profiles was
examined by introducing heterologous DNA sequences from one organism into another. The aim
was to investigate how DNA sequences, which are non-methylated in the host species, are
interpreted in a foreign nuclear environment (Chapter 6). The final aim of this thesis was to dissect
the functions of non-methylated DNA during early development. DNA methylation is known to play
important roles during early mammalian development; however, due to the limitations of studying

embryogenesis in mouse, the zebrafish was explored as an alternative model system.
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Together, this work reveals important and conserved features of vertebrate non-methylated DNA,
indicates potential mechanisms for the establishment of these genomic elements and reveals that
the accurate regulation of non-methylated DNA is essential for early zebrafish development. Future
work will further investigate the molecular mechanisms behind the proposed functions of non-
methylated DNA in the modulation of the chromatin landscape, regulation of gene expression and

establishment of totipotency.
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Chapter 2 -- Materials and Methods

2.1 Zebrafish maintenance and manipulation
2.1.1 Zebrafish husbandry
Zebrafish (Danio rerio) were reared and maintained in the BMS facility at the University of Oxford in
flowing system water at 28.5°C with conductance in the range of 450-550 uS and pH 7.1-7.2. The
light was cycled with 14 hr periods of light and 10 hr of dark. Zebrafish were fed three times a day

(by BMS staff) with flake food, high protein pellets and enriched brine shrimp.

2.1.2 Collecting and staging zebrafish embryos
Zebrafish embryos were collected by placing transparent boxes filled with marbles into tanks in the
evening to induce natural mating the following morning. Tanks in light boxes enabled matings to
occur at different times during the day by shifting the timing of the light cycle. Pair matings were set-
up in mating tanks in the evening; the next day, mating was induced by removing a divider between
the male and female zebrafish. Embryos were collected in a small sieve and rinsed before being
placed in a petri dish with system water and methylene blue to prevent fungal growth. Zebrafish
embryos were grown at 22 — 32°C in system water or E3 medium. Embryos were examined and

staged under a dissecting microscope according to (Kimmel et al., 1995).

2.1.3 Microinjection of morpholino or RNA into zebrafish embryos
Following natural mating, embryos were sorted under a dissecting microscope. Morpholino or RNA
was diluted in milliQ water and injected into the yolk beneath the cell(s) of embryos at the 1-4 cell or

1-2 cell stage respectively.

For zebrafish embryo injection, needles were pulled from borosilicate glass capillary tubes (Harvard
Apparatus, 1Imm outer diameter, 0.58 inner diameter) using a P-97 Flaming/Brown Micropipette
puller (Intracel Sutter Instrument Co.) and back-filled with the solution to be injected. Injection

bubble size was calibrated in oil at 11.25 x magnification using a graticule. Staged embryos were
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lined up along a glass slide placed inside a petri dish lid. Embryos were injected typically with 0.5-1

nL of RNA or morpholino. For titrations, embryos were injected up to three times.

2.1.4 Dechorionation of embryos
Embryos collected for in situ hybridisation were first fixed in 4% paraformaldehyde for at least 3 hr
at room temperature before being washed into PBSTw (PBS Tween). The embryos were then
manually dechorionated in PBSTw in a petri dish using forceps. Embryos collected for western blot or
chromatin immunoprecipitation were manually dechorionated on an agarose-coated petri dish (1%

agarose in E3 medium) using forceps.

2.2 Cell culture
2.2.1 V6.5 mouse embryonic stem cells for Bio-CAP experiments
Murine V6.5 embryonic stem (ES) cells (C57BL/6 (F) x 129/sv (M)) were cultured on inactivated MEFs
in DMEM supplemented with 15% fetal calf serum (FCS), leukaemia-inhibiting factor,
penicillin/streptomycin, L-glutamine and non-essential amino acids. Prior to genomic DNA extraction
for Bio-CAP experiments, V6.5 cells were cultured for two passages under feeder-free conditions on
0.1% gelatin. Culturing and collection of V6.5 embryonic stem cells was performed by Dr Neil

Blackledge.

2.2.2 E14 mouse embryonic stem cells for zebrafish BAC integration
Feeder-independent murine E14 mouse ES cells were grown on 0.1% gelatine in DMEM media
supplemented with 15% fetal calf serum (FCS), leukaemia-inhibiting factor (LIF),

penicillin/streptomycin, L-glutamine and non-essential amino acids.

2.2.3 293T cells for zKdm2b antigen overexpression
293T cells were grown in DMEM supplemented with 10% fetal calf serum (FCS) and
penicillin/streptomycin. Transient transfection of 293T cells was performed using lipofectamine. 5 ug

of plasmid DNA was transfected into 293T cells using Lipofectamine 2000 (Invitrogen, Carlsbad, CA).
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Cells were grown for 12 hr without penicillin/streptomycin and for a further 12 hr with

penicillin/streptomycin before harvesting.

2.3 Obtaining tissue samples

Dissected tissue samples were immediately frozen on dry ice and stored at -80°C until genomic DNA

extraction. Genomic DNA was stored at -20°C.

2.3.1 Anolis carolinensis (green anole lizard)
Anole lizard testis tissue and liver genomic DNA was provided by Jonathan Losos and Shane
Campbell-Staton from the Museum of Comparative Zoology, Department of Organismic and

Evolutionary Biology, Harvard University, USA.

2.3.2 Danio rerio (zebrafish)
Zebrafish tissues were obtained from a mixed background of KCL WT, AB and Tubingen. Zebrafish
testis and liver were dissected and immediately frozen on dry-ice. Zebrafish 24 hpf embryos were

collected after natural mating and staged according to (Kimmel et al., 1995).

2.3.3 Gallus gallus (chicken)
Chicken testis and liver were dissected from an 18 month old male chicken by Mike Colley from FAI

Farms and immediately frozen on dry-ice.

2.3.4 Homo sapiens (human)
Genomic DNA from human adult male normal tissue was obtained from Stratech (US Biological).
Samples were from the following lot numbers T5595-1681 (Tissue, Genomic DNA, Human Adult

Normal, Testis) and T5595-1663 (Tissue, Genomic DNA, Human Adult Normal, Liver).

2.3.5 Mus musculus (house mouse)
Mouse tissue was obtained from a cross between a female C57BI/6 and male CBA/ca mouse
(B6CF1). Mouse liver and testis tissue were dissected by Jonathan Godwin. Sperm was isolated from

mouse testis by collection of live sperm able to swim into PBS at 37°C. Tissues were either
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immediately processed for genomic DNA extraction or frozen on dry-ice. Mouse V6.5 ES cells were

provided by Dr Neil Blackledge.

2.3.6 Ornithorhynchus anatinus (platypus)
Platypus testis and liver genomic DNA was provided by Frank Gritzner and Megan Wright from The

Robinson Institute, University of Adelaide, Australia.

2.3.7 Xenopus tropicalis (African clawed frog)
Frog testis and liver tissue was provided by Anna Noble from the School of Biological Sciences,
University of Portsmouth. Stage 11-12 frog embryos were collected at the Developmental Biology
Division, MRC National Institute for Medical Research with the help of Anita Abu-Daya. All samples

were frozen on dry ice prior to genomic DNA extraction.

2.4 Preparation of genomic DNA
Fresh or frozen tissue was subjected to manual homogenisation and DNA was purified either by

phenol chloroform extraction or the QIAGEN 100/G genomic tip kit.

2.4.1 Genomic DNA extraction from somatic tissue
25 mg of tissue was homogenised in a 1 mL dounce with 950 uL of genomic DNA (gDNA) extraction
buffer (without SDS, 2.19.2). 0.5 % SDS and 200 pg/mL Proteinase K were added and the sample
incubated at 50°C for 3 hr. 1/100 volumes of RNaseA/T1 was added and the sample was incubated at
37°C for 1 hr. A further 1 mL of extraction buffer was added to the sample (without SDS or
Proteinase K) and the genomic DNA was purified by phenol chloroform extraction. Three extractions
were performed using equal volumes of phenol:chloroform:isoamylalcohol (25:24:1 saturated with
10mM Tris pH8.0 and 1mM EDTA, Sigma Aldrich), followed by a final extraction with an equal
volume of chloroform. Samples were vortexed briefly, separated by centrifugation for 5 min at 2,000
rpm and the aqueous upper fraction moved into a fresh tube. Genomic DNA was precipitated with
2.5 volumes of ethanol and 0.1 volume of 3 M sodium acetate (pH 5.2), washed with 70 % ethanol

and air-dried. The genomic DNA was resuspended in milliQ water and the concentration was
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determined using a Nanodrop 1000 spectrophotometer (Thermo Scientific) at 260 nm and stored at

-20°C.

2.4.2 Genomic DNA extraction from sperm
Sperm heads are resilient to extraction by proteinase K and SDS alone as their membrane is enriched
for disulphide bonds (Weyrich, 2001). Therefore for genomic DNA extraction of sperm or testis
tissue, the strong reducing agent dithiothreitol (DTT) was added to the gDNA extraction buffer to
reduce these disulphide bonds. The extraction protocol follows 2.4.1 using sperm extraction buffer
instead of gDNA extraction buffer (DTT is added along with SDS and Proteinase K following

homogenisation).

2.4.3 Genomic DNA extraction using the QIAGEN Genomic-tip 100/G kit
Up to 100 mg of embryos or testis tissue or 80 mg of liver was used to prepare genomic DNA with
the Genomic-tip 100/G kit (QIAGEN). The manufacturer’s instructions were followed for tissue
samples. Briefly, tissue was homogenised in a 1 mL dounce using Buffer G2 with RNaseA (final
concentration 200 pg/mL). The sample was incubated at 50°C for 2hr with Proteinase K (1 mg/mL
final concentration). Following a 10 s vortex and centrifugation, samples were applied to a 100/G
Genomic-tip column pre-equilibrated with Buffer QBT. The column was washed twice with Buffer QC
and eluted with 5 mL of Buffer QF (warmed to 50°C). Genomic DNA was precipitated by addition of
0.7 volumes of room temperature isopropanol followed by centrifugation at 4°C. The DNA pellet was

washed with 4°C 70 % ethanol, air-dried and resuspended in milliQ water.

2.5 Extraction, preparation and manipulation of RNA
2.5.1 Extraction of total RNA
RNA extraction was performed using the RNeasy Mini Kit (QIAGEN) for freshly collected or frozen (-
80°C) zebrafish embryos. Up to 40 early stage zebrafish embryos (less than 30 mg) were
homogenised by passing 10 times through a 21G needle with a 1 mL syringe in 600 pL RLT buffer.

Lysates were centrifuged at 14,000 rpm for 3 min at 4°C and transferred to a fresh tube. 1 volume of
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70 % ethanol was added to the lysate, mixed by pipetting, transferred to an RNeasy spin column and
centrifuged for 15 s at 8,000 rpm. The columns were washed with 700 pL Buffer RW1, twice with 500
uL Buffer RPE and eluted in 30 uL of RNase-free (DEPC-treated) water. Diethylpyrocarbonate (DEPC)
inactivates RNase enzymes, and is heat inactivated prior to use. RNA was quantified using a

Nanodrop 1000 spectrophotometer (Thermo Scientific) at 260 nm and stored at -80°C.

2.5.2 Reverse transcription of total RNA to cDNA
RNA (200 ng — 1 pg) was brought up to a volume of 4 pL, 1 pL (0.5 pg) random primers were added
and the mixture incubated for 5 min at 70°C followed by 5 min on ice. To this 1X ImProm-II Reaction
buffer, 6 mM MgCl,, 0.5 mM dNTPs, 20 u Recombinant RNasin Ribonuclease Inhibitor, and 1 pL
ImProm-Il Reverse Transcriptase were added. The samples were thermal cycled on a BioRad DNA
Engine at 25°C for 5 min, 42°C for 1 hr and 70°C for 15 min. The samples were diluted, typically with
150 — 300 pL milliQ water. cDNA was stored at -20°C. 5 pL diluted cDNA was used for quantitative

PCR analysis (see 2.8.1.6).

2.5.3 In vitro synthesis of sense mRNA for over-expression or morpholino rescue
Capped mRNA was generated by in vitro transcription using the mMessage mMachine kit (Ambion).
Expression vectors containing the gene of interest (in a 5’ to 3’ orientation) downstream of an RNA
polymerase promoter site (T7, T3 or SP6) were linearised 3’ of the gene and purified using phenol
chloroform extraction. Templates were also generated by polymerase chain reaction (PCR) with an

RNA polymerase promoter site in the forward primer.

Capped mRNA was in vitro transcribed from 1 pg linear plasmid DNA (or 0.2 pug PCR product DNA)
using the appropriate T7, T3 or SP6 RNA polymerase enzyme mix, 1X reaction buffer and 1X
NTP/CAP analogue in a 20 pL reaction volume for 1 — 3 hr at 37°C. The DNA template was digested
using 1 uL TURBO DNase (Ambion) for 15 min at 37°C and the RNA was purified using the RNeasy

mini kit (QIAGEN). Purity of the in vitro transcribed mRNA was determined by agarose gel
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electrophoresis and the concentration was quantified using a Nanodrop 1000 spectrophotometer

(Thermo Scientific) at 260 nm. mRNA was stored at -80°C.

2.5.4 In vitro synthesis of antisense mMRNA probes for in situ hybridisation
Expression vectors containing the gene of interest (in a 3’ to 5’ orientation) downstream of an RNA
polymerase promoter site (T7, T3 or SP6) were linearised 5’ of the gene and purified. Templates
were also generated from polymerase chain reaction (PCR) fragments with an RNA polymerase

promoter site in the forward primer (at the 3’ end of the gene).

RNA probes were in vitro transcribed from 1 pg of linear plasmid DNA (or 0.2 pug PCR product DNA)
using the appropriate T7, T3 or SP6 RNA polymerase enzyme mix, 1X reaction buffer, 2 uL DIG-dUTP
NTP mix (Roche) and 0.5 puL RNaseOUT (Invitrogen) in a 20 pl reaction volume for 2 — 6 hr at 37°C (or
at room temperature overnight). The DNA template was digested using 1 uL TURBO DNase (Ambion)
(in 1X TURBO DNase buffer) for 15 min at 37°C. The RNA probe was precipitated following dilution
with 80 pL RNase-free water by the addition 0.33 volumes 10 M ammonium acetate and 2.5 volumes
ethanol. The RNA probe was washed with 70 % ethanol, air-dried and resuspended in RNase-free
water. Purity of the RNA probe was determined by agarose gel electrophoresis before and after
DNase treatment. RNA probes were stored at -20°C and reused up to 10 times. Before use the RNA

probe was diluted typically to 1:100 — 1:200 in Hybe +/+ for use in whole mount in situ hybridisation.

2.6 Whole mount in situ hybridisation (WISH)
2.6.1 Collecting and fixation of zebrafish embryos
Embryos were staged (according to (Kimmel et al.,, 1995)), collected and fixed in 4 %
paraformaldehyde (PFA) for at least 3 hr at room temperature (or overnight at 4°C). Embryos were
sequentially washed with 25 %, 50 % 75 % and 100 % ethanol (ethanol was diluted with PBSTw) and
stored in 100 % ethanol at -20°C. Embryos collected before the 18-somite stage were fixed with

intact chorions using the same conditions as above, washed with PBSTw for dechorionation and
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stored as above. Embryos collected after the 18-somite stage were dechorionated prior to fixing

with PFA to prevent fixation of tail curvature.

2.6.2 Whole mount in situ hybridisation
Fixed embryos, stored in 100 % ethanol, were rehydrated with PBSTw by 75 %, 50 % and 25 %
ethanol washes (diluted with PBSTw) followed by four PBSTw washes at room temperature. Embryos
between 18 somites and 4 days post fertilisation (dpf) were treated with 10 pg/ml proteinase K
(Sigma) for 3 to 20 min as required. Embryos collected after 4 dpf were treated with 20 pg/ml
proteinase K for 20 to 25 min. Embryos treated with proteinase K were washed twice with PBSTw,
fixed once more with 4 % PFA for 20 min at room temperature and washed five times with PBSTw.
Embryos collected before the 18 somite stage were not treated with proteinase K. Embryos were
transferred from PBSTw into 50 % Hybe +/+ (diluted in PBSTw, containing tRNA and Heparin) for 5
min and then into 100 % Hybe +/+ for at least 1 hr at 65°C. Hybe +/+ was replaced with antisense
probes diluted 1:200 in Hybe +/+ and embryos were incubated overnight at 65°C. The eppendorf
tubes were positioned horizontally to allow maximal penetration of the embryos with the RNA probe

and to prevent the embryos from sticking together.

The following day, RNA probes were removed and kept for future use at -20°C. Embryos were
transferred into a mesh-bottomed multi-well plate compatible with a Biolane HT-1 in situ machine
(Intavis) in Hybe -/- (without tRNA and Heparin). The Biolane HT-1 allowed for automation of
temperature control, replacement of solutions and all steps were performed with gentle rocking.
Embryos were washed for 10 min each at 65°C in 100 % Hybe -/-, 75 % Hybe -/- 25 % 2 x SSC, 50 %
Hybe -/- 50 % 2 x SSC, 25 % Hybe -/- 75 % 2 x SSC and 2 x SSC, and then four times for 15 min each in
0.2 x SSC. Embryos were washed sequentially at room temperature for 5 min each in 75 % 0.2 x SSC
25 % MABTw, 50 % 0.2 x SSC 50 % MABTw, 25 % 0.2 x SSC 75 % MABTw and 100 % MABTw. To block
potential non-specific binding sites for the antibody, embryos were first blocked with MAB block

(containing Boehringers Blocking Reagent) for 1 hr at room temperature before incubation with
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1:5000 anti-DIG antibody (Roche) for 10 hr at 4°C. Embryos were then washed eight times for 15 min
in MABTw followed by three 5 min washes in AP buffer. The in situ signal was then developed with a
1:1 mixture of AP buffer and BM Purple (Roche) in the temperature range 4 - 37°C depending on the
desired time for developing. When an appropriate level of signal was obtained signal development

was stopped by addition of 4 % PFA for at least 20 min followed by three 5 min washes in PBSTw.

Embryos at stages later than 26 hpf will have developed pigmented cells which can obscure
visualisation of the in situ signal. Where appropriate, embryos were placed in bleaching solution on a
light box for 10 — 35 min as required to remove the pigment. Bleached or unbleached embryos were

transferred into 50 % glycerol (in PBSTw) for storage and 90 % glycerol for imaging.

2.6.3 Imaging WISH zebrafish embryos
Embryo phenotypes were scored and imaged using a Nikon DXM1200 camera attached to a Nikon
SMZ-U 1500 dissecting microscope. Exposure and white balance was set automatically using Q-

Capture Pro 7 software and embryos were illuminated from above on a white depression tile.

2.7 Bacterial methods

2.7.1 Common media

Table 2.1 Common media for bacterial work

Media Composition
Dissolved in distilled H20:
10 g/L Tryptone
Luria-Bertani (LB) media 5 g/L Yeast extract
10 g/L NaCl

Adjusted to pH 7.0 and autoclaved

Dissolved in distilled H20:

16 g/L Tryptone

2XTY media 10 g/L Yeast extract

5 g/L NaCl

Adjusted to pH 7.0 and autoclaved
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Dissolved in distilled H20:

20 g/L Tryptone

5 g/L Yeast extract

0.59 g/L NaCl

SOC media 0.186 g/L KCl

0.203 g/L MgCI2

1.2 g/L MgS04

3.6 % Glucose

Autoclave before addition of Glucose

The media kitchen in the Department of Biochemistry, University of Oxford prepared the majority of

media used in this thesis.

2.7.2 Antibiotics

Table 2.2 Antibiotic working concentrations

Antibiotic Stock concentration Dissolved in Working concentration
Ampicillin (Amp) 100 mg/ml Distilled H,0 100 pg/ml
Chloramphenicol (Cm) 34 mg/ml Ethanol 34 pg/ml

Kanamycin (Kan) 50 mg/ml Distilled H,0 50 ug/ml

Tetracycline (Tet) 10 mg/ml Ethanol 10 pg/ml

Ampicillin and Kanamycin were filter sterilised through a 0.2 um filter. All antibiotics were stored at -

20°C.

2.7.3 Culturing E. coli on plates
Prior to use, LB agar plates were warmed to 37°C. For culturing bacteria on plates, a bacterial culture
in LB was spread onto agar plates using a sterile disposable bent rod, or a sterile disposable plastic

loop was used to streak a single colony or a frozen glycerol stock onto an agar plate.

2.7.4 Culturing E. coli in liquid culture
For small cultures, 5 mL LB plus appropriate antibiotics was added to a 14 mL round-bottomed tube.
A single colony was picked from an LB agar plate using a 200 uL pipette tip and added to the media.
For larger cultures, small overnight cultures were grown to stationary phase and added to a larger
volume of LB plus appropriate antibiotics at a 1:500 — 1:1000 dilution. Cultures were grown shaking

at 200 rpm typically at 37°C.
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2.7.5 Making chemically competent E. coli

Table 2.3 Media for chemically competent cells

Media Composition

Distilled H,0O

2 % w/v Bacto Tryptone

0.5 % w/v Bacto Yeast Extract

10 mM NacCl

2.5mM KCI

Add 1/100 volume of 2M Mg solution before use. Store at 4°C.

SOB media

1 M MgS04.7H,0
2M Mg solution 1 M MgCl.6H,0
Autoclave. Store at 4°C.

Distilled H,0

10 mM PIPES

15 mM CaCl.2H,0

250 mM KClI

55 mM MnCl,.4H,0

Adjust pH 6.8. 0.22 um filter. Store at 4°C.

Transformation buffer

XL-10 gold E. coli was streaked from a previous aliquot of competent cells onto an LB agar plate
without antibiotic selection and incubated at 37°C overnight. A single colony was inoculated in 2 mL
SOB media (or 1/10 volume of final culture volume) and grown with shaking at 200 rpm for 12 hr at
37°C. The culture was then added to 200 mL SOB media and incubated shaking at 200 rpm for 36 hr
at 18°C or until the OD600 reached 0.4-0.8. The bacterial culture was then incubated on ice for 10
min and collected by centrifugation at 3,000 rpm for 15 min at 4°C. The pellet was resuspended in 67
mL of transformation buffer (or 1/3 volumes of the final culture volume) by gentle pipetting on ice.
The bacterial suspension was incubated on ice for 10 min and collected by centrifugation at 3,000
rom for 15 min at 4°C. The bacterial pellet was resuspended in 16 mL of transformation buffer (or
1/12.5 volumes of the final culture volume) by gentle pipetting on ice. DMSO was added to a final
concentration of 7 %. The bacterial suspension was incubated on ice for 10 min before being snap-

frozen in liquid nitrogen in 100 pL aliquots and stored at -80°C.

2.7.6 Transformation
Competent cells were defrosted on ice and 1-4 uL DNA (typically 1 — 100ng) was added with swirling.

The transformation mix was incubated on ice for 20 min followed by heat-shock in a water bath at
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42°C for 1 min 30 s followed immediately by 2 min on ice. 1 mL LB was added to the transformation
mix followed by 1 hr recovery at 37°C with shaking. 100 uL of the transformation mix was spread
onto an LB agar plate with appropriate selection. If the transformed DNA was the result of a cloning
step (i.e. a ligation or LIC reaction), the remaining bacteria were pelleted by centrifugation (10,000
rom for 30 s), resuspended in a smaller volume of LB and spread on a second LB agar plate with

appropriate selection.

2.7.7 Isolation of plasmid DNA
2.7.7.1 Small-scale plasmid preparation

For a small-scale preparation of DNA, a single E. coli colony was grown overnight in 5 mL LB media
containing antibiotic at 37°C, shaking at 200 rpm. The cells were collected by centrifugation at 4,200
rpm for 10 min at room temperature. DNA was extracted from the bacterial pellet by alkaline lysis
using the QIAGEN Spin Miniprep Kit according to the manufacturer’s instructions. DNA was eluted

using distilled H,0 and stored at -20°C.

2.7.7.2 Large-scale plasmid preparation

For large-scale preparation of DNA, a single E. coli colony was grown overnight in 150 mL LB media
with antibiotic selection at 37°C with shaking at 200 rpm. The cells were collected by centrifugation
at 4,200 rpm, for 10 min at room temperature. DNA was extracted from the bacterial pellet by
alkaline lysis using the GenElute HP Maxiprep kit (Sigma-Aldrich) according to the manufacturer’s
instructions. The eluted DNA was concentrated following the manufacturer’s instructions, diluted to

1 mg/mL and stored at -20°C.

2.8 Manipulation of DNA and cloning

2.8.1 Polymerase chain reaction

2.8.1.1 Oligonucleotides

Custom DNA oligonucleotides for use as primers were obtained from Invitrogen, 100 uM stocks were
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diluted in distilled H,O and stored at -20°C. Working dilutions of oligonucleotides for PCR were

diluted to 10 uM and to 3.2 uM for Sanger sequencing.

2.8.1.2 Analytical PCR

For TA cloning, colony PCR or analytical PCRs, recombinant Tag DNA polymerase (purified by Dr Jin
Zhou) was used in a 25 pl reaction volume. 200 ng of purified recombinant Tag DNA polymerase,
12.5 pmol of the forward and reverse primer, 5 nmol of dNTP mix and 10 ng of plasmid DNA were
incubated with 1X PCR buffer (10X Thermo Pol Reaction Buffer: 20 mM Tris HCl pH 8.8, 10 mM

4)2 4, m ,4Mm g 4, U.17 riton .
(NH,),S04, 10 mM KCl, 2 mM MgSQy,, 0.1% Tri X 100)

Table 2.4 Set-up of a typical analytical PCR reaction

Component Volume (1x)
Tag DNA polymerase (0.2 pg/ul) 0.25 uL

10 x Taq buffer 2.5uL
dNTP (2mM) 2.5l
Forward primer (10 uM) 1.25 uL
Reverse primer (10 uM) 1.25 uL
milliQ water 16.25
Template (10 ng/uL) 1uL

Table 2.5 Thermal cycling of a typical analytical PCR

Cycling step Temperature Time
Initial denaturation 95°C 2 min
Denaturation 95°C 30s
35 cycles Annealing 45-72°C 30s
Extension 72°C 45 s—1 min per kb
Final extension 72°C 10 min
Hold 10°C o

Thermal cycling was performed on a BioRad DNA Engine. Primer annealing temperature varied

based on primer properties and extension time varied based on amplicon length and complexity.

2.8.1.3 Colony PCR

Colony PCR was performed as in 2.8.1.2 with a bacterial colony dipped into the PCR reaction mix

instead of addition of plasmid DNA. Bacterial colonies were spotted onto a fresh LB-agar plate with
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antibiotic selection prior to addition to the PCR reaction. One PCR reaction was left without a colony

as a negative control.

2.8.1.4 High fidelity PCR using Phusion polymerase

Phusion High-Fidelity DNA Polymerase (New England Biolabs) was used for PCR reactions which
required high fidelity amplification, for example during cloning or amplification of recombination
cassettes. All reactions were performed in a 50 pL volume. A reaction without DNA was used as a

negative control. For long primers, 1.5 uL of DMSO was added if the PCR yield was low.

Table 2.6 Set-up of a typical high-fidelity PCR reaction

Component Volume (1x)
Phusion DNA polymerase (2 U/ulL) 0.5 uL

5 x Phusion high fidelity buffer 10 pL

dNTP (2mM) 5 ulL
Forward primer (10 uM) 2.5 uL
Reverse primer (10 uM) 2.5puL
milliQ water 28.5 uL
Template (10 ng/ulL) 1puL

Thermal cycling was performed on a BioRad DNA Engine. Primer annealing temperature varied

based on primer properties and extension time varied based on amplicon length and complexity.

Table 2.7 Thermal cycling of a typical high-fidelity PCR reaction

Cycling step Temperature Time

Initial denaturation 98°C 30s
Denaturation 98°C 10s

35 cycles Annealing 45-72°C 30s
Extension 72°C 15-30 s per kb

Final extension 72°C 10 min

Hold 10°C o]

2.8.1.5 Quantitative PCR (qPCR)

Quantitative PCR reactions were performed using SYBR Green (2x Sensimix SYBR Hi-ROX, BIOLINE),
3.75 pmol of forward and reverse primers and 5 uL DNA sample in a final reaction volume of 15 pL.

All gPCR reactions were performed in duplicate including a no template control.
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Table 2.8 Set-up of a quantitative PCR reaction

Component Volume (1x)
SYBR Green 7.5 uL
Forward primer (10 uM) 0.375 uL
Reverse primer (10 uM) 0.375 uL
milliQ water 1.75

DNA sample 5puL

Table 2.9 Thermal cycling of a quantitative PCR reaction

Cycling step Temperature Time
Initial denaturation 95°C 10 min
Denaturation 95°C 10s
40-50 cycles Annealing 60°C 15s
Extension 72°C 15s
Melt Ramp 65-95°C 90 s on first step
1°C rise each step 5s on each next step

Thermal cycling was performed on a Rotor-Gene 6000 (Corbett) for 40-50 cycles followed by melt
curve analysis. Primers were designed to amplify an 80-120 bp region of the locus of interest with a

Tm of approximately 60°C.

2.8.1.6 Quantitative reverse transcription PCR (QRT-PCR)

For analysis of RNA samples, total RNA was extracted (see 2.5.1), reverse transcribed to cDNA (see
2.5.1) and analysed by quantitative PCR. 5 pL diluted cDNA was used per quantitative PCR reaction in

duplicate including a no template control.

2.8.1.7 Analysis of qPCR data

Quantitative PCR data was analysed using the comparative CT method (or 2-AACT method) which
assumes that the primers used have a 100 % linear amplification (Schmittgen and Livak, 2008).
Primer sets were initially analysed using a 10-fold dilution series of DNA or cDNA to assess the
efficiency of the PCR (which should be close to 1). All reactions were performed in duplicate to
control for pipetting errors and a diluted input control was included for normalisation. C; values
were measured for each sample (including input controls) using the Rotor-Gene 6000 Series

Software on the Slope Correct setting. The C; threshold was defined as an arbitrary position within

76




the exponential phase of amplification. The C; value was determined as the cycle at which the
amplification curve crossed the C; threshold. The C; value is therefore inversely related to the
qguantity of amplicon in the sample due to the lower number of cycles required to reach the C;
threshold. ACt values were then calculated for each sample using the equation shown in (1). Input
ACt values were used to calculate the ‘percentage of input’ value for each of the samples. This allows
for comparison between different qPCR experiments (2). An average was taken from the two
technical duplicate reactions. For replicate qPCR experiments, the average and standard error of the

mean (SEM) were calculated and plotted using error bars.

(1)  ACt=2A(-Cy)

(2) Normalisation factor = (100 x (Dilution factor input))

((Dilution factor sample) x (Average input ACt))
2.8.2 Adding ‘A-tail’ to blunt PCR products

PCR amplification with a proofreading polymerase creates a blunt PCR product. For TA cloning, A-
overhangs must be added prior to cloning. The A-overhang reaction (Table 2.10) was assembled and
left to proceed for 1 hr at 72°C. The reaction was then purified using the QlAquick PCR Purification
Kit (QIAGEN) and used directly for TA cloning.

Table 2.10 Addition of A-overhangs to a PCR product

Component Volume
PCR product (from PCR purification or gel extraction) | 50 plL
ThermoPol Taq buffer (10x) 6 uL
dATP (10 pM) 2 uL
milliQ water 1L
Tag DNA polymerase (0.2 pg/ul) 1uL

2.8.3 Restriction endonuclease digestion
Restriction digests were performed in a 30 pL volume for conventional analytical purposes or 50 pL
for digestion of a cloning vector. The digestion buffer and addition of BSA (100 ng/uL) were chosen
in line with the manufacturer’s recommendation (New England Biolabs). Typically, digests were left
for at least 2 hr at the suggested digestion temperature. Analytical digestions were resolved by

agarose gel electrophoresis on a 0.8 — 1.5 % agarose gel (dependent on the size of the expected
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fragment) in 1X TAE and visualised with ethidium bromide. The size of DNA fragments was
determined by comparison to 1 Kb Plus DNA Ladder (Invitrogen). Digested vector DNA for cloning
was resolved by gel electrophoresis and the appropriate band was cut from the gel. DNA was
purified from the gel using the QlAquick Gel Extraction kit (QIAGEN) and eluted in 30 uL distilled

H,0.

Amplification of DNA flanked by restriction enzymes was performed using oligonucleotide primers
with 5 overhangs containing a GC clamp and the restriction site upstream of the region
complementary to the template. A fraction of the PCR product was analysed by gel electrophoresis
to check that the desired product was present. The remaining PCR volume was purified if necessary
using the QIAquick PCR Purification Kit (QIAGEN) and digested using appropriate restriction
enzymes. The digested PCR product was then resolved by gel electrophoresis, cut from the gel and

purified using the QIAquick Gel Extraction Kit (QIAGEN).

2.8.4 Dephosphorylation of DNA fragments
The 5’ phosphate of vector DNA was enzymatically removed to prevent self-ligation during ligation
reactions. 1-5 pg of digested DNA was supplemented with 1X Antarctic Phosphatase Buffer (New
England Biolabs) and 1 L of Antarctic Phosphatase. The reaction mixture was mixed and incubated
for 15 min at 37°C for 5" extensions or blunt-ends and 60 min for 3" extensions. The enzyme was
heat-inactivated for 5 min at 65°C. Subsequent ligations were performed without further purification

of the DNA.

2.8.5 DNA ligation
Ligation reactions were performed using multiple vector-to-insert ratios typically 3:1, 1:1 and 1:3 by
molar ratio. A vector-only control was used to monitor self-ligation. Ligations were performed using
the Rapid DNA Ligation Kit (Roche). The vector and insert DNA were diluted in 1X DNA Dilution

Buffer to a final volume of 10 pL. 10 pL of 1X DNA Ligation Buffer and 1 uL T4 DNA Ligase were
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added to the reaction and mixed well. The reaction was allowed to proceed at room temperature for

typically 30 min. 2 uL of the ligation mixture was transformed into competent cells (see 2.7.5).

2.8.6 Ligation independent cloning (LIC)
5 pg of a LIC-adapted vector containing the sacB gene, which allows negative selection on 5%
sucrose, (i.e. pNIC28 or pCAGlpuro_LIC) was digested with Bsal in a 50 pl reaction volume for at least
1 hr. The vector was resolved by agarose gel electrophoresis in 1X TAE, visualised by ethidium
bromide staining and excised from the gel. Vector DNA was purified using the QlAquick Gel
Extraction kit (QIAGEN) and eluted in 30 uL distilled H,0. The DNA to be inserted via LIC-cloning was
amplified by PCR using primers containing LIC cloning hybridisation sequences at their 5" end. The
PCR product was purified using the QIAquick PCR Purification Kit (QIAGEN) and eluted in 30 pL milliQ

H,0.

The digested vector and PCR-amplified insert were incubated separately with 10 units of T4 DNA
polymerase (Fermentas) in 1X Reaction Buffer (supplied with the enzyme) in the presence of 2 uL of
2 mM dGTP and dCTP respectively (total reaction 50 pL). The reaction mix was incubated for 30 min
at 22°C followed by heat inactivation at 75°C for 20 min. DNA was purified using the QlAquick PCR
Purification Kit (QIAGEN) and eluted in 30 uL milliQ H,0. The purified vector and insert DNA were
mixed together in three different vector-to-insert molar ratios, 5:1, 1:1 and 1:2. The vector and
insert were incubated for 30 min at room temperature to allow hybridisation to occur. 1 uL of each
LIC hybridisation reaction was transformed into competent XL-10 Gold E. coli, plated onto LB plates

with appropriate antibiotic selection and grown at 37°C overnight.

2.8.7 Screening colonies for successful cloning
Bacterial colonies were screened for successful conventional or ligation-independent cloning. A
number of bacterial colonies were grown overnight in a 5 mL culture and DNA extracted by alkaline
lysis using the QlAprep Spin Miniprep kit (QIAGEN) and eluted in 50 uL distilled H,0. DNA from each

clone was analysed by restriction endonuclease digestion or PCR to verify the presence of the insert.
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2.8.8 TA cloning
Regions of gDNA or cDNA for which sequence information was required were amplified by PCR using
Taq polymerase (2.8.1.2) or high fidelity Phusion Taq polymerase (2.8.1.4) followed by A-overhang
addition (2.8.2) and TA cloned into the pGEM-T Easy Vector System (Promega). Bisulfite converted
genomic DNA was amplified by PCR (using specially designed bisulfite primers) and cloned into the
pPGEM-T Easy vector. Ligations were set up with 1X Rapid Ligation Buffer, 1 uL pGEM-T Easy vector, 1
pL T4 DNA Ligase and 3 uL of the PCR product. The ligation was mixed well and incubated for at least
1 hr at room temperature. 2 plL of the ligation was transformed into competent XL-10 Gold E. Coli.
The transformed bacteria were plated onto LB plates with Ampicillin, IPTG and X-gal and grown
overnight at 37°C. White colonies were picked, cultured overnight and plasmid DNA purified using
the QlAprep Spin Miniprep kit (QIAGEN). Clones were screened by digestion of 5 pL plasmid DNA

with the EcoRl restriction enzyme. Positive clones were sequenced using T7 or SP6 primers.

2.8.9 Sanger sequencing
Sanger sequencing was performed by Source BioScience vyielding, on average, 500-1000 bp of

sequence. The quality of the sequencing dropped off more quickly for bisulfite sequencing reactions.

2.8.10 Preparation of DNA constructs

Preparation of DNA constructs used in this thesis is described in Appendix 2.1.

2.9 Bacterial artificial chromosome (BAC) recombineering

BAC recombineering  was performed  following the  Gene Bridges protocol
(http://www.genebridges.com/gb/pdf/K001_Q+E_BAC_Modification_Kit.pdf) and a protocol
recommended by Stefan Schulte-Merker (http://www.hubrecht.eu/research/schulte-

merker/documents/BACrecombineering_stepbystep.pdf).

The pRedET plasmid contains a tetracycline resistance gene along with the A phage redyBa operon
under the control of an arabinose-inducible pBAD promoter (Guzman et al.,, 1995). In bacteria

containing this plasmid, addition of L-arabinose to the culture media, and incubation at 37°C, leads
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to induction of the reda, [ and y genes. Recombination is induced between regions of homology
(provided by the recombination cassette). The Reday pair mediates double strand break repair with
the 5’ - 3’ exonuclease Reda digesting one strand of DNA from the double strand break leaving a 3’
overhang which is then coated by the Red. The single stranded overhang then invades the
recombination cassette homology arms to form a primer for DNA synthesis. Recombination is
assisted by expression of the Redy Gam protein, which inhibits RecBCD exonuclease activity in E. coli.
The pRedET plasmid is dependent on oriR101, which requires the temperature sensitive RepA
protein for replication. Therefore, bacteria are incubated at 30°C to maintain the pRedET plasmid,
except during induction of pRedET which the temperature is raised to 37°C to ensure maximal

expression and activity of the recombination proteins.

2.9.1 Ordering BACs
Two zebrafish bacterial artificial chromosomes (BACs; DKEY-194K4 and DKEY-5K13) and two mouse
BACs (RP23-189D14 and RP23-477B14) were ordered from Source BioScience. All BACs confer
chloramphenicol resistance. The BACs were delivered in the DH10B E. coli strain and were streaked

out onto Cm plates (12.5 pug/mL).

2.9.2 Glycerol stocks
Glycerol stocks were made from the parent BACs and following each recombineering step by adding

500 uL of overnight culture to 500 puL 1:1 glycerol:LB. Glycerol stocks were stored at -80°C.

2.9.3 Designing recombination cassette
Primers were designed to amplify the recombination cassette with normal 18-24 bp primers with

additional 50bp of homology at the 5’ end of the primers to facilitate recombination.

For amplifying recombination cassettes for zebrafish BACs, primers from Stefan Schulte-Merker
were used to amplify inverted Tol2 (iTol2) surrounding the ampicillin resistance gene with homology
arms to the pIndigoBAC-536 backbone. For amplification of the Kan/Neo cassette (to confer

antibiotic resistance to mouse embryonic stem cells during production of stable cell lines), a second
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pair of homology arms were designed to another region in the pindigoBAC-536 backbone. All
cassettes were amplified using Phusion High-Fidelity DNA Polymerase (see 2.8.1.1). (New England

Biolabs, M0530S).

Table 2.11 Set-up for high fidelity PCR for amplifying zebrafish BAC recombineering

cassettes

Component Volume
Phusion polymerase 0.5uL
5 x Phusion high fidelity buffer 10 pL
dNTP 5puL
Forward primer (10 mM) 2.5uL
Reverse primer (10 mM) 2.5 uL
milliQ water 28.5
Template (10 ng/ulL) 1puL

2.9.4 BAC antibiotics and L-arabinose

Table 2.12 Antibiotic and L-arabinose working concentrations for BAC recombineering

Antibiotic Stock concentration Dissolved in Working concentration
Chloramphenicol (Cm) 34 mg/ml Ethanol 12.5 pg/ml
Tetracycline (Tet) * 10 mg/ml Ethanol 3 pg/ml

Ampicillin (Amp) 100 mg/ml Water 30 pg/ml

Kanamycin (Kan) 50 mg/ml Water 15 pg/ml

L-arabinose 10 % (w/v) Water 0.33 % (w/v)

* Tetracycline is light sensitive.

2.9.5 Electroporation of pRedET plasmid
2 mL LB containing 12.5 pg/ml Cm was inoculated with a BAC colony from the plate streaked in 2.9.1
and incubated overnight at 37°C. 30 uL of the overnight culture was added to 1.4 mL fresh LB with
Cm and cultured for a further 2 — 3 hr at 37°C. The bacterial culture was centrifuged for 30 s at
11,000 rpm at 4°C and the bacterial pellet was resuspended in 1 mL of ice-cold milliQ water by
gentle pipetting. This wash step was repeated twice. The supernatant was tipped out of the tube
leaving around 30 uL water to which 1 pL of pRedET plasmid (around 20 ng/uL) was added. Bacteria

were kept on ice throughout. 30 pL of the bacteria plus DNA was added to a chilled 1 mm
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electroporation cuvette (BioRad, MicroPulser Cuvettes, 1652089) and electroporated at 1800 V, 25

KF and 200 Ohms using a GenePulser Xcell (Bio-Rad).

Following electroporation, the bacteria were resuspended in 1 mL SOC media and incubated without
selection for 1 hr at 30°C. The bacteria were then spread onto LB agar plates containing Cm (12.5

pg/ml) and Tet (3 pg/ml) and incubated at 30°C overnight to retain the pRedET plasmid.

2.9.6 Electroporation of recombination cassette
A 2 mL overnight culture with chloramphenicol (12.5 ug/ml) and tetracycline (3 pg/ml) plus any
other appropriate antibiotic selection was inoculated with a bacterial colony containing the BAC of
interest and pRedET and incubated shaking overnight at 30°C (covered in foil as tetracycline is light-
sensitive). A fresh 30 mL culture containing appropriate antibiotics was inoculated with 643 L of the
overnight culture and incubated for a further 2.5 — 3 hr at 30°C until the ODgy reached 0.3. Two 4 mL
aliquots of this culture were prepared in 14 mL tube, one of which was inoculated with 143 puL of
10 % L-arabinose. Both tubes were incubated at 37°C for 45 min — 1 hr. 2 mL of the culture was
centrifuged for 30 s at 11,000 rpm at 4°C and made electrocompetent by three washes with 1 mL
ice-cold water (as described in 2.9.5). 1-4 uL of the recombination cassette (around 100 ng) was
added to the bacteria in 30 uL ice-cold milliQ water. The bacteria plus DNA was added to a chilled 1
mm electroporation cuvette (BioRad, MicroPulser Cuvettes, 1652089) and electroporated at 1800 V,

25 uF and 200 Ohms using a GenePulser Xcell (Bio-Rad).

Following electroporation, the bacteria were resuspended in 1 mL SOC media and incubated without
selection for 1 hr at 37°C. The bacteria were then spread onto LB agar plates containing Cm (12.5
pug/ml) and Tet (3 pg/ml) and other appropriate antibiotic selection. The plates were incubated at

30°C to retain the pRedET plasmid.

Following the final recombination step, plates were incubated at 37°C without Tet selection to

induce loss of the pRedET plasmid.
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2.9.7 Screening for colonies
A successful BAC recombineering should yield colonies on the induced (+ L-arabinose) plates but not
on the uninduced (- L-arabinose) plates. Colonies obtained on both plates were screened by colony
PCR with primer sets designed across both the left and right homology arms. Positive colonies were
further screened by restriction digestion and compared to the parent BAC to verify that the BAC

remained intact during recombineering (2.9.8).

2.9.8 Small-scale BAC preparation
Purification of BAC DNA was performed to determine whether the pRedET plasmid had been
maintained in the bacteria following electroporation of pRedET or to check BAC integrity following
recombination can be checked by restriction enzyme digestion. To check integrity of BACs, they were
digested with a restriction enzyme that gave a distinct digestion pattern when separated on a 0.8 %
agarose gel. This was done to ensure the BAC had undergone appropriate recombination and not

aberrant rearrangement.

For small-scale alkaline lysis BAC preparation, 5 mL LB containing the appropriate antibiotic selection
was inoculated with a single BAC colony and incubated overnight at either 37°C or 30°C as
appropriate. Growth at 30°C with tetracycline would allow detection of the pRedET plasmid (9270
bp, runs between 5-6kb on a 1% agarose gel), while growth at 37°C without tetracycline will cause
loss of pRedET and allow restriction digest analysis. The bacterial culture was pelleted by
centrifugation at 4500rpm for 10 min, resuspended in 250 pL of buffer P1 (2.19.2) containing
RNaseA (0.1 mg/ml) and transferred to a 1.5 mL tube. 250 pL buffer P2 lysis buffer (2.19.2) was then
added and mixed thoroughly by inversion followed by incubation at room temperature for less than
5 min to allow lysis to occur fully. 250 uL of buffer P3 (2.19.2) was then added, the reaction was
mixed by inversion, and incubated on ice for 5 min. The precipitate was pelleted by centrifugation at
13,000 rpm for 15 min at 4°C and the supernatant transferred to a fresh tube and pelleted by

centrifugation once more. The supernatant was then precipitated by adding 750 pL of isopropanol,
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mixing and incubation on ice for 10 min. The DNA was pelleted at 13,000 rpm for 10 min at 4°C,
washed with 1 mL 70 % ethanol and pelleted again. The DNA was air dried for 10 min at room
temperature and resuspended in 40 uL milliQ water. 20-40 pL of the BAC preparation was used for

analytical restriction enzyme digestion.

2.9.9 Large-scale BAC preparation
Large-scale BAC preparations were performed using the Nucleobond BAC100 kit (740579). 500 pL
from a 5 mL overnight culture (grown at 37°C in appropriate antibiotic selection from a single BAC
colony) was inoculated into a 300 mL overnight culture and grown overnight at 37°C in the
appropriate antibiotic selection. The bacterial culture was pelleted at 4,200 rpm for 15 min and the

BAC DNA extracted according to the manufacturer’s instructions.

2.9.10 Generation of stable cell lines
Stable E14 cell lines (see 2.2.2 for E14 cell culture conditions) were generated by integration of a
zebrafish BAC containing the Kan/Neo selection cassette into the mouse genome. 1 pg of BAC DNA
was transfected along with either 5 pg transposase plasmid DNA (plasmid 446) or 5 ug of pBSII-LIC
(392, as a control for Tol2-mediated integration) into E14 cells using Lipofectamine 2000 (Invitrogen,
Carlsbad, CA), and stable integrants were selected using 400 pg/mL G418 for 10 days. Colonies were

picked into wells of a 96-well plate and screened by PCR for stable integration of the BAC.

2.10 Protein expression and purification
2.10.1 Protein expression and purification of recombinant His-tagged proteins
The zKdm2b antigen, zKdm2 ZF-CxxC-PHD constructs and human hKDM2B ZF-CxxC-Avi construct
were expressed by freshly transforming a BL21 expression strain carrying the pRARE2 plasmid with
the appropriate expression vector. Cultures were grown in 2XTY and grown to an ODgy of 0.6 at
37°C. When expressing proteins containing a ZF-CxxC domain, the media was supplemented with
0.25mM ZnCl,. The culture was then cooled to 30°C and expression was induced with 1 mM

isopropyl B-D-1-thiogalactopyranoside (IPTG) for 3 hr or 18°C overnight. The cultures were then
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pelleted and the bacteria lysed in 20mM Tris-HCI (pH 8.0), 500mM NaCl and 0.1% Nonidet P-40 with
cOmplete EDTA-free protease inhibitors (Roche) by sonicating at 60 % amplitude 30s on and 30s off
for 6 cycles using a Vibra-Cell (SONICS) sonicator. The lysate was centrifuged at 4°C for 20 min at
12,500 rpm, and Ni-NTA beads (Ni-charged IMAC Sepharose 6 Fast Flow, GE Healthcare) pre-
equilibrated with lysis buffer were added to the supernatant. The recombinant 6-His protein was
allowed to bind the beads by rotating for 1 h at 4°C, the lysate and beads were then applied to a 10
or 25mL disposable column. The column was washed with 20 column volumes of wash buffer
(50mM NaH,PO,, 300mM NaCl, 20mM imidazole, pH8.0) and batch-eluted with elution buffer
(50mM NaH,P0O,, 300mM NaCl, 250mM imidazole, pH8.0). Recombinant protein-containing fractions
were identified by SDS-PAGE (sodium dodecyl sulphate polyacrylamide gel electrophoresis) and
Coomassie Blue staining. The peak fractions of the zKdm2 antigens were pooled and dialyzed into
BC150 (50mM Hepes pH 7.9, 150mM KCl, 10% Glycerol, fresh 0.5mM DTT) (Klose and Bird, 2004).
The peak elution fractions from the ZF-CxxC-PHD and Bio-CAP CxxC-Avi proteins were pooled and
digested overnight at 4°C with His-tagged tobacco etch virus (TEV) protease. The protein was then
desalted to remove the imidazole and reapplied to a Ni-NTA column (as described above) to remove
the cleaved tag and TEV protease. The cleaved CxxC-Avi protein was then desalted into 10 mM Tris
pH 8.0 containing 250 mM potassium glutamate in preparation for in vitro biotinylation. While the
zKdm2 ZF-CxxC-PHD constructs were dialysed into BC100 buffer (50mM Hepes pH 7.9, 100mM KCl,

10% Glycerol, fresh 0.5mM DTT) overnight.

2.10.2 Protein quantification by Bradford reagent
Bradford reagent was used to quantify protein concentration. Bradford reagent was diluted 1 in 4
with milliQ water and 1 mL aliquots were made. A standard curve was made by diluting 0, 1, 3, 6 and
10 pL BSA (1 mg/ml) in the 1 mL aliquots. 1 pL of each sample was also diluted into the 1 mL
aliquots. All aliquots were transferred into 1 mL cuvettes and absorbance measured at 595 nm.

Protein concentration of the samples was calculated from the standard curve.
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2.10.3 In vitro biotinylation
Following protein purification and cleavage of the His-tag, the CxxC-Avi construct was in vitro
biotinylated by addition of His-tagged recombinant BirA to the protein. The reaction was
supplemented with 10 mM ATP, 10 mM MgOAc, and 50 uM D-biotin and left to proceed overnight.
The following day the reaction was supplemented with 20 mM imidazole and applied to Ni-NTA resin
to remove the His-tagged BirA ligase, which bound to the resin. The CxxC-Avi protein, from the flow-
through, was then dialysed into BC150 buffer and stored as aliquots at -80°C. The efficiency of
biotinylation was verified by mass spectrometry prior to and after in vitro biotinylation. In vitro
biotinylation of the CxxC-Avi protein was performed by Dr Rob Klose. Mass spectrometry to verify
protein biotinylation was performed in-house by Dr David Staunton (Department of Biochemistry,

University of Oxford).

2.11 Protein electrophoresis
2.11.1 Deyolking zebrafish embryos for western blot analysis
Zebrafish embryos were prepared for western blot analysis as described by Link et al (Link et al.,
2006). Embryos were manually dechorionated with forceps using a dissecting microscope and then
transferred to a 1.5 mL tube with 1 mL deyolking buffer. Embryos were dechorionated on an
agarose-coated petri dish if the embryos were younger than bud stage. The embryos were manually
dissociated by pipetting with a 200 uL tip followed by shaking for 5 min at 1100 rpm at room
temperature (Eppendorf, Thermomixer comfort) to dissolve the yolk. The cell suspension was then
pelleted at 300g for 30 s and the supernatant was discarded without disturbing the cell pellet.

Samples were then put immediately on dry ice and stored at -20°C or -80°C.

2.11.2 Sample preparation
De-yolked zebrafish cell pellets were boiled at 100°C for 5-15 min (depending on the embryonic
stage) with 1X sample buffer prior to loading. Nuclear extract from 293T cells was boiled at 100°C for

5 min with 1X sample buffer prior to loading.
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2.11.3 Polyacrylamide gel electrophoresis
Polyacrylamide gels were made fresh using a Bio-Rad Mini-PROTEAN Tetra Cell casting frame and
stand. Typically 0.75 mm gels were cast between glass plates with 0.75 mm 10-well combs. A
separating gel was poured first and covered with water until it had set. A stacking gel was then

poured above the separating gel into which the comb was placed.

Once set, the gels were removed from the casting equipment, placed into the running module and
the gel running tank was filled to the appropriate level with 1X SDS PAGE running buffer. The comb
was removed carefully and the wells flushed with SDS PAGE running buffer. Sampled were loaded
into the wells using long pipette tips (Prot/Elec tips, BioRad). Gels were typically run at 200 V for 45
min — 1 hr or until the loading dye migrated out of the bottom of the gel. Gels were then removed

from between the glass plates and the stacking gel discarded.

Table 2.13 Composition of 6-18 % SDS-PAGE gels

Media Separating gel Stacking gel
Acrylamide 6-18 % 5%
Tris-HCI 0.4 M (pH 8.8) 125 puM (pH 6.8)
SDS 0.1% 0.1%
APS 0.1% 0.1%

0.08 % in 6 % acrylamide
Temed 0.06 % in 8-10 % acrylamide 0.1%

0.04 % in 12-18 % acrylamide

2.11.4 Coomassie blue stain
For visualisation of proteins, SDS PAGE gels were incubated with Coomassie blue stain with rocking
for 10 — 15 min. The gel was then rinsed with water and incubated with de-stain solution for around
1 hr or until the background staining had disappeared. Gels were left in water over-night and then

imaged on a flat-bed scanner.

2.11.5 Western blotting
For western blotting, proteins were transferred from the poly-acrylamide gel onto an appropriately

sized nitrocellulose membrane (typically 0.45 um or 0.2 um for histones, Bio Rad) by semi-dry
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transfer. For semi-dry transfer, six sheets of Whatman paper and the nitrocellulose membrane were
soaked in semi-dry transfer buffer before use. The SDS poly-acrylamide gel was laid on top of the
nitrocellulose membrane above three layers of Whatman paper. A further three layers of Whatman
were placed above the gel and any air bubbles were removed using a roller. The proteins were
transferred to the membrane from the gel at constant 200 mA and a maximum of 23 V for 1.5 hr

(BIORAD, Trans-Blot 5D, Semi-Dry Transfer Cell).

Following transfer, the membrane was blocked with 5 % milk powder in 1XPBS buffer containing
0.1 % Tween20 (PBSTw/milk) for 1 hr at room temperature. The membrane was then washed three
times with PBSTw/milk, and incubated overnight at 4°C with primary antibody or serum diluted in
PBSTw/milk. Dilution factors for primary antibody varied with the antibody used (typically 1:200 —
1:500). The next day the membrane was washed three times for 10 min with PBSTw followed by
incubation for 1 hr with the secondary antibody in PBSTw containing 1 % BSA (Sigma Aldrich),
typically at 1:5000 dilution. The membrane was then washed three times for 10 min with PBSTw to

remove excess secondary antibody.

ECL A and ECL B solutions were mixed well in equal proportions (while being protected from light)
and added to the membrane for 1 min at room temperature. The membrane was immediately
exposed to film (Fujifilm, Super RX) in a cassette (Amersham Biosciences, Hypercassette) and

developed (Xograph Imaging Systems, Compact 4).

2.12 Electrophoretic mobility shift assay (EMSA)
2.12.1 EMSA DNA probe
A 216 bp 601 nucleosome positioning sequence was used as a DNA probe for EMSA containing 18

CpG dinucleotides (generated by Dr Jin Zhou).

GGCCGCCCTGGAGAATCCCGGTGCCGAGGCCGCTCAATTGGTCGTAGACAGCTCTAGCACCGCTTAAACGCA
CGTACGCGCTGTCCCCCGCGTTTTAACCGCCAAGGGGATTACTCCCTAGTCTCCAGGCACGTGTCAGATATATA

CATCCTGTGCATGTATTGAACAGCGACCTTGCCGGTGCCAGTCGGATAGTGTTCCGAGCTCCCACTCTAG
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2.12.2 In vitro methylation of DNA
For in vitro methylation, 1 ug of DNA probe was incubated with 1 pg recombinant M.Sssl (generated
by Dr Jin Zhou) in 1X New England Biolabs (NEB) Buffer 2 containing 1X S-adenosylmethionine (SAM)
and incubated in a 20 pL volume at 37°C overnight. Fresh M.Sssl (1 pg) and 1X SAM were added to
the reaction the next day and incubated at 37°C for an additional 2 hr to overnight. The methylated
DNA was then purified using the QlAquick PCR purification kit (QIAGEN, 28106), eluted in 50ul
distiled water and the DNA concentration was quantified using a Nanodrop 1000

spectrophotometer (Thermo Scientific) at 260 nm.

To quantify the extent of methylation, 100 ng of methylated probe was digested with the
methylation sensitive restriction enzyme, Hhal. The Hhal enzyme cuts at 5’-GCGC-3’ sites, but this
activity is inhibited by cytosine methylation at the central CpG of the recognition site. Hhal digested
and undigested 601 DNA was then resolved on an agarose gel and analysed by ethidium bromide

staining. Efficient methylation caused lack of digestion of the methylated probe.

2.12.3 Radioactive labeling of EMSA probe
Methylated and unmethylated EMSA probes were radioactively end labelled using [y->’P] ATP
(Perkin Elmer). 200 ng DNA probe was incubated with 20 units T4 polynucleotide kinase (New
England Biolabs), 1X T4 polynucleotide kinase buffer (supplied with the enzyme) and 2 ul of 10
mCi/mL [y->*P] ATP in a 30 pL volume for 1 hr at 37°C. The reaction was then purified using the
QlAquick PCR Purification kit (QIAGEN) and eluted in 50 puL EB buffer. The radioactivity of 1 pL
radiolabelled probe was quantified using a Bioscan QC-2000 B-counter as counts per minute per plL
(cpm/uL). The probe volume was then adjusted to give 2,000 cpm/uL. Probes were stored at -20°C
and were used for up to two weeks after preparation. All work with radioactive substances was

performed using appropriate safety precautions.
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2.12.4 Electrophoretic mobility shift assay (EMSA)
Up to 2 pug of recombinant protein was incubated in EMSA binding buffer with 25 ng/uL poly-dAdT
competitor DNA for 10 min at room temperature. The radioactive end-labelled 601 probe (with
0.025 % bromophenol and 1X Orange G, to allow visualisation of the running band during
electrophoresis) was added to the protein in binding buffer and incubated at room temperature for
20 min. The samples were loaded onto a 1.3% agarose gel (made with 0.2X TBE without EDTA, as
EDTA may interfere with DNA binding). The gel was typically run in 0.2X TBE (without EDTA) at 100 V
at 4°C or until the dye front had migrated approximately 7 cm from the wells. The gel was
subsequently dried onto a sheet of DE81 anion exchanger paper (Whatman) using a vacuum driven
gel-dryer (Amersham) at 60°C for approximately 1-2 hr. The gel was exposed to a phosphorimager
screen overnight. The screen was then scanned using a fluorescent image analyser (FLA-7000,

Fujifilm).

2.13 DNA methylation analysis
2.13.1 Bisulfite Sequencing
Bisulfite conversion of DNA was performed using the EZ DNA Methylation-Gold Kit (Zymo Research)
according to the manufacturer’s instructions. 130 pL of the CT conversion reagent was added to 20
puL of the sample to be converted and incubated using the following conditions: 98°C for 10 min,
64°C for 2.5 hr and 4°C for up to 20 hr. In 600 pL binding buffer, the sample was applied to a Zymo-
Spin IC column. Following a wash step, the sample was desulfonated on the column, washed once
more and eluted in a 10 pL volume of elution buffer. 1-4 uL of the elution volume was used for PCR-
amplification using Maxima Hot Start Tag DNA Polymerase (Fermentas), which adds adenines to the
3’-end of PCR products via its deoxynucleotidyl transferase activity. Thus the PCR products were
suitable for cloning into the pGEM-T Easy vector by TA cloning using the manufacturer’s instructions
(PGEM-T Easy Vector System, Promega). White clones were selected using blue-white selection (see

2.8.8), plasmid DNA isolated (QIAGEN Spin Miniprep Kit) and sequenced using T7 or SP6 primers.
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Sequenced clones were analysed using the web-based tool QUMA by comparison to unconverted

DNA sequence (http://quma.cdb.riken.jp/) (Kumaki et al., 2008).

2.13.2 Biotinylated CxxC Affinity Purification (Bio-CAP)

2.13.2.1 Preparation of beads

For each individual Bio-CAP experiment, 25 uL of packed NeutrAvidin Agarose Resin (Thermo
Scientific, 29200) or NeutrAvidin-coated magnetic beads (Thermo Scientific, 7815-2104-011150) was
washed with BC100 buffer and then incubated with 50 pL of 0.5 ug/ pL biotinylated hKDM2b-CxxC
protein diluted in BC150 buffer (or 50 pL of BC100 buffer alone for a ‘beads only’ control) for 1 hr at
4°C. The conjugated resin/CxxC protein was then washed three times with CAP1000 buffer and once

with CAP100 buffer.

2.13.2.2 Bio-CAP

Genomic DNA at a concentration of 0.35 mg/mL was sonicated to an average size of 150-350 bp
using a Diagenode Bioruptor, using the high setting for 30 s on, 30 s off for 2 hr with a pulse spin
every 10 min. Sonicated DNA was then diluted in CAP100 buffer to 16 ug/mL and 100 uL was
retained as an Input sample. For each Bio-CAP experiment, 500 uL of diluted sonicated DNA,
typically corresponding to 8 pug of DNA (unless otherwise stated), was added to the conjugated CxxC
resin. The DNA and resin were incubated at 4°C with rotation for 1 hr. The resin was then collected
by centrifugation at 1500 x g for 3 min at 4°C or by magnetisation, and the unbound flow through
(FT) material was removed. The resin and any associated DNA was washed twice with 1 mL of
CAP100 buffer, before the first elution was performed by adding 50 uL of CAP300 (12.5% glycerol,
0.1% Triton-x-100, 20 mM HEPES pH 7.9, 300 mM NaCl) to the resin and incubating at room
temperature for 10 min. Following centrifugation or magnetisation, a 50 pL elution fraction was
carefully collected. The elution process was repeated using another 50 pL of CAP300 and the 300
mM elution fractions were pooled (giving a total volume of 100 pL). Subsequent elutions were

performed in the same way using buffers with 500 mM, 700 mM and 1 M NaCl sequentially. Each
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100 pL elution fraction, and 100 pL of both the Input and FT samples were purified using a PCR
purification column (QIAGEN) and DNA was eluted in 50 pL distilled H,0. For real-time gPCR analysis,
Bio-CAP samples were typically diluted 10-fold and 5 pL of this was used per 15 plL reaction (see

2.8.1.5).

For the Bio-CAP spiking experiment, 200 bp regions containing set numbers of CpGs were amplified
from human genomic DNA. The methylated human probe was generated by in vitro methylation of
the 13 CpG probe with M.Sssl (NEB) (see 2.12.2) and the hydroxymethylated human probe was
generated by amplifying the 13 CpG probe in a PCR reaction containing 5hmC. Approximately 10 pg
of each 200 bp probe was added to 8 ug of sonicated mouse genomic DNA and the Bio-CAP assay
was then performed in the same way as above. The 200 bp human probes were interrogated by

gPCR using primer sets nested within each region.

2.13.2.3 Magnetic Bio-CAP

Mouse genomic DNA sonicated to 150-350 bp was incubated with magnetic CxxC resin for 1 hr in the
same way as a regular Bio-CAP experiment (2.13.2.2). The magnetic CxxC resin and associated DNA
was then collected using a magnetic microcentrifuge tube rack, allowing unbound FT material to be
removed. Two 10 min washes were performed in CAP500 (500mM NaCl) to remove non-specifically
bound material, followed by two 10 min elution steps with 50 uL CAP1000 (1M NacCl). Elutions were

combined, purified by PCR purification (QIAGEN) and analysed by qPCR.

2.13.3 Methylated DNA immunoprecipitation (MeDIP)
MeDIP was performed in the laboratory of Dr Skirmantas Kriaucionis. Genomic DNA was sonicated
using a Diagenode Bioruptor to an average size of 250 bp. Prior to immunoprecipitation DNA
blunting, dA overhang addition and adaptor ligation was completed according to lllumina library
preparation recommendations. Immunoprecipitation was performed using 2 pg of anti-mC antibody
(Eurogentec) using a general MeDIP protocol (http://www.epigenome-

noe.net/WWW/researchtools/protocol.php?protid=33) with some minor modifications.
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2.14 Massively parallel sequencing
2.14.1 Picogreen quantification of DNA
To quantify DNA at low concentrations, Picogreen quantification was used. The concentration of
input DNA (i.e. sonicated DNA diluted to around 16 pg/mL in CAP100 buffer for Bio-CAP
experiments) was determined using a Nanodrop 1000 spectrophotometer (Thermo Scientific) at 260
nm. The input DNA was then diluted to 1 ug/mL in 1xTE and a dilution series of 200 ng/pL 100 ng/uL
40 ng/uL 8 ng/uL was made. 2 uL of each dilution was mixed with 2 pL of Picogreen (diluted 1:200 in
1xTE), fluorescence was detected using a Nanodrop 3300 and a standard curve was generated using
the measurements. DNA samples were diluted 10x in 1xTE and 2 pL of 10x diluted or undiluted
sample was then mixed with 2 pL diluted Picogreen. Fluorescence was detected using a Nanodrop
3300 and the concentration of the samples inferred from this curve. The two values from the
undiluted and diluted DNA sample were averaged to give an estimate of the DNA concentration for

each sample.

2.14.2 Library preparation
Bio-CAP DNA was prepared for Solexa 2G sequencing by blunting the DNA with a mixture of T4 DNA
polymerase, Klenow DNA polymerase, and T4 PNK (NEB) according to manufacturer's instruction. dA
overhangs were then added and lllumina adapters ligated. Adapter-ligated DNA was subject to 18
cycles of PCR before size selection by agarose gel electrophoresis. Amplified DNA was purified using
the QIAquick Gel Extraction Kit (QIAGEN). The purified DNA was quantified with both an Agilent
Bioanalyzer and Invitrogen Qubit and diluted to a working concentration of 10 nM prior to

sequencing.

2.14.3 Bio-CAP sequencing
All Bio-CAP experiments were performed in duplicate (either technical or biological replicates) with
matched input controls. Next generation sequencing was performed using two lllumina sequencing

platforms: Genome Analyser lIx and HiSeq 1000 yielding 51bp single-end or paired-end reads.
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2.14.4 Read alignment
Raw sequencing reads were aligned to the appropriate genome using the Bowtie short-read aligner
(v0.12.7, (Langmead et al., 2009)). If the data was paired-end, only one of the ends was used in the
alignment. Only uniquely mapping reads, with a maximum of two mismatches across the entire read
length were used. The reference genomes used in this thesis are as follows: human, hgl9; mouse,
mm9; platypus, ornAnal; chicken, galGal3; lizard, anoCar2; frog, xenTro3; zebrafish danRer7. A
reference genome was generated for the Tcl mouse model (TC1: the entire mouse genome plus
human chromosome 21) with the help of Dr. Simon J. McGowan (Computational Biology Research

Group, Weatherall Institute of Molecular Medicine).

2.14.5 Peak calling
Peaks were typically identified using MACS (v1.4.0) (Zhang et al., 2008) specifying a bandwidth of
300 and an mfold range of 10-30. Binding intervals were filtered by a g-value of 0.01. Wig files were

also generated from MACS for visualisation of the alignment.

2.14.6 Data visualisation
Genomic peaks and intervals were visualised using the Integrated Genome Browser (IGB,

http://bioviz.org/igb/) software (Nicol et al., 2009).

2.15 Analysis of massively parallel sequencing data — seven vertebrates

Data analysis was performed in R and python using bespoke scripts available online (www.cgat.org).

2.15.1 Overlap of NMls with CGls
CpG island annotations were downloaded from UCSC Tables and overlapped with NMI intervals

using BEDTools intersectBed. 1 bp overlap was required for successful overlap of these features.

ensGene gene models were downloaded from Ensembl for all seven vertebrate species. The
transcription site start (TSS) was defined as the +/- 1kb region surrounding the most 5’ transcript for
each gene. These TSS intervals were overlapped with NMIs from testis Bio-CAP-seq using BEDTools

intersectBed, requiring a 1 bp overlap for intersection of these features.
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2.15.2 Genomic localization of non-methylated islands
Ensembl (release 66) genes were annotated as having an NMI at their TSS using a single base pair
overlap of an NMI with a window extending 1 kb upstream and downstream from the transcript

transcription start site (TSS) of the most 5’ annotated transcript for each gene.

Multi-tissue RNAseq datasets for platypus, chicken and lizard were used to improve the annotation
of gene TSSs (Barbosa-Morais et al., 2012; Brawand et al., 2011; Julien et al., 2012). Where transcript
models were not provided by the authors TopHat (Trapnell et al., 2009) and Cufflinks (Trapnell et al.,
2010) were used to construct transcript models from short-read data. Similarly, the XTev gene
dataset was used to improve the annotation of TSSs in the frog genome (Akkers et al., 2010). NMls
were annotated with respect to both Ensembl (release 66) and RNAseq-based genome annotation as
being associated with the following features in a hierarchical manner: protein-coding gene TSS (+/-
1kb), gene body, upstream or downstream of a gene (within 5kb of the annotated gene model).

Remaining NMlIs were annotated as intergenic.

For mouse ES cell and zebrafish 24hpf embryos, published IncRNA models, Ensembl non-coding RNA
annotations, tissue-specific H3K4mel and RNAseq data were used to account for intergenic NMils in
a hierarchical manner. Where short read genomic alignments were not provided by the authors,
chromatin mark datasets were aligned to the appropriate reference genome using Bowtie and peaks
were called using MACS as above (2.14.5). Throughout, overlap of genomic intervals was assessed
using BEDTools (Quinlan and Hall, 2010) and statistical significance calculated using the Genomic

Association Tester (GAT) (Ponjavic et al., 2007).

2.15.3 Nucleotide properties of non-methylated islands
CpG observed/expected (CpG O/E) and GC content were calculated as in Gardiner-Garden et al
(Gardiner-Garden and Frommer, 1987). Both measures were calculated for each non-methylated

island (NMI) and for a control region of the same size 10kb upstream of each NMl interval.
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2.15.4 Evolutionary conservation of NMls
Evolutionary conservation of protein-coding genes was calculated using OPTIC (Heger and Ponting,
2008). Conserved genes (pairwise 1:1 orthologues) were defined as having an NMI or not depending
on whether a 1 kb region centred on the gene TSS was overlapped or not overlapped by 1 bp with an
NMI. The conservation score was calculated as: n/min(x,y) where n is the number of conserved
genes with an NMI at the TSS of both orthologues and x and y are the numbers of conserved genes
with a TSS-associated NMI in each species. For three-way conservation, 1:1:1 orthologues from

human, mouse and zebrafish were defined as having an NMl in one, two or all species.

2.15.5 Tissue-specific and broad NMls
NMls were called from non-methylated DNA profiles in both testis and liver using MACS
(v1.4.0)(Zhang et al., 2008). An NMI was defined as tissue-specific if it did not overlap with an NMl in
the other tissue. Broad NMI-associated genes were defined as having greater than 90% of their gene
length covered by NMls. Short NMlI-associated genes had less than 10% (but greater than 0%) gene

coverage by NMls.

2.15.6 Gene expression analysis
Published tissue-specific RNA-seq data was obtained for testis and liver from Gene Expression
Omnibus (http://www.ncbi.nlm.nih.gov/geo/) for human, mouse, platypus and chicken. DESeq
(Anders and Huber, 2010) was used to identify genes differentially expressed between liver and

testis for all four species (p<0.05, fold change > 2).

2.15.7 Visualisation of genome-wide data

2.15.7.1 Composite analysis of H3K4me3 genome-wide

Published H3K4me3 ChIP-seq data was profiled across tissue-specific NMls from human and mouse
(testis and liver) and frog and zebrafish (embryonic stages stage 11-12 and 24 hpf respectively) using

sitepro from the CEAS package (Shin et al., 2009).

97



2.15.7.2 Venn diagrams for comparison of interval datasets

Proportional two-way Venn diagrams were generated in R using the ‘VennDiagram’ package (Chen
and Boutros, 2011). The EulerAPE drawing tool was used to generate a three-way Venn diagram

(http://www.eulerdiagrams.org/eulerAPE/).

2.15.8 Gene ontology (GO) analysis
Gene Ontology (GO) analysis was performed using a hypergeometic test. Terms were clustered using
a modified ReVigo (Supek et al., 2011) script and a representative term from each cluster was

plotted using the GO term enrichment score.

2.16 Analysis of massively parallel sequencing data — Tc1l mouse
Bio-CAP sequencing was performed in duplicate for testis and liver tissue from Tcl mouse (received
from Claudia Kutter and Duncan Odom). The combined high salt elutions were analysed by massively

parallel sequencing.

2.16.1 Regions of human chromosome absent in Tc1 mouse
The regions lost in Tcl mouse model from human chromosome 21 were chr21:18735370-18868903,
chr21:18972558-19718193, chr21:33626046-36366435 and chr21:46866675-47321951. These
regions were removed from appropriate bed files prior to use in comparative analyses using the

following bedtools command.

bedtools subtract -A -a bedfile.bed -b unmapped_Tcl regions.bed > bedfile _rmunmap.bed

2.16.2 Identifying differentially methylated NMlIs between human and Tcl mouse
NMis were identified for Tcl testis and liver using MACS as was performed previously for the human
datasets (2.14.5). A combined dataset of all NMIs was generated by combining all NMIs from human
and Tcl mouse chromosome 21 for each tissue (testis and liver). Bam files were generated for
human chromosome 21 from human and Tcl mouse and the number of reads were normalised

relative to one another by downsampling. The number of reads was then counted for human and
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Tcl mouse at all intervals from the combined NMI dataset. All NMIs which exhibited a 1.5 fold

change in read number were considered differentially methylated between human and Tcl mouse.

2.17 External datasets
2.17.1 Seven vertebrate external datasets
Computationally predicted CpG islands for all seven species were obtained from the UCSC genome
browser (Kent et al., 2002). LncRNA datasets from recent publications for mouse (Belgard et al.,
2011; Guttman et al., 2010) (GSE20851, GSE27243) and zebrafish (Pauli et al., 2012; Ulitsky et al.,
2011) (GSE32900 and GSE32880) were obtained from GEO (Edgar et al., 2002) or from
supplementary material. H3K4me1 datasets for zebrafish 24hpf (Aday et al., 2011) (GSE20600) and
mouse ES cell (Stadler et al.,, 2011) (GSE30206, GSE11172) were obtained from GEO. Mouse
(Smagulova et al., 2011) and human (Bernstein et al., 2010; Hammoud et al., 2009) (liver and testis),
frog (Akkers et al., 2009) (stage 11-12) and zebrafish (Aday et al., 2011) (24hpf) H3K4me3 datasets
were obtained from GEO (GSE24438, GSE19465, GSE15594, GSE14025, GSE20600). H3K4me3 and
H3K27Me3 datasets for mouse ES cells (Mikkelsen et al., 2007) (GSE12241) and frog stage 11-12
(Akkers et al., 2009) (GSE14025) were obtained from GEO. RNAseq datasets for human, mouse,
platypus and chicken (Brawand et al., 2011; Julien et al., 2012; Stadler et al., 2011) were obtained
from GEO (GSE30280, GSE30352 and GSE36120), RNAseq datasets for lizard (Barbosa-Morais et al.,
2012) were obtained before publication from Kutter and Odom (now available at GSE41338) and
zebrafish RNAseq data were obtained from the EBI (ERPO00016, Sample ERS000081). The XTev
dataset (Akkers et al., 2010) was obtained from the Veenstra lab website
(http://131.174.221.43/gertjanveenstra/genomedata.asp). ChIP-seq data for a number of polycomb

factors profiles for mouse ES cells (Ku et al., 2008) were obtained from GEO (GSE13084).

2.17.2 Tcl mouse external datasets
H3K4me3 ChlIP-seq datasets for the human chromosome 21 mouse model, Tcl, were obtained from

the European Nucleotide Archive (ENA), study accession ERP001396 (Ward et al., 2013). CEBPA and
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HNF4A ChIP-seq datasets were obtained from the ENA, study accession ERP000054 (Schmidt et al.,

2010).

2.18 Bioinformatics tools
2.18.1 UCSC Genome Bioinformatics
The UCSC Genome Bioinformatics (http://genome.ucsc.edu/) website was used to browse genomes,

perform in silico PCR and download various genomic features using the Tables functionality.

2.18.2 National Center for Biotechnology Information (NCBI)
The NCBI website (http://www.ncbi.nlm.nih.gov/) was used to search for genes, to perform BLAST
(Basic Local Alignment Search Tool) searches of a DNA or protein sequence of interest, to find

vertebrate gene homologues and extract DNA and protein sequences.

2.18.3 Ensembl
The Ensembl website (http://www.ensembl.org/) was used to perform BLAT/BLAST searches of a
DNA or protein sequence of interest, to download gene models (Ensembl Gene) from BioMart

(www.ensembl.org/biomart/martview/) and search for gene homologs.

2.18.4 ExPASy Bioinformatics Resource Portal
ExPASy Bioinformatics Resource Portal was used for in silico translation of a DNA sequence
(Translate Tool http://web.expasy.org/translate/) and to calculate the expected molecular weight of

a given peptide (Compute pl/Mw tool http://web.expasy.org/compute_pi/).

2.18.5 NEBcutter V2.0
NEBcutter V2.0 (http://tools.neb.com/NEBcutter2/) was used for in silico digestion of a given DNA

sequence with selected restriction enzymes.

2.18.6 Clustalw?2
The ClustalW2 utility (http://www.ebi.ac.uk/Tools/msa/clustalw2/) was used to perform multiple

sequence alignments of a number of DNA or protein sequences of interest.
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2.18.7 Antigenicity Plot
The antigenicity plot program from JaMBW (http://www.bioinformatics.org/JaMBW/3/1/7/) was
used to analyse the antigenicity of the zKDM2B antigen (Hopp and Woods, 1981). The resultant
chart shows amino acid position along the x axis and antigenic index on the y axis. High values for

the antigenic index indicate that the region is likely to be exposed and accessible for antigen binding.

2.18.8 Vector NTI
The software Vector NTI was used to store DNA and protein sequences with user-added
annotations. Vector NTI was used for in silico manipulation of DNA sequences by restriction
endonuclease digestion or translation tools. DNA and protein sequences were compared by multiple

sequence alignment or contig tools.

2.18.9 PyMol

PyMol was used to download and manipulate protein structures from the RCSB Protein Data Bank

(PBD, www.rcsb.org/pdb/).

2.19 Buffers, morpholinos, plasmids and BACs

2.19.1 Common solutions

Table 2.14 Common solutions

Buffer Composition
140 mM NacCl
Phosphate buffered saline (PBS) | 3 mM KCl
1X 2 mM KH,PO,
10 mM Na,HPO,
40 mM Tris
. 20 mM glacial acetic acid
Tris-acetate EDTA (TAE) 1X
1mM EDTA
Adjusted to pH 8.0
TE buffer 10 mM Tris, 0.1 mM EDTA, pH 7.6

2.19.2 Solutions
Solutions were prepared n milliQ water and filtered and autoclaved where appropriate. Buffers were

stored at room temperature unless indicated, 4°C (*) or -20°C ().
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Buffer

Composition

Zebrafish embryo husbandry and manipulation

60 x E3 *

300 mM NacCl

10.2 mM KCl

20 mM CaCl,

20 mM MgCl,

Adjust to pH 7.2 with NaOH.

Deyolking buffer

55 mM NaCl
1.8 mM KClI
1.25 mM NaHCO;

MS222 *

0.4 % Ethyl-3-amino benzoate methanesulfonate salt
Adjust to pH 7.0.

Whole-mount in situ hybridisation

(WISH)

PBS + Tween (PBSTw) 1X

1X PBS
0.1 % Tween-20

4 % paraformaldehyde (PFA) *

10 mL 16 % PFA
Diluted 4X with 10 mL PBSTw.

Hybe +/+ *

50% Formamide
5x SSC

9.2 mM Citric Acid
0.1 % Tween

0.05 % tRNA (+)
0.005 % Heparin (+)

Hybe -/- *

50% Formamide
5x SSC

9.2mM

Citric Acid

0.1 % Tween

20 xSSC *

3 M Nacl
0.3 M Sodium Citrate

MABTw *

0.1 M maleic Acid
0.15 M NaCl

0.1 % Tween
Adjust to pH 7.5.

MAB Block t

0.1 M maleic Acid

0.15 M NaCl

2 % Boehringers Blocking Reagent
Adjust to pH 7.5.

AP Buffer

100 mM Tris-HCl pH 9.5
100 mM NacCl

50 mM MgClI2

0.1 % Tween

Make fresh.

Bleaching solution

10 % hydrogen peroxide
5 % formamide

0.5 % SSC

Make fresh.
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50 —90 % glycerol

50 —90 % glycerol
50 - 10 % PBSTw

Western Blot

Semi-dry transfer buffer

Glycine 39 mM
Tris 48 mM
SDS 0.037 %
Methanol 20 %

Luminal (in DMSQ) 2.5 mM

ECLA* p-comedic acid (in DMSO) 396 uM
Tris-HCl pH 8.5 100 mM

Tris-HCI pH 8.5 100 mM

Electrophoretic mobility shift assay

16 % Bicol 400
80 mM Hepes pH 7.9

Binding buffer (4x) * 600 mM KClI
4 mM EDTA
2 mM DTT
Tris 216g
Boric acid 110g
20X TBE running buffer (1L) EDTA 80ml of 0.5M pH 8.0

(No EDTA for CxxC domain proteins)
Adjust to 1L with H20

BAC mini-prep

P1 buffer (4°C) *

50 mM Tris (pH 8.0)
10 mM EDTA (pH 8.0)
Add 0.1 mg/ml RNaseA prior to use.

P2 buffer

200 mM Sodium hydroxide
1% SDS

P3 buffer

3 M Potassium acetate
Adjust pH to 5.5 with glacial acetic acid

PAGE and western Blotting

Deyolking buffer

55 mM NacCl
1.8 mM KCI
1.25 mM NaHCO;

Coomassie blue stain

50 % Methanol
10 % Glacial acetic acid
0.1 % Brilliant blue R250 dye

De-stain solution

30 % Methanol
10 % Glacial acetic acid

SDS-PAGE Running Buffer (10X)

250mM Tris
1.92M Glycine
1 % SDS

Sample Buffer (4X)

8 % SDS

0.4 M Tris (pH 6.8)

0.4 M DTT

40 % Glycerol

4 % Bromophenol Blue
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Genomic DNA extraction

gDNA extraction buffer

20 mM Tris HCI (pH 8.0)

10 mM EDTA

100 mM NacCl

0.5 % SDS (add after homogenisation)
200 pg/ml Proteinase K (add fresh)

Sperm extraction buffer

10 mM Tris HCI (pH 8.0)

10 mM EDTA

100 mM NacCl

1 % SDS (add after homogenisation)
200 pg/ml Proteinase K (add fresh)
40 mM DTT (add fresh)

Biotinylated CxxC affinity purification (Bio-CAP)

CAP100
CAP300
CAP500
CAP700
CAP1000 *

12.5% Glycerol

0.1% Triton-x-100
20 mM HEPES pH 7.9
X mM Nacl

Different CAP buffers have increasing salt concentrations:

CAP100, X = 100 mM Nacl
CAP300, X = 300 mM NacCl
CAP500, X = 500 mM Nacl
CAP700, X = 700 mM NacCl
CAP1000, X = 1000 mM NacCl

2.19.3 Morpholinos

Morpholinos were designed by Gene Tools (http://www.gene-tools.com/) and a BLAST search was
performed to ensure that the designed morpholino had only one target in the zebrafish genome
(Table 2.15). Morpholinos were designed to bind across or upstream of the ATG translation start
sites (aMO) or to bind across a splice junction to disrupt normal splicing (sMO). Lyophilised
morpholino stocks were rehydrated in distilled water to make a stock concentration of 50 ng/nL
which was aliquoted and stored at -20°C. For injection, morpholinos were diluted in distilled water

to a working concentration and injected in the range 1-20 ng. Prior to use, morpholinos were heated

to 65°C for 5 min and then placed on ice.
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Table 2.15 Morpholinos used in this thesis

Gene GenelD Morpholino Sequence (5’ - 3’) Target site
name

zkdm2aa (1) 571851 sMO-1 CCAGACCGCTGTAAGACACGAGCGA | il-e2

100536129 .
zkdm2b (10) & 562643 * sMO-2 AAACCATCTGTGTTCTTACCACTGT e2-i2
zkdm2ab (14) 799441 sMO-3 GCATGATGAAATGAGCCATACTTTA e3-i3
zkdm2aa (1) 571851 aMO-1 CAGCGGACATCACGTCCATAACCGA | Overlap ATG
zkdm2b (10) ;050653225 2 aMO-2 ACGCCTCCATGTCCGAGTTGTCCGT Overlap ATG
zkdm2ab (14) 799441 aMO-3 ACGGGATTTAGCCTCTGACATACTC Overlap ATG
zkdm2aa (1) 571851 aMO-5 GGCCGTCTGGTGAAAGAAACCTACA | Upstream of ATG
zkdm2b (10) ;Ogé’;:ig Si aMO-6 GCGTTATTTCGGGCATTTTTCACGC Upstream of ATG
zkdm2ab (14) 799441 aMO-7 TAGCCTTCAACTTTCGCTTTCCGCC Upstream of ATG
zpcgfl 368900 aMO0-8 CCATCGGACCTTGCTCCGCCATCTT Overlap ATG
zkdm2b (10) ;{0222366:32 2 aMO0-9 CACACTTTGATTGCTTGTGCTGAAA Upstream of ATG
zrnf2 327035 aMO0-10 TGGACCGTCTGTGTCATCTTCATAC Overlap ATG
zrnf2 327035 aMO-11 ATGTTGTGAACACTCTCTCTCCTGC Upstream of ATG
zpcgf1 368900 aMO0-12 TTCTGCATACTTCCGGGTAACGGGA | Upstream of ATG
zkdm2b (10)-SF ;{0222366:322 aMO0-13 AGCTGACATGGCTACGGCTTGCTAC | Overlap ATG

* Zebrafish Kdm2b, zKdm2b, on chromosome 10 is currently annotated as two genes on NCBI: the 5’ end is
“LOC100536129 lysine-specific demethylase 2B-like” (gene ID 100536129) and the 3’ end is “kdm2bb lysine
(K)-specific demethylase 2Bb” (gene ID 562643). Target sites: i=intron, e=exon

2.19.4 Plasmids

Table 2.16 ESTs used to clone zebrafish kdmZ2 genes

Klose EST Selectio
Plasmid Gene Name/Clone ID | Source Vector

Index name n
393 11 zkdm2aa (1) BC129321 Open Biosystems pME18S-FL3 Amp
394 12 zkdm2aa (1) AL922788 Open Biosystems pBluescript SK+ Amp
395 13 zkdm2aa (1) BC128874 Open Biosystems pCMV-SPORT6.1 Amp
396 14 1 zkdm2ab (14) EB931586 Open Biosystems pSPORT-1 Amp
397 14 2 zkdm2ab (14) DR730314 imagenes p-Express-1 Amp
398 10_1 zkdm2b (10) CK027726 imagenes p-Express-1 Amp
393 10 2 zkdm2b (10) ZF_mu_249N16 | gene services pSPORT1 Amp
340 10 3 zkdm2b (10) EB782957 Open Biosystems pCCM114 Amp
341 10_4 zkdm2b (10) BG799427 Open Biosystems pT7T3D-Pacl Amp
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Table 2.17 Plasmids generated in this thesis

Klose

Plasmid | Name Purpose Tag Parent vector Selection

Index

407 KDM2aa (1) FL pCMV-SPORT6.1 Amp

408 KDM2b (10) delta 2b pCCM114 vector Amp

409 KDM2b (10) FL pCCM114 vector Amp

410 KDM2aa (1) CxxC-PHD (from PE His (CT) 177 pNIC28 Kan
2.1 3)
KDM2b (10) CxxC-PHD (from .

411 2103, delta 2bp) His (CT) 177 pNIC28 Kan

412 KDM2b (10) CxxC-PHD (from PE His (CT) 177 pNIC28 Kan
2.10_4)

413 KDM2ab (14) CxxC-PHD (from PE His (CT) 177 pNIC28 Kan
2.14 1)

414 KDM2aa (1) antigen PE His (CT) 177 pNIC28 Kan

415 KDM2ab (14) antigen PE His (CT) 177 pNIC28 Kan

416 KDM2b (10) antigen PE His (CT) 177 pNIC28 Kan
KDM2aa (1) aMO Sensitive rescue

417 construct (pC52+) IVT 3xFlag (CT) 421 pCS2+ Amp
KDM2aa (1) aMO Insensitive

418 rescue construct (pCS2+) IVT 3xFlag (CT) 421 pCS2+ Amp
KDM2ab (14) aMO Sensitive

419 rescue construct (pCS2+) IVT 3xFlag (CT) 421 pCS2+ Amp
KDM2ab (14) aMO Insensitive

+

420 rescue construct (pCS2+) IVT 3xFlag (CT) 421 pCS2 Amp
eFlalpha GFP polyA 1517 miniTol2 GFP —

240 pT2AL200R150G Kan R BR Patient Lab Kan
eFlalpha GFP polyA

>41 pT2AL200R150G Kan R BR Kan

603 iTol2_amp_eFlalpha-gfp_kan BR 445 ﬁ;p
iTol2_amp_eFlalpha-

612 gfp_ HAPBAC3.6-pGEMT-easy BR 603 Amp

613 zKDM2B aMO sens pCS2+ 3xFLAG | IVT 3xFlag (CT) pCS2+ & 409 Amp

614 zKDM2B aMO ins pCS2+ 3xFLAG IVT 3xFlag (CT) 613 Amp

615 pCAGlpuro_LIC_zKDM2B_FS2 EE Flag strepll 441 pCAGlpuro LIC Amp

619 619 pGTvL2 zKDM2B (10) antigen | PE His/GST 273 pGTVL2 Kan

Purpose: BR = BAC recombineering; IVT = In vitro transcription; EE = Eukaryotic Expression; PE = Prokaryotic
Expression. NT = N-terminal, CT = C-terminal.

106




2.19.5 Bacterial artificial chromosomes (BACs)

Table 2.18 Bacterial artificial chromosomes used in this thesis

Name BAC Genomic clone Location Vector
mBAC1 | RP23-189D14 RPCIB731D14189Q chr3:103,598,642-103,803,302 pBACe3.6
mBAC2 | RP23-477B14 RPCIB731B14477Q chr8:74,666,059-74,866,244 pBACe3.6
ZBAC2 DKEY-194K4 HUKGB735K04194Q chr2:29,588,938-29,829,367 pIndigoBAC-536
ZBAC3 DKEY-5K13 HUKGB735K135Q chr13:31,858,931-32,077,313 pIndigoBAC-536

2.19.6 In situ hybridisation probes

Table 2.19 In situ hybridisation probes generated in this thesis

Name Gene F primer R primer Location Nucleotide position
ISH-1 zkdm2aa (1) 991 (T3) 992 (T7) 3'UTR 104-914 beyond TAA
ISH-2 | zkdm2ab (14) | 987 | (T3) | 988 | (T7) 3'UTR 218-? beyond TAA
ISH-3 zkdm2b (10) 989 | (T3) 990 (T7) | between CxxC-Fbox | 2053-2415 from ATG
ISH-4 zkdm2aa (1) 1242 | (T3) | 1243 | (T7) between PHD-Fbox 1971-2878 from ATG
ISH-5 | zkdm2ab (14) | 1246 | (T3) | 1247 | (T7) | between PHD-Fbox | 1959-2929 from ATG
ISH-6 zkdm2b (10) 1244 | (T3) 1245 (T7) 3'UTR 75-785 beyond TAG
Table 2.20 Other in situ hybridisation probes used in this thesis
Patient lab Linearise Polymerase
plasmid index Gene (antisense) (antisense) Bet
166 gata2 EcoRl T7
236 ntl Xhol T7 (Schulte-Merker et al., 1992)
239 bmp2b EcoRl T3
308 wnt8a EcoRl T7 (Kelly et al., 1995)
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Chapter 3 -- Biotinylated CxxC affinity purification is a robust method

to selectively purify non-methylated DNA

3.1 Introduction
In vertebrate genomes, the majority of DNA methylation occurs at cytosine residues in a CpG
dinucleotide context, with 70-80% of CpGs existing in the methylated state (Bird, 2002; Bird et al.,
1985; Ehrlich et al., 1982). CpGs which remain non-methylated are clustered at around 70% of gene
promoters, where they appear to be protected from DNA methylation (Deaton and Bird, 2011). It
has been known for over thirty years that DNA methylation has a repressive effect on transcription
(Doerfler, 1983). A link between DNA methylation at gene promoters and transcriptional silencing
(Esteller, 2007; Suzuki and Bird, 2008; Thomassin et al., 2001) has provoked tremendous interest in
investigating DNA methylation status. As a consequence, a large number of techniques have been
developed for analysing the methylation state of DNA (Laird, 2010), the majority of which detect the
presence of methylated CpGs. However, due to the strong enrichment of non-methylated DNA at
mammalian gene promoters, we sought to develop a technique for the direct interrogation of non-

methylated DNA which was fast, simple and cost-effective.

In this Chapter, the development and characterisation of the technique, biotinylated CxxC-affinity

purification (Bio-CAP) will be described.

3.2 Currently available techniques for DNA methylation analysis
Many techniques have been developed for analysing the methylation state of DNA (see 1.11). An
appropriate methodology was sought here for profiling the non-methylated fraction of the genome.
Bisulfite sequencing generates single nucleotide resolution maps of DNA methylation, but is
prohibitively expensive for many applications and it can be a challenge to map reads due to a loss of
sequence complexity (1.11.1.3). Methods which affinity purify methylated DNA (for example

MethylCap and MeDIP-seq) are limited in their detection of non-methylated DNA at genomic loci
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with low CpG density, as it is uncertain whether lack of signal can be attributed to lack of DNA
methylation or low CpG density and subsequent failure to purify the small amount of methylated
DNA. MRE-seq (methylation sensitive restriction enzyme sequencing) directly interrogates the
presence of non-methylated DNA, but is biased towards regions of the genome containing

restriction sites.

CxxC affinity purification (CAP), first described by Adrian Bird and colleagues, directly purifies the
non-methylated fraction of the genome (lllingworth et al., 2008). Since only a small fraction of the
vertebrate genome is non-methylated, enrichment of non-methylated DNA coupled to massively
parallel sequencing reduces the sequencing depth requirements and enables detection of non-
methylated DNA even at CpG sparse regions (lllingworth et al., 2010). Therefore, from the
techniques currently available for DNA methylation analysis, the CAP method was chosen for further
development. In its current format CAP requires large amounts of input material and an automated
chromatography system for elution of DNA. Therefore, optimisation steps were undertaken to

create a more streamlined technique which is amenable to small amounts of input material.

3.3 Developing a modified CAP technique
3.3.1 CxxC affinity purification
In the original CAP protocol, recombinant His-tagged MBD1 ZF-CxxC protein is immobilised on nickel-
charged sepharose beads, and packed into a 1 mL chromatography column (Figure 1.17C)
(Mingworth et al., 2008). Genomic DNA, digested with Msel (a frequent cutter, that will digest AT-
rich DNA at TATA_A sites) was passed over the column and allowed to bind to the immobilised ZF-
CxxC domain. DNA was then eluted with an increasing NaCl gradient (lllingworth et al., 2008). Due to
the size of the column, the CAP elutions were large and required precipitation prior to downstream
analysis. These extra DNA handling steps generally lead to a loss of material, and resulted in large
amounts of starting material being required. This requirement precludes CAP from being applied to

samples where material is limiting, such as patient samples, rare cell-types, or early developmental
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stages. Furthermore, traditional CAP is inaccessible for some laboratories as it requires large
amounts of recombinant ZF-CxxC protein and an automated chromatography system for processing
of samples. Due to these limitations, optimisation steps were undertaken to develop an improved

CAP technique.

3.3.2 The ZF-CxxC domain as a non-methylated DNA affinity module

3.3.2.1 Human KDM2A and KDM2B specifically bind non-methylated DNA in vitro

In order to improve the CxxC-affinity purification technique, the first aim was to identify a high
affinity non-methylated DNA binding module for a modified CAP technique. The DNA binding
properties of two ZF-CxxC domain-containing proteins, human KDM2A and KDM2B, were
investigated in vitro by electrophoretic mobility shift assay (EMSA, 2.12.4) which interrogates the in
vitro binding of a protein to a radiolabelled DNA probe. Recombinant KDM2A and KDM2B ZF-CxxC
domains (KDM2A-12 and KDM2B-3, see Appendix 2.1-4ii and 2.10.1) were incubated with a
radiolabelled 216 bp DNA oligonucleotide probe (2.12.1) which was either in vitro methylated using
M.Sssl or left non-methylated. With increasing protein concentration, the migration of the
radiolabelled probe was increasingly retarded for hKDM2B as was previously shown for hKkDM2A
(Blackledge et al., 2010), demonstrating that both proteins are able to bind non-methylated DNA in
vitro (Figure 3.1C). Importantly, methylation of the DNA probe abrogated DNA binding of both
proteins, with very little or no retardation in band migration observed with the in vitro methylated
DNA probe (Figure 3.1C). Together, the human KDM2B ZF-CxxC domain appears to be an ideal
affinity module for purifying non-methylated DNA, as it has a high affinity for non-methylated CpGs,
higher than that of KDM2A (Figure 3.1C). Furthermore, the KDM2B ZF-CxxC domain appeared stable
(Figure 3.2B) unlike that of the MBD1 ZF-CxxC domain (used in conventional CAP) which exhibited a

reduced functional concentration due to degradation (Rob Klose, unpublished observations).

Interestingly, increasing the hKDM2A or hKDM2B protein concentration appears to cause a step-

wise shift in band migration for both KDM2A and KDM2B as opposed to an all-or-nothing shift. This
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can likely be attributed to the fact that multiple CpGs present in the DNA probe (18 in total)
constitute multiple binding sites for ZF-CxxC domain binding. Therefore, an increase in ZF-CxxC
protein concentration may increase the number of ZF-CxxC domains bound to a single probe, leading

to a greater retardation in probe migration.
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Figure 3.1 Human KDM2A and KDM2B bind to non-methylated DNA

(A) Domain architecture of human KDM2A and KDM2B. The ZF-CxxC and PHD domain containing
constructs KDM2A-12 and KDM2B-3 are illustrated above with amino acid sequence indicated in brackets.
(B) Multiple sequence alignment of the ZF-CxxC and PHD domain containing region from human KDM2A
and KDM2B (constructs KDM2A-12 and KDM2B-3 respectively). Conservation of amino acid sequence is
indicated by shading and the ZF-CxxC and PHD domains are highlighted above the alignment. (C)
Recombinant human KDM2A and KDM2B specifically shifts a non-methylated 216 bp 601 probe in an
electrophoretic mobility shift assay (EMSA) in a 1.3 % agarose gel. Increasing concentration of
recombinant protein causes an increased shift (0, 240, 480, 960 ng KDM2A-12 protein and 0, 120, 240 and
480 ng KDM2B-3 protein). Methylation of the 601 probe abrogates binding of recombinant human
KDM2A and KDM2B. Both recombinant proteins were purified using an N-terminal His-tag which was
cleaved prior to performing the EMSA assay.
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3.3.2.2 Production of a biotinylated ZF-CxxC affinity module

In the CAP approach, the ZF-CxxC domain needs be fixed to a solid support. The original CAP
technique utilised a His-tag to immobilise the MBD1 ZF-CxxC domain onto a Ni-NTA based resin
(ingworth et al., 2008). A His-tag is not an ideal linkage to a solid support as Ni-NTA resin has
intrinsic charge properties which may cause non-specific interactions with DNA. Furthermore, the
presence of an N-terminal His-tag appeared to be detrimental to non-methylated DNA binding of the
KDM2B ZF-CxxC domain (Figure 3.2A and Figure 3.3A, left panel compare His-CxxC with CxxC). To
overcome these disadvantages, a 15 amino acid AviTag™ (GLNDIFEAQKIEWHE), which can be in vitro
biotinylated at a specific lysine residue by recombinant BirA ligase (Beckett et al., 1999; Schatz,
1993), was engineered onto the C-terminus of the KDM2B ZF-CxxC domain (Figure 3.2C, construct
KDM2B-4). The interaction between biotin and avidin is one of the strongest known non-covalent
interactions in nature (Green, 1963). Therefore, the addition of a biotin moiety onto the hkDM2B
affinity module enables strong and specific binding to an avidin-based support. The support chosen
was NeutrAvidin resin, a deglycosylated form of avidin, which exhibits a near neutral isoelectric
point and hence minimises non-specific interactions with DNA and RNA, while retaining a high

affinity for biotin (Kq = 10> M) .

To produce the improved CAP affinity module, His-CxxC-Avi protein, was expressed in E. coli and
purified on Ni-NTA resin using the N-terminal His-tag (Figure 3.2B). The His-tag was proteolytically
cleaved by His-tagged TEV protease to produce CxxC-Avi, and the cleaved His-tag and His-tagged TEV
protease were removed by a second purification on a Ni-NTA resin (Figure 3.2B). Following cleavage,
the protein was in vitro biotinylated and the biotinylation reaction was monitored by mass
spectrometry (see 2.10.3, Figure 3.2D). A fraction of the protein was biotinylated prior to in vitro
biotinylation (peak at around 19167 Da, Figure 3.2D) due to the endogenous activity of a biotin
ligase in E. coli. Importantly, in vitro biotinylation yielded a homogenously biotinylated species, with

complete loss of the unmodified protein (Figure 3.2D, right).
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Figure 3.2 Production of human KDM2B ZF-CxxC-PHD construct with AviTag and /n
vitro biotinylation

(A and B) Human KDM2B protein, construct KDM2B-3, containing the ZF-CxxC and PHD domains (amino
acids 600-750) was expressed in E. coli with an N-terminal His-tag (His-CxxC). The His-tag was removed by
TEV cleavage (CxxC). (B) hKDM2B ZF-CxxC protein before and after TEV cleavage was loaded on a
polyacrylamide gel along with 1 pg and 3 pg of BSA for quantification of the His-CxxC and CxxC
constructs. Proteins were visualised by Coomassie stain. (C) Human KDM2B protein, construct KDM2B-4,
with an N-terminal His-tag and a C-terminal AviTag was expressed in E. coli (His-CxxC-Avi). Following
removal of the His-tag by TEV-cleavage (CxxC-Avi), the AviTag was in vitro biotinylated with the enzyme
BirA (Bio-CxxC). (D) In vitro biotinylation was monitored by mass spectrometry. The expected mass of
CxxC-Avi is 18939 Da and Bio-CxxC is 19166 Da.

3.3.2.3 Non-methylated DNA binding of hKDM2B is unaffected by biotinylation

The effect of in vitro biotinylation on the DNA binding properties of the hKDM2B ZF-CxxC-PHD
domain was tested by EMSA. Both the Avi-tagged construct (CxxC-Avi) and the in vitro biotinylated
construct (Bio-CxxC) demonstrated equivalent binding to the non-methylated DNA probe (Figure
3.3B, left) while no interaction was detected for either construct with the methylated probe (Figure
3.3B, right). Hence, neither the presence of the AviTag nor the biotin moiety negatively impacted the

binding of the KDM2B protein to non-methylated DNA. Therefore the biotinylated affinity module,
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Bio-CxxC, appeared suitable for use in a modified CAP-like purification strategy which will be

referred to as biotinylated CxxC affinity purification (Bio-CAP).
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Figure 3.3 A biotinylated ZF-CxxC module retains strong affinity for non-methylated
DNA

(A) His-CxxC and CxxC recombinant proteins (construct KDM2B-3) cause a shift in mobility of a non-
methylated 216 bp CpG containing 601 DNA probe in a concentration-dependent manner by EMSA. EMSA
shift appears to be increased upon removal of the His-tag by TEV cleavage (left panel). His-CxxC and CxxC
binding is abrogated by DNA methylation of the CpG probe (right panel). (B) CxxC-Avi recombinant
protein (construct KDM2B-4) causes a shift of a non-methylated CpG containing probe, and biotinylation
does not appear to affect binding (Bio-CxxC, left panel). CxxC-Avi and Bio-CxxC binding is abrogated by
DNA methylation of the CpG probe (right panel).

3.3.3 Biotinylated ZF-CxxC affinity purification (Bio-CAP)
3.3.3.1 A high affinity DNA binding module makes Bio-CAP a simple, small-scale method

Having generated a high affinity non-methylated DNA binding module, the next aim was to design a
streamlined Bio-CAP protocol for the purification of non-methylated DNA. The nature of the biotin-
avidin interaction, together with the choice of solid support resin, means that a simple, small-scale
Bio-CAP procedure, including all DNA binding, wash and elution steps, can be performed in standard

microcentrifuge tubes in batch (Figure 3.4C). A manual step-wise wash-elution profile was therefore
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designed to first disrupt non-specific interactions with methylated DNA or CpG poor DNA prior to
elution of strongly bound non-methylated DNA. The small elution volumes used in Bio-CAP

eliminates the need for DNA precipitation, and therefore requires less starting material.

3.3.3.2 Preparation of DNA for Bio-CAP

In conventional CAP, genomic DNA was digested with Msel to cut bulk AT-rich DNA into small
fragments and leave CpG island DNA largely intact. It was estimated that bulk DNA would be
digested to an average size 123 bp while CpG island DNA would be 625 bp in size on average
(Ilingworth et al., 2008). The short AT-rich fragments would be unlikely to have enough CpGs to be
retained on the beads, while the longer GC rich fragments would be enriched for CpGs and be
retained on the column (lllingworth et al., 2008). While this method allows for a prior enrichment
step of GC-rich DNA, it also introduces a bias in fractionation and AT-rich, with non-methylated AT-
rich regions excluded from the analysis. Therefore, in order to obtain unbiased DNA fragments of an
appropriate size for gPCR analysis and massively-parallel sequencing (100 — 400 bp), genomic DNA

was mechanically sheared by sonication (see 2.13.2.2).

3.3.3.3 Bio-CAP protocol

A typical Bio-CAP experiment began with around 8 pg of purified genomic DNA (compared to 100 pg
for conventional CAP), which was sonicated to around 150 — 350 bp in length with appropriate
shearing validated on an agarose gel by electrophoresis (Figure 3.4B). The immobilised affinity
module was prepared by incubating 25 pg of recombinant Bio-CxxC protein with 25 pL of packed
NeutrAvidin resin. Two stringent washes with CAP1000 buffer (containing 1 M NacCl), were required
to remove contaminating bacterial DNA bound to the ZF-CxxC from the expression and purification
from E. coli. Washes were performed by sedimenting the resin by centrifugation and gentle removal
of the wash buffer by pipetting. The beads were re-equilibrated with CAP100 buffer (containing 100
mM NacCl) prior to incubation with the sonicated genomic DNA for 1 hr to allow non-methylated

DNA to bind to the ZF-CxxC coated resin. The flow-through (FT) was collected following
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sedimentation of the ZF-CxxC resin (Figure 3.4C). The beads were then washed twice with CAP100
buffer to remove any remaining unbound DNA. Material remaining bound to the beads was then
subject to sequential elutions with increasing NaCl concentration (300 mM, 500 mM, 700 mM and 1
M NaCl) to disrupt electrostatic interactions between DNA and the ZF-CxxC binding module. Each 50
pL elution step was repeated and combined in order to ensure complete removal of DNA eluted

from the beads at each step (Figure 3.4C).
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Figure 3.4 The Bio-CAP technique

(A) The ZF-CxxC domain is able to bind to non-methylated CpG dinucleotides. ZF-CxxC DNA binding is
abrogated by DNA methylation of cytosine at CpG dinucleotides. (B) For Bio-CAP experiments, genomic
DNA was sonicated for two hours to yield DNA fragments of 150-350 bp. Genomic DNA shown was
extracted from mouse testis. (C) A schematic of the Bio-CAP procedure. In vitro biotinylated recombinant
ZF-CxxC protein (Bio-CxxC) is immobilized onto NeutrAvidin beads and incubated with sheared genomic
DNA (B), allowing the ZF-CxxC domain to bind to DNA. Unbound DNA is removed in the FT, a series of
elutions then follow using increasing salt concentrations. Highly methylated DNA is removed in the early
low salt elutions (300 mM and 500 mM) and non-methylated DNA is enriched in the late high salt elutions
(700 mM and 1000 mM). DNA from each of these fractions is interrogated by qPCR.
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3.3.4 Bio-CAP specifically enriches for CpG island DNA in mouse
To investigate the efficiency of the technique, genomic DNA was extracted from mouse embryonic
stem cells (V6.5) and subjected to Bio-CAP. Locus-specific primer pairs designed to gene promoters
and bodies of CGI and non-CGl genes (Blackledge et al., 2010) were used to assess enrichment of
different genomic regions in each Bio-CAP elution fraction. The Suv420h1 gene in mouse has a
promoter-associated CGl, and qPCR analysis revealed that this promoter region was mostly present
in the high salt fractions (700 mM and 1 M), with little or no Suv420h1 CGI DNA detected in the FT or
low salt (300 mM) fractions (Figure 3.5A). In contrast, a region from the Suv420h1 gene body was
not detected in the high salt fractions, but was instead enriched in the FT and 300 mM elution
(Figure 3.5A). Calculating the ratio of promoter versus body in each of the fractions revealed that for
Suv420h1, the 700 mM and 1 M fractions are highly enriched for Suv420h1 promoter DNA, and
hence are “CGl-enriched”. Similar qPCR analysis was performed using promoter and body primer
sets for Fabp7, a gene which lacks a CGI at its promoter. qPCR primer sets from Fabp7 body region
reveal a very similar profile to that observed for Suv420h1 body. Importantly, the Fabp7 promoter
region, unlike Suv420h1, was mostly eluted in the FT and low salt fractions in keeping with the lack
of a CGI at this gene promoter (Figure 3.5C). From this analysis, it was clear that the high salt
fractions exhibit a substantial enrichment for the Suv420h1 CGl compared to the gene body regions
and non-CGl promoters. This becomes more apparent when signal from the 700 mM and 1 M
elutions are combined into a high-salt CGl-enriched fraction (Figure 3.5G and ), and Bio-CAP signal is

only observed for the Suv420h1 CGIl promoter.

The in silico CpG island prediction algorithm has been used to predict the presence of non-
methylated DNA across vertebrate genomes (Gardiner-Garden and Frommer, 1987), however some
regions which contain non-methylated CpGs are overlooked by this algorithm. One such example of
this is the Fastkd2 gene, which does not have a computationally detectable CGI at its promoter,
despite being identified as non-methylated in mouse sperm by CAP-sequencing (lllingworth et al.,

2010). Consistent with this previous observation, Bio-CAP gqPCR analysis detects enrichment of the
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Fastkd2 promoter in the high salt elutions (Figure 3.5B), with high levels of enrichment over the

control body region in the combined 700 mM and 1 M elutions (Figure 3.5H), suggesting that this

gene promoter is also non-methylated in mouse ES cells (Figure 3.5B). Therefore, despite the fact

that Fastkd2 gene promoter region falls beneath the detection requirements for bioinformatically

defined CpG island detection, Bio-CAP is able to detect the presence of non-methylated CpGs at this

locus. Furthermore, the combined 700 mM and 1 M elutions for the Fastkd2 promoter appeared to

be intermediate between that of Suv420h1 and Fabp7 perhaps indicating that Bio-CAP may be

partially quantitative in the detection of non-methylated DNA at distinct loci.
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Figure 3.5 Bio-CAP specifically purifies CGI DNA

(A-C) The mouse CGI gene Suv420h1 and non-CGI genes Fastkd1 and Fabp7 are shown schematically with
exons shown as black boxes and the transcription start site as an arrow. gPCR primer sets were designed
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at the promoter and in the gene body for each gene as indicated by arrows and CpG islands are shown in
green. Bio-CAP was performed using mouse V6.5 embryonic stem cell genomic DNA. DNA from the flow
through (FT), and four salt elutions (300, 500, 700 and 1000 mM) was subjected to qPCR using primer sets
specific to the Suv420h1, Fastkd1 and Fabp7 promoter (blue) or body region (red). The 700 mM and 1000
mM elutions appear to be "CGI-enriched”. (D-F) Bio-CAP ‘beads only’ controls followed by gqPCR were
performed as in (A-C) for mouse V6.5 embryonic stem cell gDNA. All DNA was detected in the FT for the
‘beads only’ controls. (G-I) Data from (A-C) illustrating the detection of “CGI-enriched” 700 + 1000 mM
elutions at the promoter and body of Suv420h1, Fastkdl and Fabp7. Where multiple experiments were
performed, n is indicated and error bars are standard error of the mean (SEM) = (standard deviation)/(vn).

To verify that the Bio-CAP elution profiles described above were dependent on the specific
interaction of the ZF-CxxC domain with non-methylated DNA, a control experiment was performed
using NeutrAvidin beads alone without addition of recombinant ZF-CxxC protein. In these beads-only
experiments all DNA from the promoter and body of all three genes analysed was detected in the FT
fraction, demonstrating that the NeutrAvidin beads alone exhibit no non-specific binding to DNA
(Figure 3.5D-F). Therefore collectively, this analysis has revealed that affinity purification of DNA
based on the hKDM2B ZF-CxxC domain is able to specifically retain regions of the genome
corresponding to CGls, which are only eluted at high salt concentrations consistent with their non-
methylated state. By contrast, non-CGI regions are not retained and either are not bound by the
immobilised ZF-CxxC domain (and are detected in the FT), or exhibit a low affinity interaction which
is disrupted by low salt elutions. Therefore the modified CAP approach provides a simple and robust

method for specific isolation of non-methylated DNA.

3.3.5 CpG density affects the recovery of non-methylated DNA in Bio-CAP
Interestingly, Bio-CAP gPCR analysis of the three mouse genes above suggested that Bio-CAP may be
partially quantitative in detecting non-methylated DNA, as the Fastkd2 low-CpG gene promoter gave
intermediate Bio-CAP qPCR signal in the combined high salt fractions compared to the Suv420h1 CGl
promoter and the Fabp7 non-CGl promoter. Bio-CAP can only be partially quantitative due to the
impact of CpG density on recovery of non-methylated DNA. For example, two regions of DNA of
equivalent length may be entirely non-methylated, however if one sequence has a higher density of
CpG dinucleotides than the other it is likely that it will be more enriched by the Bio-CAP technique.

This is because the higher number of non-methylated CpG sites available will create a higher binding
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affinity for the Bio-CAP ZF-CxxC module and therefore enable better retention of the DNA sequence
on the beads during the Bio-CAP procedure. Furthermore, should a region be mosaically methylated,
that region would be expected to be less enriched by Bio-CAP qPCR due to occlusion of methylated

CpG substrates and more easy elution from the Bio-CAP affinity matrix.

To analyse the extent to which Bio-CAP can be considered a quantitative technique, and to discover
how CpG density influences Bio-CAP read-out, 200 bp regions of DNA were PCR amplified from the
human genome and supplemented into mouse ES cell genomic DNA prior to Bio-CAP. Amplicons
were designed to be 200 bp in length to match the average sonication length of the mouse genomic
DNA. The different human amplicons were selected to contain specific numbers of CpG
dinucleotides (0, 2, 6, 13 and 24 CpGs) and were spiked into mouse genomic DNA such that each
amplicon would be at approximately the same molar concentration as the mouse genomic DNA. The
spiked Bio-CAP elution fractions were interrogated using human-specific primer pairs within the 200
bp PCR product, allowing specific analysis of each human fragment separately. Unsurprisingly, the
fragment containing 0 CpGs was found almost exclusively in the FT and 300 mM fractions, indicating
no specific interaction of the ZF-CxxC affinity module with this probe (Figure 3.6A). Increasing the
number of CpG dinucleotides in the human spiked probes incrementally increased the enrichment of
the probes in the higher salt fractions, with a visible shift in the peak elution fraction towards the
more stringent elution conditions. This suggests that DNA probes with increased numbers of CpGs
are more tightly associated with the ZF-CxxC affinity module, perhaps because the probe is able to
interact with multiple immobilised ZF-CxxC moieties. This is reminiscent of the step-wise migration
of a non-methylated CpG probe in an EMSA assay with increasing concentrations of ZF-CxxC protein

(see Figure 3.1B).

Importantly, there was a near-linear relationship between the number of CpGs in the 200 bp probe
and recovery in the high salt (700 mM and 1M) fractions (Figure 3.6B). This implies that the
combined high-salt fractions of Bio-CAP may give a partially quantitative read-out of the absolute

number of non-methylated CpG dinucleotides present in a given DNA fragment. Furthermore, this
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experiment emphasises that Bio-CAP is able to detect the presence of non-methylated DNA at a
given locus, even if the region falls below the threshold for traditional in silico definition as a CGI.
This is demonstrated for the human probe with only 6 CpG dinucleotides in a 200 bp region, which
was robustly detected in the “CGl-enriched” fraction (700 mM and 1M) (Figure 3.6A) despite falling
below the CpG observed/expected threshold for CGl prediction. The Bio-CAP technique cannot be
defined as truly quantitative between different loci, however, as it is directly impacted by the CpG
density in a given region. As we do not understand exactly how CpG density and spacing of CpG
dinucleotides across a given fragment of DNA will affect ZF-CxxC binding, we cannot quantitatively
compare two given fragments with differing sequence composition. However, comparison of the
same locus between tissues or developmental stages using Bio-CAP should allow direct comparison
of the relative DNA methylation status, though again the effect of mosaic methylation of CpGs has

not been explored.
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Figure 3.6 Bio-CAP is sensitive to the density and methylation status of CpG
dinucleotides

(A) A Bio-CAP experiment with sonicated mouse V6.5 ES cell genomic DNA was spiked with five 200 bp
sequences amplified from human DNA each containing a known number of CpGs. Bio-CAP fractions were
assayed for the presence of each probe by gPCR using human-specific primers. (B) A scatter graph
showing the relationship between number of CpGs in spiked human probes and the percentage input
recovery in the high-salt fractions (700 mM + 1 M) from the Bio-CAP experiment shown in (A). A line of
best fit is shown. (C) A Bio-CAP experiment with sonicated mouse V6.5 ES cell gDNA was spiked with a
200bp human probe containing 13 CpGs that were either unmodified, methylated (5mC) or
hydroxymethylated (5hmC). Using qPCR analysis, Bio-CAP high-salt fractions (700 mM + 1 M) were assayed
for the presence of each of probe variant. All Bio-CAP data are from at least two biological replicates and
error bars represent SEM. These experiments were performed by Dr Neil Blackledge.

In order to determine the impact of DNA methylation on the recovery of DNA, the human probe
with 13 CpGs was in vitro methylated (see 2.13.2). This resulted in complete abrogation of recovery

of the probe in the high salt fraction (Figure 3.6C). This demonstrates that DNA methylation
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abrogates ZF-CxxC domain binding to DNA in the Bio-CAP experimental set-up. Recently a number of
additional modifications of DNA have been identified for cytosines in a CpG dinucleotide context
including 5-hydroxymethylcytosine, which is catalysed by oxidation of 5-methylcytosine by ten
eleven translocation (TET) enzymes (Almeida et al., 2012a; Almeida et al., 2012b; Ito et al., 2011,
Kriaucionis and Heintz, 2009; Song et al., 2012a; Tahiliani et al., 2009). Similarly to the in vitro
methylated probe, a hydroxymethylated version of the 13 CpG probe demonstrated negligible
recovery in the high-salt elutions from Bio-CAP (Figure 3.6C), suggesting that ZF-CxxC interrogation
of CpG dinucleotides is also abrogated by hydroxymethylation of cytosine. Together, the spiking
experiments reveal that retention of DNA fragments in Bio-CAP is related to the density of non-
methylated CpGs and is negatively impacted by cytosine modification. Therefore, Bio-CAP allows for
semi-quantitative analysis of the number of non-methylated CpG dinucleotides in a locus-specific

manner.

3.4 The utility of Bio-CAP for analysis of large numbers of low quantity samples
3.4.1 Bio-CAP is a sensitive technique
Conventional CAP is not amenable to analysis of small amounts of starting material. In contrast, the
modified Bio-CAP method uses small elution volumes by due to the utilisation of a high-affinity non-
methylated DNA binding module. Therefore, it seemed plausible that Bio-CAP, unlike conventional

CAP, may be conducive to DNA methylation analysis of small amounts of starting material.

To examine this possibility, Bio-CAP was performed using only 100 ng of mouse V6.5 ES cell genomic
DNA. The combined high-salt fractions were interrogated by qPCR for two CGI promoter genes,
Suv420h1 and Ncoa2 at promoter and body regions. This analysis revealed that the gene promoter
regions of Suv420h1 and Ncoa2 were massively enriched compared to gene body regions in the high-
salt fractions (Figure 3.7). Similar analysis was performed for two non-CGl genes, Fabp7 and Fgf7
which lack non-methylated DNA at their gene promoters. For these genes, little or no enrichment

was observed for either the promoter or body regions in the high-salt fractions of Bio-CAP (Figure
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3.7B). Importantly, the absolute percentage recovery of promoter DNA using only 100 ng input DNA
was comparable to that recovered from a Bio-CAP experiment using 8 ug starting material (compare
Figure 3.7A with Figure 3.5A). Together, the Bio-CAP technique is able to detect non-methylated
DNA from small amounts of input material, and exhibits consistent recovery of non-methylated DNA
across samples with input DNA which differ by almost two orders of magnitude. Bio-CAP may
therefore prove to be a valuable technique for the analysis of precious patient samples and
furthermore could perhaps be developed as a diagnostic tool should appropriate bio-marker genes

with variable DNA methylation status be identified.
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Figure 3.7 Bio-CAP can be performed on low quantities of DNA and can be adapted
for magnetic bead-based automation

(A) Bio-CAP was performed using 100ng of mouse V6.5 ES cell gDNA and the high-salt fractions
(700 mM + 1 M) were interrogated by qPCR using promoter and body primer sets specific to two genes
with CGI promoters, Suv420h1 and Ncoa2. A schematic of the genes showing the position of the primer
sets and CpG island predictions is illustrated above each data set. (B) As for (A) except that primer sets
were specific to two genes with non-CGI promoters. (C) A Bio-CAP experiment was performed using
NeutrAvidin-coated magnetic beads and the high-salt fraction (1 M) was interrogated by gPCR using
promoter and body primer sets specific to two genes with CGI promoters. (D) As for (C) except that primer
sets were specific to two genes with non-CGI promoters. All Bio-CAP data are from two biological
replicates and error bars represent SEM.

3.4.2 Bio-CAP is amenable to automation
By comparison to the laborious handling time inherent to the CAP technique, Bio-CAP is a simpler,

scaled-down protocol which is amenable to parallel processing and potentially automatable using
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magnetic separation of samples. In order to test whether Bio-CAP could be adapted for use in a
magnetic configuration, Bio-CAP was performed utilising NeutrAvidin coated magnetic particles.
Using a streamlined approach, magnetic Bio-CAP was adapted to consist of only two steps: a
repeated wash with CAP500 buffer and a repeated elution with CAP1000 buffer. In this format, Bio-
CAP takes only 2 hours to perform, therefore rendering it a very rapid method for detection of non-

methylated DNA (see 2.13.2.3).

In order to validate that the magnetic Bio-CAP approach is comparable to previous Bio-CAP results,
the 1 M elution fractions were analysed by qPCR. Importantly, the magnetic Bio-CAP assay very
closely recapitulated the results from the original Bio-CAP assay (compare Figure 3.7C and D with
Figure 3.5G and I), with CGI promoter regions highly enriched in the high-salt elutions compared to
body regions and non-CGl promoters. Therefore, using magnetic Bio-CAP, up to 16 samples can be
processed in parallel using a magnetic centrifuge rack, or the procedure could be scaled up to an

automated purification system, such as the Diagenode SX-8G IP-Star®.

3.5 Bio-CAP coupled to massively parallel sequencing can profile non-methylated DNA

genome-wide

Locus-specific analysis of Bio-CAP elutions by qPCR validated that Bio-CAP is able to purify non-
methylated DNA. To generate genome-wide profiles of non-methylated DNA, Bio-CAP high salt
elution fractions were coupled to massively parallel sequencing. Bio-CAP was performed using 8 ug
sonicated mouse testis genomic DNA, and the elutions were analysed by qPCR prior to sequencing.
The combined 700 mM and 1 M elutions yielded around 100 ng of DNA by picogreen quantification,
of which around 10 ng of DNA along with 10 ng of input material (sonicated genomic DNA) was used
for library preparation and sequencing (performed at the Wellcome Trust Centre for Human

Genetics).

Uniquely mapping reads from the sequencing data were aligned to the mouse genome (mm9) using

Bowtie (see 2.14.4). Mapping and analysis of Bio-CAP-seq data followed a well-established ChIP-seq
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pipeline which is simple compared to the complex analysis required for analysis of bisulfite
sequencing data. A first browse across the genome revealed an enrichment of reads at predicted
CGls (for example Dclrelb, Ap4bim, Rsbnl and Phtf1, Figure 3.8A), while no enrichment was
observed at non-CGl promoters (see Gm566 and Ptpn22, Figure 3.8A). This confirmed that Bio-CAP
specifically purifies non-methylated DNA and does not simply enrich non-specifically for gene
promoters genome-wide. Importantly, the sequencing trace for the matched input control for Bio-

CAP shows a flat profile with no enrichment at CGls (Figure 3.8A).
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Figure 3.8 Bio-CAP coupled to massively parallel sequencing reveals non-methylated
CGIs genome-wide

(A) The high-salt fraction (700 mM +1M) from a Bio-CAP experiment with mouse sperm genomic DNA
was subjected to massively parallel sequencing and sequencing reads were aligned back to the mouse
genome. Bio-CAP sequencing analysis is shown (top panel, red) for an ~180kb region of chromosome 3
(chr3: 103598131-103782151), with comparative analysis from conventional CAP sequencing (second
panel, light blue), KDM2A ChIP sequencing in mouse ES cells (third panel, black), MeDIP sequencing in
mouse ES cells (fourth panel, green) and input material for Bio-CAP (bottom panel, dark blue). Annotated
genes in this region are illustrated above the sequencing traces, with arrows indicating transcription start
sites and CGIs from in silico predictions indicated in green. (B) Clustered heat map comparing CAP-seq
and Bio-CAP-seq data sets centered at CGIs including a 5 kb window upstream and downstream. (C) Bio-
CAP-seq enrichment plotted against CAP-seq enrichment for all CGIs genome wide. (D) Bio-CAP-seq
enrichment plotted against MeDIP-seq enrichment for all CGIs genome wide.

The Bio-CAP non-methylated DNA profiles were compared to available sequencing data from the
conventional CAP technique which was used previously to map non-methylated CGls in mouse
sperm (lllingworth et al., 2010). Again, by visualising contiguous regions of the genome (such as that
shown in Figure 3.8A), it appears that Bio-CAP correlates strongly with sequencing data from
conventional CAP. This correlation held true when all CGls were analysed genome-wide (Figure 3.8B
and C). Bio-CAP is therefore comparable to CAP for the detection of non-methylated DNA genome-
wide. Furthermore, ChIP-seq data for KDM2A, a non-methylated DNA binding protein, from mouse
ES cells shows a high degree of similarity with the Bio-CAP peaks (Figure 3.8A). Collectively these
results show that Bio-CAP coupled to massively parallel sequencing can facilitate genome-wide
profiling of non-methylated DNA.

3.5.1 Bio-CAP-seq specifically and efficiently identifies non-methylated DNA genome-

wide
Affinity purification techniques have been developed to isolate the methylated fraction of the
genome, including methylated DNA immunoprecipitation (MeDIP) and methylated DNA capture
(MethylCap), and these methods have been coupled to massively parallel sequencing to visualise
profiles of methylated DNA genome-wide (Bock et al., 2010; Brinkman et al., 2010; Down et al.,

2008; Weber et al., 2005).

To further validate that Bio-CAP specifically purifies non-methylated DNA genome-wide, Bio-CAP

sequencing profiles were generated for mouse ES cells and compared to sequencing traces for
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MeDIP (MeDIP was performed by Dr Skirmantas Kriaucionis). Away from CGls, MeDIP is subject to
the same restrictions as Bio-CAP being limited by CpG density, therefore Bio-CAP and MeDIP
datasets were compared at CGls genome-wide. Importantly, no correlation was detected between
the two genome-wide techniques, validating that Bio-CAP effectively identifies the non-methylated
and not the methylated fractions of the genome. This observation can be visualised at a genomic
locus containing a number of CGls, where all CGls clearly exhibit a non-methylated Bio-CAP signature
but exhibit no MeDIP signal (Figure 3.8A). This comparison also highlights the difficulty visually
identifying non-methylated regions of DNA from MeDIP-seq profiles. By comparison, these regions
are immediately apparent from the Bio-CAP sequencing traces and can be rapidly identified genome-
wide using peak-calling software such as MACS (2.14.5) without the need for the complex

computation required for MethylCAP-seq (Down et al., 2008).

3.6 Discussion
This chapter demonstrates that Bio-CAP is a versatile and simple method for the purification of non-
methylated fragments of DNA from bulk genomic DNA. Importantly, the improved CAP method is
amenable to very small volumes of starting material and can be performed rapidly in batch, allowing
for parallel processing of samples. Bio-CAP can be coupled to both quantitative PCR for locus-specific
analysis or massively-parallel sequencing for genome-wide profiling of non-methylated DNA.
Genome-wide sequencing demonstrates that the Bio-CAP technique is very efficient at purifying
non-methylated DNA with very little contaminating background signal (Figure 3.8A), allowing even
small Bio-CAP peaks of non-methylated DNA to be detected. Therefore, where single nucleotide
resolution is not required, this modified CAP technique provides a simple and affordable alternative
to whole genome bisulfite sequencing. As the Bio-CAP procedure affinity purifies fragments of non-
methylated DNA, the utility of Bio-CAP extends beyond the simple detection of non-methylated DNA

and a number of other useful downstream applications for Bio-CAP can be envisaged.

127



3.6.1 Improved mapping of regulatory regions in poorly annotated genomes or species

without a reference genome
Non-methylated regions of DNA are associated with 70% of gene promoters and some enhancer
elements in warm-blooded vertebrates (Bock et al., 2012; Deaton and Bird, 2011; Stadler et al.,
2011; Xu et al., 2009). Therefore Bio-CAP-seq could be used in poorly annotated genomes of warm-
blooded vertebrates to more accurately map promoter regions (and transcription start sites)
genome-wide. Furthermore, for species with large and repetitive genomes for which genome
sequences are not available, Bio-CAP-seq could be utilised to reduce initial sequencing efforts to
identify the majority of functional elements, promoters and enhancers, genome-wide. De-novo
scaffold assembly could then be used to assemble up to 70% of gene promoters and other
regulatory elements. Analysis of these regulatory regions could then be performed by PCR (with
primers designed in the sequenced regions) or full gene sequences cloned from cDNA using a
forward primer at the start of the putative transcript and an oligo(dT) reverse primer. To capture
more sequence either side of non-methylated regions, a shorter sonication time could be used to
generate larger DNA fragments; this material could be used in a Bio-CAP experiment and post-

sonicated prior to sequencing.

3.6.2 Chromatin Bio-CAP
There is great interest in identifying the chromatin modifications and protein factors which localise
at gene promoters. Techniques to isolate specific regions of chromatin have been trialled including a
recombination-based method to purify the Pho5 promoter in yeast (Griesenbeck et al., 2003),
purification of telomeric chromatin using tagged nucleic acid probes (PiCh) (Dejardin and Kingston,
2009) or knock-in of a LexA DNA sequence to allow immunoprecipitation using a LexA binding
domain (iChIP or ChAP-MS) (Byrum et al., 2012; Hoshino and Fujii, 2009). Bio-CAP provides an
opportunity to investigate the chromatin environment at non-methylated regions of the genome.
Using a chromatin substrate instead of genomic DNA, the ZF-CxxC affinity module could be used to

pull-down non-methylated CpG dinucleotides and thereby isolate CpG island chromatin through a
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step-wise wash and elution procedure similar to conventional Bio-CAP. The chromatin associated
proteins and post-translational modifications of histone tails could then be interrogated by mass
spectrometry. This analysis may give insight into unknown factors which play a role at CGls in

initiating, maintaining or recognising the non-methylated status of DNA.

Purification of non-methylated regions of chromatin may prove more challenging than for genomic
DNA due to increased non-specific interactions of chromatin with the NeutrAvidin beads or with the
ZF-CxxC protein itself. Furthermore, non-methylated CpG dinucleotides may not be as accessible for
binding by the immobilised ZF-CxxC affinity module due to being bound by endogenous ZF-CxxC
containing proteins. Recent work has also revealed that ZF-CxxC domain binding to chromatin
requires inter-nucleosomal DNA, likely due to the interaction of the ZF-CxxC domain with both faces
of DNA (Zhou et al., 2012). As promoter regions and CGls are thought to be nucleosome-depleted
(Fenouil et al., 2012; Valouev et al., 2011), the requirement of the ZF-CxxC domain for linker DNA

may not prove to be overly detrimental to CGI chromatin purification.

3.6.3 Detection of CGls by fluorescent in situ hybridisation
There is great interest in visualising the architecture of the eukaryotic nucleus to better understand
how chromosomes, nuclear compartments and transcription foci are organised (Schneider and
Grosschedl, 2007). RNA-FISH and DNA-FISH can be used to highlight nascent transcription and the
location of a gene of interest in the nucleus respectively (Bienko et al., 2013; van Raamsdonk and
Tilghman, 2001). DNA-FISH probes can be made from any purified DNA samples, and hence the
purified non-methylated DNA from the Bio-CAP protocol provides the material to potentially
perform DNA-FISH with Bio-CAP probes, which would provide a unique insight into the positioning of

non-methylated DNA in the nucleus.
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Chapter 4 -- Non-methylated islands are a shared feature of

vertebrate genomes

4.1 Non-methylated DNA usage appears divergent between diverse vertebrate species
4.1.1 Identification of Hpall tiny fragments
Vertebrate genomes are pervasively methylated on cytosine bases that exist in the context of a
cytosine-guanosine (CpG) dinucleotide. An exception to this generality are contiguous regions of
non-methylated DNA. These were first observed in chicken and mouse as a fraction of the genome
which is susceptible to methylation sensitive endonuclease digestion (Bird et al., 1985; Cooper et al.,
1983). Short fragments of DNA released by this digestion, named Hpall tiny fragments (HTFs), were
associated with a number of gene promoters (Bird et al., 1985) suggesting a potential role in gene
regulation. Initially it was suggested that HTFs were a feature of most vertebrate genomes (Cooper
et al.,, 1983), however it appeared from subsequent analysis that these genomic elements were
absent or scarce in many cold-blooded species including turtle, frog, trout, crocodile and carp
(Aissani and Bernardi, 1991). This suggested that hypomethylated gene promoters may be a unique

feature of warm-blooded vertebrate genomes.

4.1.2 CpG island predictions are divergent amongst vertebrate species
Sequencing of a small number of HTFs revealed that they exhibit unique DNA sequence composition
compared with other regions of the genome (Bird et al., 1985). In vertebrate genomes, CpG
dinucleotides are depleted due to the mutagenic nature of methylated cytosine (Coulondre et al.,
1978). However, HTFs exhibited only a minimal depletion of observed over expected CpG ratio (CpG
obs/exp) and have a GC content which is often greater than other genomic regions (Bird et al.,
1985). HTFs were therefore re-named CpG islands (CGls) (Bird, 1986; Bird, 1987) and their unique
nucleotide content prompted the development of a prediction algorithm to systematically identify

regions of DNA with CGl-like properties (Gardiner-Garden, Frommer, 1987).
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With the advent of whole-genome sequencing, reference sequences are now available for many
species, allowing the location of CGls to be predicted genome-wide. A CGI prediction track from the
UCSC genome browser (Kent et al., 2002) allows easy visualisation of the location of CGls at the
genome-scale (Gardiner-Garden, Frommer, 1987). In agreement with initial work studying a limited
number of HTFs, many human and mouse CGls are promoter-associated (Figure 4.1A-B, seven
representative genes). However, scarcity of promoter-associated HTFs in cold-blooded vertebrates
(Aissani and Bernardi, 1991) appears to be supported by a lack of CGI predictions at these same

seven promoters in zebrafish (Figure 4.1A-B).
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Figure 4.1 CpG island predictions are divergent in cold-blooded vertebrate species

(A and B) Two syntenic regions for human, mouse and zebrafish highlighting the location of CpG islands
(green). (A) hgl9 chr3:14,985,963-15,145,120; mm9 chr6:92,036,033-92,173,160; danRer7 chr8:55,338,683-
55,387,640. (B) hgl9 chrll:67,817,721-68,047,458; mm9 chrl9:3,708,305-3,896,788; danRer7
chr18:20,881,484-20,933,026. (C) A histogram depicting the overlap of transcription start sites (TSSs; from
ensGene, one TSS per gene) with predicted CpG islands (UCSC track) for seven diverse vertebrate species.

Genome-wide, the overlap of CGl-predictions with protein-coding gene transcription start sites
(TSSs) from a number of vertebrate species, both warm and cold-blooded, further demonstrated
that a lower proportion of gene TSSs in cold-blooded vertebrates (lizard, frog and zebrafish) are

associated with predicted CGls than in warm-blooded vertebrates (human, mouse and chicken)
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(Figure 4.1C). Although platypus appears to be an exception to this rule, the poor overlap of TSSs
and CGls can almost certainly be attributed to the poor current genome annotation (the lowest
quality of all species interrogated here). Together, these observations suggest that CGl usage in cold-
blooded vertebrates may be divergent from warm-blooded vertebrates. Furthermore, it has been
suggested that CGls in cold-blooded vertebrates may be primordial in their evolution and that the
emergence of CGls in warm-blooded vertebrates may be linked to the evolution of the placenta in

mammals (Sharif et al., 2010).

In this Chapter, the current dogma that CGls in cold-blooded vertebrates are divergent will be

explored.

4.2 Recognition of non-methylated DNA appears to be conserved across vertebrates

4.2.1 Conservation of ZF-CxxC domain-containing proteins across vertebrate species
In mammals, the ZF-CxxC proteins have been shown to play important functions at CGI regions
including directing chromatin modifying activities to CGlIs (Blackledge et al., 2010; Deaton and Bird,
2011; Long et al., 2013; Thomson et al., 2010). To better understand whether this function of non-
methylated DNA is shared across vertebrates, the conservation of the ZF-CxxC proteins was
investigated. Surprisingly, despite the apparent divergence in CGIl usage, cold-blooded vertebrates
appear to have retained at least one copy of most of the eleven ZF-CxxC proteins found in mouse,
suggesting that the recognition and interpretation of CGls is likely to be highly similar across these
vertebrate species (Figure 4.2 and Appendix 4.1). This seemed counter-intuitive given that CGls
(nucleation sites for ZF-CxxC domains) are highly divergent in location in cold-blooded vertebrate
genomes, and implies that ZF-CxxC proteins are nucleated at non-promoter regions in cold-blooded

species (Figure 4.3).

Base composition of gene promoters between vertebrates is known to be highly variable (Aerts et
al., 2004; van Heeringen et al., 2011). Considering that CGI algorithms were optimised for warm-

blooded vertebrate species (Gardiner-Garden and Frommer, 1987; Takai and Jones, 2002), and that
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non-methylated DNA binding proteins appear highly conserved across the vertebrates, it seemed
feasible that CGI predictions may fail to accurately predict non-methylated DNA in cold-blooded

vertebrates.
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Figure 4.2 ZF-CxxC proteins are conserved across vertebrate species

Twelve ZF-CxxC proteins can be identified from the mouse genome and their domain architecture is
depicted (left). Presence of gene orthologues in other vertebrates was analysed by searching the Ensembl
and NCBI databases. See Appendix 4.1 for gene names. A "?" refers to lack of gene annotation; “0” means
that there is a publication referring to the lack of gene in this species (Xu et al., 2012); 1 or 2 refers to the
presence of one or two orthologues in that species.

4.2.2 Evidence for non-methylated DNA at orthologous vertebrate gene promoters
To begin more directly testing whether cold-blooded vertebrate gene promoters lack non-
methylated DNA , a locus-specific approach was undertaken to experimentally determine the DNA
methylation status of orthologous vertebrate gene promoters exhibiting a CGI prediction which was
not shared across all species. The mouse uspl gene exhibits a promoter-associated CGl prediction
which overlaps the annotated TSS, while all three cold-blooded vertebrate orthologues lack a CGl
prediction (Figure 4.4A). As expected, bisulfite analysis in testis tissue for a region within the mouse
uspl CGl demonstrated that this element is truly non-methylated (Figure 4.4Ai). Intriguingly, bisulfite
analysis of a region proximal to the transcription start site for cold-blooded vertebrate uspl1 genes

orthologues also revealed the presence of non-methylated DNA for lizard, frog and zebrafish (Figure
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4.4Aii-iv).
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Figure 4.3 A model for CpG island usage in warm and cold-blooded vertebrates

A model depicting a typical gene from warm-blooded vertebrates (such as human and mouse, upper
panel) and a cold-blooded vertebrate (such as zebrafish, lower panel). Up to 60-70% of warm-blooded
vertebrate gene promoters are associated with a CpG island prediction (upper panel) while CpG island
predictions in cold-blooded vertebrates rarely overlap with gene transcription start sites and are mostly
found in intergenic regions. As ZF-CxxC proteins are conserved across the vertebrates, this suggests that in
cold-blooded vertebrates that ZF-CxxC proteins are not targeted to gene promoter regions. Transcription
start sites are depicted by an arrow, nucleosomes are shown as spheres with histone modifications
indicated by stars. DNA methylation is indicated by white or black circles with CpG islands and genes
models depicted below the DNA.

Unlike usp1, the vbp1 gene does not have an associated CGI at its promoter in mouse (Figure 4.4Bi).
However, bisulfite sequencing analysis adjacent to the Vbp1 TSS of the mouse vbpl gene revealed
that this gene is in fact non-methylated in mouse testis, despite lacking a CGl-prediction. Again, vbp1
gene orthologues from cold-blooded vertebrate species also have promoter-associated non-
methylated DNA despite the lack of a CGI prediction for frog and zebrafish genes. Together, this
analysis indicates that CGI algorithms fail to identify all non-methylated regions in cold-blooded

vertebrate species and, in some cases, those in warm-blooded vertebrates also.
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Figure 4.4 Two examples of non-methylated vertebrate gene promoters lacking CpG
island predictions

(A) Bisulfite sequencing of the Uspl promoter region for mouse (i, mm9, chr4:98,589,851-98,590,039),
lizard (ii, anoCar2, chr4:99,968,427-99,968,681), frog (iii, xenTro3, GL172642:3,000,812-3,001,100) and
zebrafish (iv, danRer7, chr6:32,103,753-32,104,048). (B) Bisulfite sequencing of the VbpI promoter region
for mouse (i, mm9, chrX:72,759,660-72,759,735), lizard (ii, anoCar2, chrUn_GL343202:3,812,679-3,812,911),
frog (iii, xenTro3, GL172646:513,380-513,588) and zebrafish (iv, danRer7, chr7:25,061,626-25,061,835). CpG
island predictions are shown in green and genes are drawn schematically in black with an arrow
representing the transcription start site. Black squares indicate the region interrogated by bisulfite
sequencing and the number next to it indicates the length of the analysed region. DNA methylation status
for a number of clones is shown below the gene (each line represents a different clone), with an open
circle representing a non-methylated cytosine and a filled circle a methylated cytosine.

4.3 Profiling non-methylated DNA genome-wide for seven vertebrate species
The prevailing views concerning vertebrate non-methylated DNA elements (Figure 4.3) were called
into question by the above experiments examining two specific gene loci. In order to gain a better
understanding of the degree of conservation or divergence of non-methylated DNA usage, an

experimental approach was undertaken to generate genome-wide maps of non-methylated DNA.
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Figure 4.5 The vertebrate phylogenetic tree

(A) A vertebrate phylogenetic tree (adapted from (Amemiya et al., 2013; Miller et al., 2007)) highlighting
species analysed by Bio-CAP (bold, italics, blue). (B) A minimal phylogenetic tree for the seven vertebrates
analysed in this chapter. Estimated divergence times (million years ago) are indicated at branch-points.

Bio-CAP sequencing was performed for seven diverse vertebrate species encompassing all major
branch points of vertebrate evolution, including both warm and cold-blooded species (Figure 4.5A-
B). The vertebrate species chosen include two eutherian mammals (human—Homo sapiens and
house mouse—Mus musculus), a monotreme (platypus—Ornithorhynchus anatinus), a bird
(chicken—Gallus gallus), a lizard (green anole lizard—Anolis carolinensis), a frog (African clawed
frog—Xenopus tropicalis), and a teleost fish (zebrafish—Danio rerio). Each Bio-CAP experiment was
performed in duplicate and validated prior to sequencing by locus-specific qPCR analysis (for
sequencing statistics, see Appendix 4.2). Bio-CAP sequencing was initially performed on testis tissue
as it is mostly composed of one cell-type, spermatocytes. Furthermore, CGls are proposed to be

defined in the germline where they resist CpG depletion, necessary for their survival over
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evolutionary time (Antequera and Bird, 1993; Antequera and Bird, 1999; Saxonov et al., 2006).
Therefore, the testis represents an interesting tissue for analysing the genome-wide distribution and

evolution of CGls.
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Figure 4.6 Non-methylated islands are a common feature of vertebrate gene
promoters

Non-methylated DNA profiles in testis at three representative syntenic regions for seven vertebrate
species. Genes are shown in black (improved annotation of gene TSSs using RNA-seq data is shown in
red), CpG island predictions in green (CGI), and non-methylated DNA profiles are shown in blue. A
phylogenetic tree (left) highlights the evolutionary relationship among the seven species. Dashed grey
lines highlight the relationship between the gene TSSs across the species. A gap in the zebrafish profile
indicates that aptx is found at a separate locus from dngjal and smul.

4.4 Bio-CAP profiles appear highly similar between vertebrates in contrast to CGl

predictions

4.4.1 Profiles of non-methylated DNA for seven vertebrates
Initial visualisation of the Bio-CAP sequencing data at a syntenic locus revealed that punctate peaks
of non-methylated DNA were coincident with the majority of gene TSSs for the warm-blooded
vertebrates human, mouse, platypus and chicken, as would be expected from CGI predictions (Figure

4.6). Strikingly, for the cold-blooded vertebrates it also appeared that peaks of non-methylated DNA
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were centred at gene transcription start sites, despite CGI predictions at this syntenic locus being
almost entirely divergent from that at the warm-blooded vertebrate genes (Figure 4.6). This
potentially surprising observation (given the distribution of CGI predictions at these loci) is in fact
consistent with initial observations from locus-specific analyses (Figure 4.4) and preliminary

observations made by others (Cross et al., 1991; Feng et al., 2010; Zemach et al., 2010).

4.4.2 ldentification of a robust set of Bio-CAP sequencing peaks
Bio-CAP-sequencing profiles exhibited high levels of signal to noise (Figure 4.6 and Appendix 4.3),
which allowed high confidence peak calling with a threshold of 6-fold above background using MACS
(Zhang et al., 2008) (see 2.14.5). This allowed the identification of a robust set of 11,099 — 40,871
non-methylated Bio-CAP peaks for each of the seven vertebrates in testis tissue (see Appendix 4.4).
Importantly, a number of non-methylated peaks were validated by bisulfite sequencing (Appendix

4.6).

4.4.3 CpG island prediction algorithms perform poorly in cold-blooded vertebrates
Visualisation of Bio-CAP sequencing data revealed that non-methylated regions of DNA appear to be
highly localised to vertebrate gene promoters (Figure 4.6). This is contrary to CGl predictions which
appear to rarely overlap gene TSSs in cold-blooded vertebrates (Figure 4.1A-C) and, from inspection
of a number of loci, are more commonly found in gene bodies or intergenic regions in these species

(Figure 4.1A-B, Figure 4.6 and Appendix 4.3).

To ascertain the genome-wide relationship between predicted CGls and Bio-CAP-seq peaks, all CGls
(Kent et al., 2002) and all Bio-CAP peaks were compared (see 2.15.1). For human and mouse, the
overlap of predicted CGls with Bio-CAP non-methylated DNA was good, with 73 % and 87 % of CGls
overlapping Bio-CAP peaks respectively (Figure 4.7A). However, for cold-blooded vertebrates lizard,
frog and zebrafish, the overlap of CGI predictions and Bio-CAP-defined non-methylated regions was
extremely poor (22-44 % of CGls overlapped with a Bio-CAP peak in testis), confirming that CGlI

predictions in these species largely fail to identify regions of non-methylated DNA (Figure 4.7A and
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Appendix 4.5). Furthermore, for all species, there were a large number of Bio-CAP peaks which were
not identified by CGI predictions (Figure 4.7A). From this comparative analysis it is clear that CGlI
predictions perform poorly in all species examined here for the identification of non-methylated
DNA in testis tissue. Therefore, hereafter non-methylated regions identified by Bio-CAP sequencing
will be referred to as non-methylated islands (NMls) to reflect that these regions were identified by
experimental profiling of non-methylated DNA, and are distinct from the CGI elements identified by

computational prediction.
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Figure 4.7 CpG island predictions do not accurately identify non-methylated islands
of DNA in vertebrate genomes

(A) The genome-wide overlap between CpG islands (green) and non-methylated islands (blue) is depicted
as a Venn diagram for each of the species. (B) Nucleotide properties of non-methylated islands and
control regions are depicted as density plots. CpG observed/expected (left) and GC content (right) are
shown for NMIs and control regions (10 kb upstream of each NMI) of the genome. Median values are
shown as dark vertical lines. Thresholds for CpG island prediction are indicated (black dashed line).

4.4.4 Nucleotide properties of genomes are variable between vertebrate species
To determine the reason why CGI prediction algorithms fail to accurately predict non-methylated
DNA in vertebrate genomes, the two nucleotide properties used to predict CGls were interrogated at
all testis NMls. As a control, an equivalent sized region 10 kb region upstream was also analysed.
CpG obs/exp and GC content were highly variable for NMIs from different species (Figure 4.7B,

upper). For the warm-blooded vertebrates (human, mouse, platypus and chicken), the majority of
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non-methylated regions exhibited CpG obs/exp and GC content above the cutoff for CGI prediction
(indicated at 0.6 and 0.5 respectively). Conversely, for lizard and frog the majority of NMls exhibited
CpG obs/exp and GC% below the CGI requirements, which may explain the poor prediction of these
regions as CGls. For zebrafish, the majority of NMls were above the CpG obs/exp cutoff of 0.6,
suggesting that these regions should be accurately predicted. However, the GC content was
extremely low, as has been observed previously (Cross et al., 1991), explaining why these regions

were not predicted despite being CpG dense (Figure 4.7B, upper).

4.5 Bio-CAP reveals a common strategy of non-methylated DNA usage at vertebrate

gene promoters

In mammalian genomes, previous estimates have suggested that non-methylated regions are a
feature of 50-70% of gene promoters (Antequera, 2003; Antequera and Bird, 1993). Intriguingly,
visual inspection of three syntenic regions suggested that NMIs are strongly associated with gene
promoters in all vertebrate species (Figure 4.6 and Appendix 4.3). In order to determine whether this
holds true genome-wide, the proportion of gene TSSs (+/- 1kb, 2.15.2) overlapping an NMI was
determined for all seven species. Unsurprisingly, around 70% of human and mouse gene TSSs were
associated with a NMI (Figure 4.8A) and similarly chicken, another warm-blooded species, exhibited
a large proportion of non-methylated gene promoters. Strikingly, contrary to CGI predictions, around
60% of zebrafish gene TSSs were overlapped by an NMI. The same association appeared initially low
for the remaining two cold-blooded species, lizard and frog; however these two species have two of
the most poorly annotated genomes. Incorporation of external RNA-seq data (Barbosa-Morais et al.,
2012) and XTev gene models for frog (Akkers et al., 2010) increased the proportion of NMI-
associated gene promoters to 50-60 % (Figure 4.8A) by improving the annotation of gene TSSs
(Figure 4.6, red). A slight improvement can also be observed for platypus and chicken following
incorporation of RNA-seq data (Brawand et al., 2011; Julien et al., 2012). Gene annotation however
remained poor for platypus and future improvements in the annotation of this species will no doubt

reveal that a high proportion of gene promoters are non-methylated.

140



Importantly, profiles of non-methylated DNA appear highly similar at gene promoters between the
seven vertebrate species analysed here, with the peak of non-methylated DNA consistently
overlapping the gene TSS (Figure 4.8B). Therefore the size, and potentially the regulatory
importance, of these non-methylated elements appeared to be highly similar across all seven
vertebrates. Together, these data conclusively show that NMIs are a shared property of vertebrate
gene promoters, contrary to previous suggestions that promoter-associated CGls are a unique

feature of warm-blooded vertebrate genomes.
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Figure 4.8 Non-methylated islands are a common feature of vertebrate gene
transcription start sites

(A) A histogram depicting the proportion of protein-coding transcription start sites (TSSs) which are
overlapped by an NMI for all seven species. Blue bars indicate overlap with annotated TSSs and red bars
indicate overlap with additional TSSs identified using RNA-seq data (platypus, chicken and lizard) or Xtev
gene sets (frog). (B) Profiles of non-methylated DNA were plotted over a 6kb window centred on all TSSs
with an NMI (dark blue), without an NMI (blue), and for all transcription termination sites (black). The non-
methylated DNA signal peaks at the TSS of gene promoters in all vertebrates.

4.6 Non-methylated islands are conserved at orthologous gene promoters
From closer inspection of the syntenic loci, it appeared that NMls tend to be shared at orthologous
gene promoters across all seven vertebrate species (Figure 4.6). In order to investigate the possibility
that NMIs may be conserved at orthologous vertebrate genes, gene orthologues (with only one
paralogue in each species) were identified for all seven vertebrates in a pairwise manner. Of note,
these comparisons were constrained by the least-well annotated genome to control for quality of
genome annotation (see 2.15.4). Pairwise comparisons revealed a striking tendency for homologous

vertebrate genes to have an NMI at their respective gene promoters (Figure 4.9A). This is highlighted
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by the comparison of human gene orthologues with any of the other six vertebrates, which revealed
93-98 % conservation of promoter NMls (Figure 4.9A). Furthermore, a more extensive three-way
comparison of human, mouse and zebrafish gene orthologues revealed conservation of NMls at the
majority of one-to-one orthologous gene promoters, despite 450 million years divergence between
these species (Figure 4.9B). Collectively, this remarkable degree of conservation reveals that
promoter-associated NMls appear to be maintained across evolutionary time potentially as part of

the mechanisms regulating vertebrate gene expression.
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Figure 4.9 Non-methylated islands are a highly conserved epigenetic feature of
vertebrate gene promoters

(A) The presence of NMIs at orthologous gene TSSs is illustrated by a pairwise analysis of NMIs at
vertebrate gene orthologues. The percentage of NMIs conserved at orthologous gene TSSs was calculated
in a pairwise manner and found to be highly statistically significant for all comparisons across the seven
vertebrate species (p<10™, hypergeometric test). (B) A proportional Venn diagram illustrating the three-
way comparison of NMI presence at conserved human-mouse-zebrafish gene orthologue TSSs.

4.7 A novel broad class of non-methylated island
4.7.1 ldentification of genes associated with broad regions of non-methylated DNA
On average, non-methylated DNA appeared to peak at gene TSSs and spread symmetrically 1-2 kb in
either direction (Figure 4.8B). Punctate NMls, such as those seen at the promoters of the tbca and
wdrd1 genes (Appendix 4.3A), most closely conform to the original description of a CGI (Bird et al.,
1985; Bird, 1986) and hence can be referred to as ‘canonical’ NMls. The otp gene, on the other hand,
exhibited a distinct profile of non-methylated DNA, where the non-methylated DNA region reaches
across the gene body and a substantial distance upstream and downstream of the locus,

encompassing around 20 kb in total (Appendix 4.3A). This ‘broad’ type of NMI was observed for
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many other genes, including sp9 and irx5 from human to zebrafish (Figure 4.10A-B). Strikingly, the

hox loci appeared highly hypomethylated across the entire cluster in testis tissue for all seven

species, covering greater than a 50 kb region of DNA on average (Figure 4.10C).
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Figure 4.10 A novel class of broad gene-associated non-methylated islands

(A-B) Two examples of a broad region of non-methylated DNA associated with the sp9 and irx5 gene for
four representative species (human, mouse, frog and fish). Dashed grey lines highlight the location of the
gene TSSs across the four species. (C) The hoxa gene cluster from all seven vertebrate species is associated
with broad regions of non-methylated DNA. Genes are shown in black and non-methylated DNA profiles
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are shown in blue and dashed grey lines highlight the relationship between conserved gene TSSs across
the species.

4.7.2 Broad NMls are found at a substantial number of genes and are modified by

H3K4me3
This novel broad class of NMI were easy to identify by eye, but initially proved difficult to detect
bioinformatically as broad non-methylated regions were often detected as multiple smaller NMls.
Since the vast majority of broad NMls appeared to be associated with genes and encompass the
entire gene locus, broad NMls were defined as covering greater than 90 % of an associated gene. A
control group of short canonical NMls were required to cover less than 10 %, but greater than 0 %,
of the associated gene (see 2.15.5). To investigate the function of broad NMls, non-methylated DNA
was profiled for mouse embryonic stem cells (ES cells), frog embryonic stage 11-12 and zebrafish 24
hours post fertilisation (hpf), for which genome-wide chromatin modification datasets were
available (see 2.17.1). Profiling non-methylated DNA over all identified broad NMI genes confirmed
that Bio-CAP signal covers the full length of the gene, while Bio-CAP signal was confined to a
punctate peak at the 5’ end of the associated gene for the control set of short NMI genes (Figure

4.11A).

Canonical promoter-associated NMls are known to be modified by H3K4me3 (Guenther et al., 2005;
Thomson et al.,, 2010), therefore available genome-wide H3K4me3 ChlP-sequencing data was
interrogated to observe whether broad NMlIs were similarly modified. Strikingly, H3K4me3 was
observed to be enriched across the entire gene body for broad NMis (Figure 4.11B) closely mirroring
the underlying non-methylated DNA (Figure 4.11A). Broad regions of non-methylated DNA therefore
appear to direct the placement of the H3K4me3 modification across the entire gene length,
suggesting that broad NMIs may directly impact the regulation of an associated gene by embedding

it within an active chromatin domain (Guenther et al., 2007; Hon et al., 2009).
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Figure 4.11 Broad non-methylated islands encompass polycomb-regulated
developmental genes

(A) Non-methylated DNA profiles are depicted for genes associated with broad NMIs (dark blue) and
canonical NMiIs (light blue) in mouse embryonic stem (ES) cells, frog stage 11-12 and zebrafish 24 hpf. The
profile is scaled to show an averaged gene with one gene length depicted upstream and downstream. 712,
160 and 350 broad NMIs were detected for mouse, frog and zebrafish respectively. (B) H3K4me3 ChIP-seq
signal from mouse, frog and zebrafish was plotted as in (B). H3K4me3 profiles reflect the underlying non-
methylated DNA profiles. (C) Genes associated with broad NMIs were analysed by Gene Ontology (GO)
analysis for mouse ES cell, frog stage 11-12 and zebrafish 24 hpf. Broad NMIs are found to be significantly
enriched for GO term categories associated with sequence-specific DNA binding, transcriptional regulation
and development. MF = molecular function; BP = biological process. p < 10-5 for all GO terms. (D)
H3K27me3 ChIP-seq signal from mouse, frog and zebrafish was plotted for the same gene sets as in (B).
The profile is scaled to show an averaged gene with three gene lengths depicted upstream and
downstream. As for H3K4me3, H3K27me3 ChIP-seq profiles correspond to the underlying non-methylated
DNA profile. (E-F) Representative examples of two broadly non-methylated genes gsxI and nkx2.2 for
mouse, frog and zebrafish. In all three species, the broad non-methylated regions (green) are associated
with the polycomb repressive mark H3K27me3 (red). In addition, in mouse, polycomb repressive complex
2 (ezh2, yellow and suz12, orange) and polycomb repressive complex 1 (ringlb, purple) components are
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associated with the broad non-methylated regions. The y-axis depicts read density. Genes are depicted
above the profiles in black.

4.7.3 Genes associated with broad NMls are enriched for developmentally regulated

transcription factors
To determine whether broad NMls are associated with a specific class of genes, gene ontology (GO)
term analysis was performed for broad NMls genes. Interestingly, broad NMIs were enriched at
genes associated with organismal development, DNA binding and regulation of transcription (Figure
4.11C), genes typically associated with polycomb-mediated repression during development
(Schwartz and Pirrotta, 2007). Polycomb repressive complexes constitute a highly conserved
mechanism for gene repression across metazoans (Morey and Helin, 2010), and were first identified
in Drosophila melanogaster as important for early embryonic patterning and regulation of Hox genes

(Jurgens, 1985; Lewis, 1978; Schwartz and Pirrotta, 2007).

Polycomb repressive complex 2 (PRC2) catalyses the placement of the repressive histone
modification H3K27me3 via the protein subunit EZH2 (Cao et al., 2002; Czermin et al.,, 2002;
Kuzmichev et al., 2002; Mdller et al., 2002). Similar to H3K4me3, the H3K27me3 histone modification
was found to be highly enriched over the entire gene body of broad NMlIl-associated genes
suggesting that non-methylated DNA may nucleate polycomb repression (Figure 4.11D). Indeed, 45%
and 89% of broad NMls were associated with H3K27me3 in mouse ES cells and frog embryonic stage
11-12 tissues respectively, a significantly higher proportion than observed for canonical NMls

(Fisher’s exact test, odds ratio > 5.3, p<10'35

). This observation is in agreement with recent literature
which describes that clustered CGI predictions are often a good predictor of polycomb-mediated

repression (Orlando et al., 2012).

Interestingly, the profile of H3K27me3 across broad NMI genes appeared quite distinct from
H3K4me3, as the H3K27me3 modification appeared to spread beyond three gene lengths upstream
and downstream of the gene transcription start and end site (Figure 4.11D). This observation held

true at individual genes (Figure 4.11E-F), supporting a model of propagation of polycomb marks
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away from sites of nucleation (Margueron et al., 2009). Interestingly it appeared that the polycomb
proteins themselves may somehow be influenced by the broad non-methylated region as the
distribution of the polycomb proteins EZH2, SUZ12 and RING1B in mouse ES cells appeared to mirror
the non-methylated signal at the gsx1 and nkx2-2 genes (Figure 4.11E-F). Therefore broad NMls may
act to nucleate polycomb proteins during early development to mediate transcriptional repression
or poise genes for later activation. In keeping with this suggestion, a mechanistic link has recently
been described between non-methylated DNA and the recruitment of polycomb proteins, whereby
KDM2B (a ZF-CxxC domain-containing protein) has been identified as a component of a polycomb
repressive complex, PRC1 (Farcas et al., 2012; He et al., 2013; Wu et al., 2013). Therefore, in this
variant PRC1 complex, the KDM2B ZF-CxxC may be acting to direct polycomb repression to non-

methylated regions of the genome.

4.8 Discussion

4.8.1 Non-methylated islands of DNA are a shared feature of vertebrate gene

promoters
Although the DNA methylation system is highly conserved amongst vertebrates, reliance on CGI
maps previously indicated that this epigenetic system had significantly diverged between
vertebrates, and even acquired unique properties during mammalian evolution (Aissani and
Bernardi, 1991; Sharif et al., 2010). Recent low-resolution studies have suggested that non-
methylated DNA profiles may be more conserved than previously realised (Feng et al., 2010; Zemach
et al., 2010). However, a lack of experimentally-determined regions of non-methylated DNA outside
of eutherian mammals has hindered our understanding of the usage of this epigenetic system

amongst non-mammalian vertebrates.

To address these outstanding questions, high resolution genome-wide profiles of non-methylated
DNA were generated for seven diverse vertebrate species. ‘Canonical’, punctate non-methylated

islands of DNA (NMis) were observed to be a shared feature of 50-70 % of vertebrate gene
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promoters, overturning previously held views that CGls are a unique feature of warm-blooded
vertebrate promoters. Furthermore, it appears that promoter-associated NMls have been subject to
selective pressure over evolutionary time to be maintained at orthologous gene promoters as a
required feature for the accurate regulation of many vertebrate genes.

4.8.2 Differences in body temperature may impact the ability to predict CpG islands in

cold versus warm-blooded vertebrates
Given the high degree of similarity in NMI location at gene TSSs in all vertebrate genomes analysed
here, it was intriguing that CGI prediction algorithms perform so poorly at identifying these regions.
The apparent reduction in fidelity of the CGI algorithm at the cold- to warm-blooded vertebrate
transition may be related to the fact that spontaneous deamination, the process by which CpGs are
depleted in methylated genomes (Coulondre et al., 1978), is a temperature sensitive reaction
(Lindahl, 1993; Yang et al., 2000). Different rates of CpG loss may therefore have occurred in cold-
versus warm-blooded vertebrate lineages leading to different nucleotide composition of both the
genome as a whole and the non-methylated island regions of that genome. In hindsight, given the
variable nucleotide composition between vertebrate genomes (Figure 4.7B, lower), it is not
surprising that sequence-based CGI prediction algorithms are unable to identify non-methylated

regions of the genome for all vertebrate species.

4.8.3 A class of broad non-methylated island at developmentally regulated genes
In addition to ‘canonical’ NMls, a novel class of broad NMI was identified which appears to be
strongly associated with polycomb-repressed developmentally regulated genes. These broad regions
proved challenging to identify using bioinformatic tools as broad regions were often made up of
several Bio-CAP peaks. Broad NMlIs were therefore identified based on the percentage overlap of a
gene, and inevitably this method will enrich for shorter genes. In order to identify all broadly non-
methylated regions, a more sophisticated approach will be required. Interestingly, this observation

may also indicate that broadly non-methylated regions are in fact not contiguously non-methylated
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but represent clusters of non-methylated islands, perhaps each associated with an individual feature

(Branciamore et al., 2010).

In mouse ES cells, chromatin modifying activities are targeted to regions of non-methylated DNA to
create a unique chromatin regulatory environment (Blackledge et al., 2010; Long et al., 2013;
Thomson et al., 2010). Therefore, perhaps developmental genes associated with broad NMls have a
more complex regulatory regime, with a larger number of non-methylated alternative promoters or
intragenic enhancers compared to canonical NMI genes. Alternatively, developmentally regulated
genes may require the integration of more transcription factors and signaling pathways for the
correct coordination of transcription. Subsequently, a broader region of non-methylated DNA may
be required to accommodate more binding sites for these factors, or simply be a consequence of the
DNA being inaccessible for DNA methylation. Overall, it appears that these broad non-methylated
elements may contribute to the complex regulation and tight temporal control of developmental
genes which is required for expression at the correct developmental stages and in a tissue-specific
manner.
4.8.4 CpG island predictions methylated in testis may be non-methylated in another
tissue

In this chapter, a large number of CGI predictions were shown to be methylated in testis tissue for all
of the seven vertebrate species (Figure 4.7A). This highlights that the CGI prediction algorithm
performs poorly at accurately identifying all NMls in testis. However it is worth noting that DNA
methylation is known to vary between different tissues and developmental stages (as will be
discussed further in the following chapter). Therefore some of the CGIl predictions which are not
non-methylated in testis may in fact be non-methylated in other tissues. Importantly, this also
highlights the fact that CGI predictions can never successfully predict non-methylated DNA for all cell
lineages, as a different subset of regions will be non-methylated across cell-types. Therefore there is
real utility in experimentally profiling non-methylated DNA for many different tissues or

developmental stages (Ziller et al., 2013) in order to gain a more complete understanding of regions
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in vertebrate genomes which can be non-methylated, many of which may fall below CGI prediction
thresholds. Furthermore, in order to fully appreciate the non-methylated DNA landscape of a

specific cell-type of interest, experimental profiling will always be required.
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Chapter 5 -- Dynamic DNA methylation at distal regulatory elements

The belief that DNA methylation is a static modification and unvarying between cell types has
recently been challenged. Many studies have now demonstrated that for human and mouse DNA is
in fact differentially methylated during differentiation and between distinct tissue types (Farthing et
al., 2008; lllingworth et al., 2010; Maunakea et al., 2010; Mohn et al., 2008; Straussman et al., 2009;
Weber et al., 2007). It remains unclear, however, whether dynamic DNA methylation, the gain or
loss of non-methylated DNA, is a shared epigenetic strategy for the regulation of genome function

across vertebrate species.

5.1 Profiling non-methylated islands in liver tissue for seven vertebrate species
5.1.1 Bio-CAP profiles of non-methylated DNA for liver are similar to those from testis
To examine whether the location of non-methylated DNA varies between tissues in all vertebrates,
genome-wide non-methylated DNA profiles were generated by Bio-CAP-seq for liver tissue for
human, mouse, platypus, chicken, lizard, frog and zebrafish and compared with the testis Bio-CAP-
seq data generated in the previous chapter. Liver tissue was chosen as it is a fully differentiated,
relatively homogenous tissue composed mainly of hepatocytes (Odom et al., 2006), and there are
also publically available genome-wide gene expression and chromatin modification datasets for
several of the species studied here (Barbosa-Morais et al., 2012; Bernstein et al., 2010; Brawand et
al., 2011; Smagulova et al., 2011). Visualisation of the non-methylated DNA profiles generated for
liver Bio-CAP-seq revealed that, like testis, strong punctate peaks of non-methylated DNA usually
coincide with gene promoters (Figure 5.1). Indeed, a very similar proportion of protein-coding TSSs
were associated with NMls in liver as were observed testis, with between 50-70 % of gene TSSs
having an associated NMI depending on the species (compare Figure 4.8A and Figure 5.2A),
suggesting that the utilisation of non-methylated DNA at gene TSSs is a shared feature across

vertebrate tissues.
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Figure 5.1 Profiles of non-methylated DNA for liver tissue

Non-methylated DNA profiles at a syntenic locus containing three genes tbca, otp and wdr41 for seven
vertebrate species. Genes are shown in black (improved annotation of gene TSSs using RNA-seq data is
shown in red), CpG island predictions in green (CGI), and non-methylated DNA profiles are shown in red. A
phylogenetic tree (left) highlights the evolutionary relationship among the seven species. Dashed grey
lines highlight the relationship between the gene TSSs across the species. The equivalent sequencing

traces for testis tissue can be seen in Appendix 4.3A.

5.1.2 Substantial changes in non-methylated DNA occur between tissues

To investigate whether changes in DNA methylation are detected between testis and liver tissues,
peaks were identified for liver Bio-CAP sequencing using MACS (see 2.14.5) (Zhang et al.,
compared to peaks previously identified for testis (see Appendix 4.4 for numbers of identified Bio-
CAP peaks). Interestingly, although a large number of NMIs were shared between tissues, a
considerable number of tissue-specific NMIs were detected for all seven species (Figure 5.2B).
Intriguingly, there appeared to be a shift from a majority of unique NMls being testis-specific for
human and mouse to a larger proportion being liver-specific in lizard, frog and zebrafish (Figure
5.2B). The relevance of this is unclear; nevertheless it appears that changes in DNA methylation

occurring during lineage specification are highly species-specific. Importantly, in agreement with
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observations from mammalian species (Farthing et al., 2008; lllingworth et al., 2010; Maunakea et
al.,, 2010; Mohn et al., 2008; Straussman et al., 2009; Weber et al., 2007), vertebrates appear to

utilise differential methylation to epigenetically regulate a subset of NMls.
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Figure 5.2 Non-methylated islands are associated with gene promoters in vertebrate
liver

(A) A histogram depicting the proportion of protein-coding transcription start sites (TSSs) which are
overlapped by an NMI in liver tissue for all seven species. Blue bars indicate overlap with annotated TSSs
and red bars indicate overlap with additional TSSs identified using RNA-seq data (platypus, chicken and
lizard) or Xtev gene sets (frog). (B) Venn diagrams depicting the overlap between Bio-CAP peaks identified
in testis and liver tissues for seven vertebrate species.

To examine the properties of these differentially methylated NMIs more closely, heat maps were
generated for a 10 kb window centred around each NMI interval, with NMls clustered as shared or
unique between tissues and then ranked by interval length (Figure 5.3A). Visualisation of all NMls in
this manner clearly demonstrated that shared NMls were enriched for Bio-CAP-seq signal in both
tissues, whereas unique NMls from either testis or liver exhibited Bio-CAP-seq signal only in the
appropriate tissue (Figure 5.3A). Therefore, non-methylated DNA profiles from testis and liver

revealed a class of ‘plastic’ NMls that exhibit differential methylation in distinct tissue-types.
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Figure 5.3 Differential methylation of a subset of NMIs

(A) All vertebrate genomes have a subset of NMIs that are subject to differential methylation as illustrated by a heat map of non-methylated DNA signal from testis and
liver in human, mouse, platypus, chicken, lizard, frog and zebrafish. In each case, NMIs are ranked according to length and clustered as shared (upper) or unique (lower)
between the two tissues. A 5kb window centred at the NMI is shown and read density is indicated by colour intensity. (B) The overlap of NMIs identified in liver and
testis is depicted by Venn diagrams for NMIs associated with protein-coding TSSs (upper) and for NMIs away from TSSs (lower). NMIs at TSSs are generally non-
methylated in both tissues whereas differentially methylated NMIs tend to be found away from TSSs.
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5.1.3 Validation of differential methylation between testis and liver
In order to validate that the unique NMls were truly differentially methylated between, a number of
the testis or liver unique NMls were validated by locus-specific bisulfite sequencing for mouse and
zebrafish (Figure 5.4). Interestingly, differentially methylated NMlIs exhibited a tendency to be
mosaically methylated, as demonstrated by the Patl2 gene promoter in mouse and the 3’ exonic
NMI in the zebrafish akap11 gene (Figure 5.4Ai and Biii). A similar observation has been described
recently for mouse ES cells and neuronal progenitors (Stadler et al., 2011) whereby low methylated
regions (LMRs), exhibiting around 30 % DNA methylation, tended to be differentially methylated
between tissues (Stadler et al., 2011). Therefore, partial methylation may be an indicator of regions
which are susceptible to DNA methylation changes between tissues. However, since it is not possible
to infer the methylation status of individual CpGs using the Bio-CAP technique, this observation was

not pursued further here.

5.2 Dynamic DNA methylation occurs away from gene transcription start sites

5.2.1 Non-methylated islands at gene TSSs are shared between testis and liver
A similar proportion of gene TSSs in testis and liver were observed to be associated with an NMI for
each species (Figure 4.8A and Figure 5.2A). This suggested either that the same subset of gene
promoters remained non-methylated in both tissues or that a similar number of different gene TSSs
were non-methylated in liver compared to testis. To determine whether DNA methylation varies at
gene promoters, all NMls located within 1 kb of a gene TSS were compared for liver and testis. This
analysis revealed a high degree of overlap for testis and liver NMls located at the 5’ end of genes in
all species (Figure 5.3B, upper). The correlation was not as strong for platypus, but this is almost
certainly due to the poor annotation of gene TSSs for this species. Therefore, the majority of
vertebrate gene promoter-associated NMls appear to remain non-methylated between two very
distinct tissues. Interestingly, only minimal DNA methylation changes were detected at gene

promoters for 30 diverse cell-types in human, suggesting that mammalian gene promoters tend to
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be non-methylated across the majority of cell-types (Ziller et al., 2013). Although whether this

observation holds true for other vertebrate species remains to be seen.
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Figure 5.4 Validation of differentially methylated NMIs between liver and testis in
mouse and zebrafish by bisulfite sequencing

(A, i-iv) Mouse NMIs unique to liver or testis were analysed by bisulfite sequencing to verify that these
regions were indeed differentially methylated. Traces of non-methylated DNA are shown for differentially
methylated regions in mouse liver (red) and testis (blue) with NMIs shown as bars under the traces. The y-
axis depicts read density. Bisulfite PCR amplicons are shown as a black rectangle (BA). Empty and filled
circles represent non-methylated and methylated CpG dinucleotides, respectively. (B, i-iii) Zebrafish NMIs
unique to liver or testis were validated by bisulfite sequencing as in (A).
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An important caveat to the analysis presented here is that the presence or absence of a Bio-CAP
peak is compared as a binary measure; therefore some more subtle or quantitative changes in NMlI
DNA methylation levels may have been missed. This is important to consider as previous studies
have identified subtle changes in levels of DNA methylation, including changes in the size or shape of
a non-methylated region (Doi et al., 2009; Irizarry et al., 2009; Molaro et al., 2011), which may have
functional importance in gene regulation. However, irrespective of subtle changes in the size of the
non-methylated domain, NMls at vertebrate gene promoters appear to remain non-methylated
across distinct tissue-types, potentially as a means to demarcate a subset of genes as being subject

to a particular mode of gene regulation.

5.2.2 Differential methylation of gene promoters is associated with differential gene

expression
Most NMls at gene TSSs were shared between tissues. However, in all species tested a small subset
of promoter-associated NMls were observed to be unique to one tissue (Figure 5.3B, upper). De
novo placement of DNA methylation at gene promoters is known to be linked with long-term
silencing of gene expression (Bird, 2002; Jones, 2012; Jones et al., 1998; Nan et al., 1998; Razin,
1998). Therefore, using RNA-seq datasets available for human, mouse, platypus and chicken, gene
expression was monitored for the genes which underwent DNA methylation changes between testis
and liver (Brawand et al., 2011; Julien et al., 2012; Stadler et al., 2011). This analysis revealed that
genes which were differentially expressed between the two tissue-types were significantly enriched
for having a differentially methylated promoter-associated NMI (Figure 5.5). Therefore, the presence
of DNA methylation at a gene TSS closely correlates with gene repression and, although an
infrequent event, DNA methylation mediated silencing appears to be a common epigenetic strategy

for regulating a subset of vertebrate genes.
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Figure 5.5 Genes with TSS-associated testis or liver specific NMIs are over-

represented for increased differential expression in the same tissue
MA plots depicting expression differences for genes with TSS-associated NMIs from liver and testis for
human, mouse, platypus and chicken. Genes are coloured according to whether they share an NMI in both
liver and testis (grey) or have an NMI only in liver (red) or testis (blue). Genes are further distinguished as
being differentially expressed or overexpressed in a tissue-specific manner (dark, filled circle) or not (light,
open circles). The log mean expression of the gene in both liver and testis is displayed on the x axis (A)
and the log ratio of gene expression is displayed on the y axis (M). The dotted lines indicate a fold change
threshold of 2. Genes with tissue-specific NMIs were significantly over-represented in the set of genes
which had increased differential expression in 7 out of 8 cases (Fisher's exact test, human testis p < 10‘21,
liver p < 10%; mouse testis p < 10 liver p < 107%, platypus testis p < 102 liver p < 10™; chicken liver p
<10%).

5.2.3 Tissue-specific non-methylated islands occur away from gene TSSs
To examine DNA methylation changes occurring away from gene promoters, NMls that were greater
than 1 kb away from TSSs were compared for testis and liver tissues. Interestingly, non-TSS NMls
exhibited a much lower degree of overlap between testis and liver tissues, indicating that the

majority of differential methylation occurs away from gene promoters. This observation may be
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even more striking than presented, as a number of the non-TSS NMls (Figure 5.3B, lower, purple)
may actually occur at unannotated or alternative gene start sites which generally would be shared
between tissues. Furthermore, the NMlIs which happen to be shared between these two particular
tissues may be methylated in another tissue not profiled here. Together, these observations reveal a

common usage of constitutive NMlIs across vertebrates at gene promoters while differentially

methylated NMls appear to be found away from TSSs.
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Figure 5.6 Length distributions for shared and unique NMlIs for seven vertebrates

NMI length distribution plots for shared (Shared NMIs, solid line) or unique (Unique NMIs, dashed line)
NMIs from testis (blue) or liver (red). Shared NMIs tend to be longer than tissue-specific unique NMlIs.
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Figure 5.7 Unique vertebrate NMIs have lower CpG density than shared NMIs
CpG density distribution plots for shared (solid line) or unique (dashed line) NMIs from testis (blue) or liver
(red). Shared NMIs tend to have higher CpG density than unique NMIs.
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5.3 Differentially methylated NMls have distinct CpG density and length compared to

constitutively non-methylated NMis

Interestingly, it was apparent from the heat maps of non-methylated DNA from testis and liver that
NMls clearly clustered into two distinct types. The shared NMls appeared longer than unique NMls,
with more intense Bio-CAP signal, suggesting that more non-methylated DNA was purified at shared
NMlIs compared to those which are unique to testis or liver (Figure 5.3A). The lower Bio-CAP signal
at unique NMls could be attributed to mosaic DNA methylation, as was detected for individual loci
(Figure 5.4), or a reduced CpG density at these regions. To further investigate the properties of
unique NMls, the length and CpG density properties were calculated for all vertebrate NMIs which
were shared or unique between testis and liver tissue. Frequency distributions plots revealed that
unique NMls (dashed lines) were shorter and less CpG dense overall than shared NMiIs (bold lines,
Figure 5.6 and Figure 5.7). Therefore, differentially methylated NMls exhibit unique nucleotide and

length properties compared to shared TSS-associated NMls.

The clear disparity between the nucleotide and length properties of shared and tissue-specific NMls
suggests that that these features may be important for the function of these elements. Two possible
explanations can be envisaged to explain the reduced size and CpG density of plastic differentially
methylated NMils. Firstly, over evolutionary time differentially methylated NMIs may have been
more frequently methylated in the germline compared to TSS NMlis (Weber et al., 2007) and thus
increasingly eroded in CpG density due to accumulation of deamination mutations at methylated
cytosines (Coulondre et al., 1978). Selective pressure for the retention of NMls in particular tissues
or lineages may have prevented the complete loss of CpG density at these differentially methylated
NMlIs compared to intergenic regions (Weber et al., 2007). Alternatively, lower CpG density may
have been selected for during evolution as a necessary feature to facilitate differential methylation
at NMls unique for a particular tissue. In this scenario, high CpG density may be a signal for
permanent lack of methylation and would therefore preclude dynamic methylation at CpG dense

regions whereas intermediate CpG density may be optimal for switching between methylation states
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between tissue-types. Whichever may be the case, given that DNA sequence remains unchanged
between tissue-types, it is probable that DNA methylation changes observed at plastic NMls are
made possible by the nucleotide composition, but are initiated by changes in the local chromatin
environment, recruitment of DNA-binding factors or demethylase enzymes during differentiation

(Costa et al., 2013; Strunnikova et al., 2005; Thomassin et al., 2001).

5.4 Intergenic NMls are associated with distal regulatory regions
In order to understand how the differential methylation observed at non-TSS NMls may contribute
to genome function, intergenic NMls (greater than 5 kb from a protein-coding, Figure 5.8A) were
compared to annotated genomic features. For these analyses, Bio-CAP-seq data generated in the
previous chapter for mouse V6.5 ES cells and zebrafish embryonic stage 24 hpf were used, for which
genome-wide transcription and chromatin modification datasets were available for comparison (see
2.17.1). Initially, non-coding RNA genes were interrogated to identify whether NMls are associated
with non-coding gene TSSs in the same way as was observed for coding genes (Figure 4.8A and
Figure 5.2A). A large proportion of long non-coding RNA (IncRNA) TSSs identified in mouse and
zebrafish, 45 and 64 % respectively, had a TSS-associated NMI (Figure 5.8B) (Belgard et al., 2011;
Guttman et al., 2010; Pauli et al., 2012; Ulitsky et al., 2011). This is perhaps unsurprising as IncRNA
genes are transcribed by RNA Polymerase Il (RNAPII) (Guttman et al., 2009; Wang and Chang, 2011)
and thus are likely to be regulated in a similar manner to coding RNAs. However, other classes of

non-coding RNAs were not as highly enriched for TSS-associated NMls (Appendix 5.1).

The strong correlation with IncRNA TSSs, and overlap with other annotated non-coding TSSs,
accounted for a significant number of intergenic NMls in mouse ES cells and zebrafish 24 hpf, but by
no means all (Figure 5.8C and Appendix 5.1). Functional annotation was therefore sought for the
remaining intergenic NMls in a hierarchical manner using other available external datasets. Enhancer
regions have been shown to be associated with specific histone marks, most notably the H3K4mel

modification (Heintzman et al., 2009; Heintzman et al., 2007; Koch et al., 2007; Zentner et al., 2011).
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Furthermore, non-productive transcription has been reported to occur at active enhancer elements
(Natoli and Andrau, 2012). Of the remaining intergenic NMls, a large proportion were marked with
H3K4mel ChIP-seq signal in both mouse and zebrafish (Figure 5.8C), and a further fraction were
associated with the 5’ end of transcripts identified from recently published RNA-seq data,
representing either unannotated genes, or non-productive transcription typical of enhancers (Natoli
and Andrau, 2012). In total, 46 and 57 % of non-genic NMIs from mouse ES cells and zebrafish 24 hpf
were associated with functional annotation typical of either non-protein-coding genes or enhancers,

suggesting that differential methylation may act to epigenetically modify distal gene regulatory

elements.
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Figure 5.8 Intergenic NMIs are associated with distal regulatory elements, non-
coding RNAs, and unannotated transcripts

(A) Most NMIs are associated with known protein-coding genes (left) but a substantial proportion are
located within intergenic regions of the genome (right). (B) NMIs (green) are found at 45% and 64% of all
known long non-coding RNA (IncRNA) TSSs (black) in mouse and zebrafish respectively. (C) A pie chart
depicting the proportion of intergenic NMIs (>5kb from a protein-coding gene) associated with different
genomic features in mouse embryonic stem (ES) cells and zebrafish 24hpf embryos. The association was
performed hierarchically in the following order: IncRNA TSSs, other non-coding RNA TSSs (miRNAs, rRNAs,
snRNAs, or snoRNAs), other TSSs (pseudogenes and processed transcripts), putative enhancer mark
H3K4mel and novel RNA-seq TSSs. This analysis indicates that intergenic NMIs mark novel transcriptional
units or regulatory elements.

5.5 Differential NMis act as an epigenetic switch
Given that the majority of differential DNA methylation of NMIs occurs away from known gene
promoters (Figure 5.3B), and that intergenic NMls are enriched for regulatory elements such as

distal enhancers (Figure 5.8C), an interesting possibility is that differential methylation away from
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gene promoters may function as part of an epigenetically driven regulatory process. Overlap of
available testis and liver H3K4me3 datasets with unique human testis NMlIs indeed revealed that
testis specific H3K4me3 signal is detectable at these sites with negligible H3K4me3 signal detected
from liver (Figure 5.9A, upper left). The reverse held true for the liver unique peaks which only
exhibited H3K4me3 signal from the liver H34me3 ChlP-seq dataset (Figure 5.9A, upper right). The
same trend was also observed using available external datasets for mouse (Figure 5.9A, lower).
Type-1 ZF-CxxC domain-containing proteins (Long et al., 2013) are known to bind specifically to non-
methylated DNA (Blackledge et al., 2010; Thomson et al., 2010). A member of this family, CFP1, is
part of a SET1-containing complex which catalyses placement of the H3K4me3 histone modification
(Lee and Skalnik, 2005), which is associated with active chromatin. Therefore, it is highly probable
that unique NMls, differentially methylated between tissue-types, act to direct lineage-specific

placement of the H3K4me3 chromatin mark.
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Figure 5.9 Chromatin modification at NMIs depends on their underlying DNA
methylation state

(A) H3K4me3 read density from testis (blue) and liver (red) is profiled over testis unique (left) and liver
unique (right) NMIs for human (upper) and mouse (lower) and displayed as an average profile. At
differentially methylated loci, the histone H3K4me3 modification is found preferentially in the tissue with
the non-methylated NML (B) The H3K4me3 signal (profiled in frog stage 11-12 embryos and zebrafish
24hpf) is present specifically at unique NMIs from frog stage 11-12 and zebrafish 24hpf (green) and not at
unique NMIs from the liver (red).
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Figure 5.10 A broad non-methylated island region at the nkx2-1 gene is shared
across tissues for all seven vertebrate species

The nkx2-1 gene is associated with an extended region of non-methylated DNA in both liver and testis for
a number of vertebrate species. hgl9 chrl4:36,970,102-37,002,381; mm9 chr12:57,604,491-57,664,542;
ornAnal chr4:23,088,393-23,126,926; galGal3 chr5:38,981,295-39,043,103; anoCar2 chrl:24,593,153-
24,701,127; xenTro3 GL172781:1727255-1747537; danRer7 chrl7:38,412,338-38,453,558.

Importantly, this obse

available for frog and

detected for the liver

rvation was not unique to warm-blooded vertebrates. H3K4me3 dataset were
zebrafish embryonic tissues stage 11-12 and 24 hpf respectively (see 2.17.1),
for which matching Bio-CAP-seq datasets had already been generated. Comparison of unique
embryonic NMIs and unique liver NMIs for frog and zebrafish revealed that the H3K4me3
modification was only enriched at the embryonic stage unique NMIs, with no H3K4me3 signal
unique NMls which are methylated in the frog and zebrafish embryo (Figure

5.9C). Thus the chromatin modification state of tissue-specific NMIs appears to change in an
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epigenetic switch-like mechanism correlating with the underlying DNA methylation state. Therefore
this epigenetically plastic set of NMls, identified for all species, appears to affect the local chromatin
landscape at distal regulatory elements and perhaps drive functional diversity across different tissue

types in an otherwise fixed DNA sequence.
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Figure 5.11 Broad NMIs are maintained between diverse tissue types

B Testes
M Liver

Genes whose gene body is greater than 90% overlapped by NMI intervals were identified for testis and
liver. Venn diagrams depict the degree of overlap for testis and liver broad NMI genes.

5.6 Broad non-methylated islands appear to be maintained across tissues
NMls overlapping gene TSSs appear to remain non-methylated across distinct tissue-types (Figure
5.3B, upper). This raises the question of whether the class of broad NMis identified in Chapter 4 also
remains broadly non-methylated across multiple tissues. Visual inspection of gene-associated broad
NMiIs revealed that the non-methylated DNA signature appeared to be maintained between testis
and liver (for example the otp and nkx2.1 genes, Figure 5.1 and Figure 5.10). In order to expand this
comparison genome-wide, genes exhibiting broad non-methylated regions were identified for liver
as before (with greater than 90% of the coding region covered with Bio-CAP signal, 4.7.2).
Comparison of broad NMI gene lists for testis and liver revealed that a significant proportion of this
class of gene remain broadly non-methylated between distinct tissue-types for all species analysed

(Figure 5.11). Therefore, broad NMI genes appear to be protected from DNA methylation in different
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tissues, similar to canonical promoter-associated NMls. This suggests that in contrast to distal

regulatory elements, broad NMiIs generally are not modulated by dynamic DNA methylation.

5.7 Discussion
5.7.1 A third class of ‘plastic’ NMI
In addition to the canonical and broad NMIs described in the previous chapter, here a third ‘plastic’
class of NMIs was described. Plastic NMlIs exhibited lower CpG density than canonical NMls, were
generally found associated with distal gene regulatory elements and were differentially methylated
between tissues. Together these three classes of NMI appear to constitute a highly conserved

epigenetic logic for the utilisation of non-methylated DNA across vertebrate evolution.

5.7.2 DNA methylation changes mostly occur away from gene promoters
In keeping with previous reports, DNA methylation changes at gene promoters were observed to be
a rare event, with the majority of TSS-associated NMIs remaining non-methylated in both testis and
liver tissues (Illingworth et al., 2010; Maunakea et al., 2010; Meissner et al., 2008; Ziller et al., 2013).
However, for the small number of cases where a promoter NMI was methylated in one tissue, DNA
methylation was associated with repression of transcription (Futscher et al., 2002; Song et al., 2005).
This gene silencing may be mediated by methyl-binding proteins following DNA methylation gain
(Bogdanovic and Veenstra, 2009; Clouaire and Stancheva, 2008) or DNA methylation may be
acquired once the associated gene has already entered the repressed state (Jones, 2012).
Interestingly, a number of NMIs away from gene TSSs were shared between testis and liver. It is
likely that a proportion of these will in fact overlap alternative start sites upstream or within gene
bodies (Maunakea et al., 2010), unannotated genes (lllingworth et al., 2010) or mis-annotated
IncRNAs. Furthermore, shared intergenic NMIs which do not overlap any of the features listed may

in fact be differentially methylated in other tissues not profiled here (Ziller et al., 2013).

Unlike at gene TSSs, a large proportion of non-TSS NMls undergo DNA methylation changes between

testis and liver. The concomitant placement of H3K4me3 modification at these sites, observed
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previously in mammals (Schmidl et al., 2009; Stadler et al., 2011), suggests that the presence of non-
methylated DNA may act to positively regulate enhancer-like elements and non-coding RNA genes.
Regulation of these elements in this manner will likely impact the expression of nearby genes.
Together, differential methylation of intergenic NMls during development and differentiation, in
distinct tissue-types, may play an important role in the differential regulation of distal enhancers and

the expression of lineage-specific genes across vertebrate species.

5.7.3 Distinct features of shared and unique vertebrate non-methylated islands
Interestingly, certain features appear to vary between the constitutively non-methylated ‘canonical’
class and the differentially methylated ‘plastic’ class of NMls. These differences may help us begin to
understand what it is that drives or predisposes a genomic locus to DNA methylation changes.
Firstly, CpG density generally appeared lower for tissue-specific NMls for all species (Figure 5.7),
which is reflected in the lower Bio-CAP signal intensity observed for these regions (Figure 5.3A) due
to fewer CpG substrates for the ZF-CxxC dependent affinity purification (Bio-CAP). In keeping with
this, it has been reported that CpG poor regions are most often silenced by DNA methylation
changes as opposed to polycomb-mediated repression (Xie et al., 2013). Partial DNA methylation
could also be responsible for the reduced Bio-CAP signal as low methylated regions (10-50 %
methylated) have been reported be differentially methylated between cell-types in the mouse
(Stadler et al., 2011). Secondly, tissue-specific NMIs were observed to be much shorter than NMils
which were shared between testis and liver (Figure 5.6) (Stadler et al., 2011; Ziller et al., 2013). This
suggests that the encroachment or loss of DNA methylation at dynamically methylated regions may
be aided by the small size of the non-methylated region which will exhibit many fewer CpG sites
than a constitutive NMI (Hon et al., 2012). Together, differentially methylated regions appear to be
shorter in length, have a reduced CpG density and exhibit mosaic DNA methylation. All of these
features may cause a sensitisation to signals which influence DNA methylation profiles and a

predisposition to differential methylation between distinct tissue-types. How these and other factors
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influence the non-methylated DNA landscape will be explored in more detail in the following

chapter.

5.7.4 DNA methylation changes at the edges of non-methylated islands
Interestingly, NMI length was also observed to vary between tissue types for some species at
constitutively non-methylated NMls (Figure 5.6). In this analysis, sperm NMIls were observed to be
longer than those from a non-germline tissue at all shared NMls for lizard, frog and zebrafish,
extending an observation previously made for human (Molaro et al., 2011). This change in NMI size
is reminiscent of CpG island shores (Doi et al., 2009), and a number of reports have inversely linked
changes in DNA methylation at the edges of non-methylated regions with the placement of active
histone modifications (Hodges et al., 2011) and activation of associated genes (Doi et al., 2009;
Hodges et al., 2011; Irizarry et al., 2009). Whether variation in NMI width is functional, and is

important for or merely responsive to gene expression changes remains to be seen.

5.7.5 The drivers of DNA methylation change
DNA methylation changes occurring at non-TSS NMls during development will involve either the loss
or gain of DNA methylation. De novo placement of DNA methylation is poorly characterised at non-
promoter elements, but may be linked to an increase in nucleosome occupancy, for example
following transcription factor binding loss (You et al., 2011), as it has been suggested that
nucleosomes may be the preferred substrate for de novo methyltransferases (Chodavarapu et al.,
2010). This remains contentious, however, and many other reports claim that linker DNA and
chromatin remodelling is required for de novo DNA methylation (Felle et al., 2011), in keeping with a
dramatic reduction in DNA methylation in mice lacking the chromatin remodeller, Lsh (Dennis et al.,
2001; Geiman et al., 2001). Therefore perhaps loss of protective DNA binding events, which shielded
a specific DNA sequence from de novo methylation (Feldman et al., 2006b; Fuks et al., 2001;
Hervouet et al., 2009; Plath et al., 2003; Velasco et al., 2010), would expose a stretch of DNA leading

to acquisition of DNA methylation. It would be interesting therefore to observe whether the
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differentially methylated NMls identified here contain tissue-specific DNA binding motifs within their
sequence, and subsequent loss of these DNA binding factors during differentiation may drive DNA

methylation changes between tissues.

For NMls which lose DNA methylation between cell-types, either passive or active demethylation
may drive this change. Active DNA demethylation has been proposed to be mediated by the TET
enzymes which catalyse the oxidation of 5-methylcytosine (5mC) to 5-hydroxymethylcytosine
(5hmC) (Kriaucionis and Heintz, 2009; Tahiliani et al., 2009). Interestingly, 5hmC has been detected
at cis-regulatory elements (Ficz et al., 2011; Pastor et al.; Wu et al., 2011a) suggesting that the TET
enzymes may be directed to methylated DNA, perhaps through recruitment by a transcription factor
(Costa et al., 2013) to drive active demethylation of lineage-specific NMls. Conversely, loss of the
DNA binding protein which recruits the TET enzymes may cause a gain of DNA methylation. Other in
vitro and in vivo evidence supports a role for sequence specific binding events driving loss of DNA
methylation (Stadler et al., 2011; Thomassin et al., 2001), although whether this is due to passive
demethylation over multiple cell divisions or active demethylation is unclear. Passive demethylation
is proposed to be replication-dependent and occur when maintenance DNA methylation is inhibited,
perhaps through the binding of specific DNA-binding factors (Hsieh, 1999; Lin and Hsieh, 2001; Lin et
al., 2000; Matsuo et al., 1998). Importantly, it has been shown that this can occur away from gene
promoter regions and therefore could constitute a mechanism for driving differential methylation of
distal regulatory elements (Lin et al., 2000; Stadler et al., 2011; Thomassin et al., 2001). However,
despite the knowledge that large-scale DNA methylation changes occur between distinct tissues, it
remains incompletely understood how these changes are defined and mediated during

differentiation and development.
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Chapter 6 -- Introduction of exogenous DNA sequence uncovers traits

necessary for non-methylated island formation

As described in the previous chapter, the mechanisms by which patterns of non-methylated DNA are
defined and modulated in distinct tissues are incompletely understood. Factors contributing to DNA
methylation patterns are likely to include both the nucleation of DNA binding factors and the
underlying DNA sequence composition. Indeed there is some evidence to support a role for both of
these factors in defining DNA methylation patterns, with reports that transcription factor binding
can direct a DNA sequence to become non-methylated (Stadler et al., 2011), while increased CpG
observed over expected ratio and high GC content (the criteria for CpG islands) is partially predictive
of non-methylated DNA in warm-blooded vertebrates (Gardiner-Garden and Frommer, 1987) (this
thesis, Chapter 4). However, the extent to which these and other features contribute to the non-

methylated state is unknown.

In this chapter, the mechanisms by which non-methylated DNA is defined will be explored, utilising

two model systems which introduce novel DNA sequences into the mouse nucleus.

6.1 Introduction of heterologous DNA sequences to investigate establishment of non-

methylated DNA

It is difficult to address experimentally how non-methylated DNA profiles are established at the
genome-scale as many of the contributing factors may be currently unknown. To investigate the
extent to which nucleotide sequence contributes to DNA methylation status, novel DNA sequences
can be introduced into a heterologous nuclear environment. This methodology has been used
previously to determine that introduction of short sequences containing a so-called methylation-
determining region (MDR) can drive a DNA sequence to become non-methylated (Lienert et al.,
2011). These short sequences may be subject to site of integration effects from the surrounding
chromatin, an effect which could be overcome by integration of a much larger DNA fragment. A

number of mouse models exist which have incorporated much larger portions of foreign DNA, and
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which could be exploited to determine non-methylated profiles of a large exogenous DNA sequence.
Such models include the humanised mouse model in which the mouse alpha-globin locus was
replaced with that of human (Wallace et al., 2007), a mouse containing two human chromosome
fragments (Tomizuka et al.,, 2000) and a number of mouse models for Down’s syndrome which
contain large fragments of human chromosome 21 (Kazuki et al., 2001; O'Doherty et al., 2005; Smith

et al., 1997).

6.1.1 A transchromosomic Down’s syndrome mouse model (Tc1)
The transchromosomic mouse model (Tcl) represents the most intact model for Down’s syndrome
to date as it has an almost entire copy of human chromosome 21 which encodes 198 human genes
(O'Doherty et al., 2005). Human chromosome 21 in the Tcl mouse, which has regions syntenic to
sections of mouse chromosomes 10, 16 and 17 (Antonarakis et al., 2004), is freely segregating,
present in 24-55 % of cells and transmitted through the female germline (O'Doherty et al., 2005).
Previous analysis of human chromosome 21 in this model has shown that transcription factor
binding and histone modifications are largely dictated by DNA sequence (Wilson et al., 2008) and
therefore information within the genetic sequence of human chromosome 21 appears to be
sufficient to recapitulate the human transcriptional profile in the heterologous mouse nuclear
environment (Wilson et al., 2008). The Tcl mouse model therefore provides an opportunity to
determine whether DNA sequence can similarly dictate non-methylated DNA profiles irrespective of
the regulatory milieu. The Tcl mouse model was therefore used to investigate the methylation

status of 42 Mb of human DNA sequence in the mouse heterologous nuclear environment.

6.2 Profiling DNA methylation in the Tc1 mouse model
6.2.1 Bio-CAP sequencing and alignment to the Tcl mouse
Non-methylated DNA was profiled by Bio-CAP sequencing for Tcl mouse testis and liver genomic
DNA, as described previously (2.13.2.2). These tissues were chosen as Bio-CAP sequencing data had

previously been generated for the same tissues from wildtype mouse and human (Chapter 4 and

171



Chapter 5), and furthermore multiple external genome-wide ChlIP-seq datasets were available for
comparison (Schmidt et al., 2010; Ward et al., 2013; Wilson et al., 2008). The Bio-CAP sequencing
data was aligned to a composite Tcl genome containing all mouse chromosomes (19 autosomes plus
sex chromosomes) and human chromosome 21 (2.14.4). Read mapping was restricted so that
individual reads could only align once to suppress highly similar sequences in the mouse genome
from aligning to human chromosome 21. Around 92% of human chromosome 21 is present in the
Tcl mouse, therefore for downstream analysis four regions which appear to have been lost during
chromosome transfer (including two previously reported regions (O'Doherty et al., 2005)) were
excluded (see 2.16.1). Importantly, comparison of non-methylated DNA profiles from Tcl mouse
with wildtype mouse revealed that the presence of a human chromosome in the mouse nucleus
does not grossly impact the size and distribution of mouse NMls in testis tissue for all mouse
chromosomes (Appendix 6.1). This is in agreement with normal H3K4me3 features for all mouse
chromosomes described previously (Wilson et al., 2008).
6.2.2 Non-methylated islands are recapitulated at gene promoters in the Tcl mouse
model

In order to observe whether non-methylated DNA profiles are similar for human chromosome 21
between the human and mouse regulatory environments, non-methylated DNA profiles were
visualised for both testis and liver tissues (Figure 6.1Ai and Bi). Similar to the endogenous profiles in
human (Hs-chr21, dark red and dark blue), human chromosome 21 in the Tcl mouse (Tcl-chr21,
bright red and bright blue) exhibited strong punctate peaks of non-methylated DNA coincident with
gene promoters (Figure 6.1Ai and Bi). Indeed, a very similar proportion of genes on human
chromosome 21 were overlapped by non-methylated DNA in both the human and mouse nucleus

(Table 6.1).
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Figure 6.1 Non-methylated DNA profiles from human chromosome 21 in the human
and mouse nuclear environment and orthologous regions in the mouse

(A-B, i) Bio-CAP sequencing profiles of non-methylated DNA for two loci from human chromosome 21.
Data from liver is shown in red and testis in blue, with Tc1l mouse profiles (brighter shade, Tcl-chr21)
shown above the inverted endogenous human profile (darker shade, Hs-chr21l). NMIs shared between
human and Tc1 for a given tissue are indicated as grey bars between the two traces. NMIs unique to either
Tcl or human (1.5 fold change in normalised read-count) are indicated by a coloured bar with shading to
highlight the location. An asterisk highlights two unique NMIs in Tcl-chr21 which appear to exhibit a small
amount of non-methylated DNA in Hs-chr21. (A-B, ii) Bio-CAP sequencing profiles for the mouse syntenic
region to (i) in wildtype mouse. NMIs are indicated by a grey bar beneath the sequencing trace. Genes are
shown above the traces in black, with exons shown as vertical bars and transcription start site as an arrow.
CpG island predictions are shown as green bars. The vertical scale on the traces represents Bio-CAP read
density. A 20 kb scale bar is shown.

To map NMI location chromosome-wide, and identify regions of differential methylation between

the human or Tcl mouse nuclear environment, peaks were called from Bio-CAP non-methylated
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DNA profiles using MACS (v1.4.0) (Zhang et al., 2008) (2.14.5). Peaks were combined for human and
Tcl mouse and were determined to be differentially methylated if they exhibited a greater than 1.5
fold change in Bio-CAP read count (see 2.16.1). This analysis highlighted that a large number of NMls
on human chromosome 21 were shared between human and Tcl mouse (Figure 6.2A, upper).
Furthermore, the majority of NMls within 1kb of a gene TSS were identified in both nuclear
environments (Figure 6.2B, upper). Together, this analysis revealed that human gene promoters do
not undergo massive aberrant DNA methylation or demethylation in the mouse nucleus, and instead

accurately recapitulate the non-methylated status of gene TSSs from human.

TSS overlapping an NMI (%)
Tissue

Species Testes Liver

Hs 56.3% 62.3%

Tcl 59.3% 64.3%

Table 6.1 Proportion of human chromosome 21 genes with an NMI overlapping the

transcription start site

The 198 genes retained on chromosome 21 in Tcl mouse were interrogated for overlap of an NMI at their
TSS for Tcl mouse and human testis and liver tissues.

6.2.3 Chromosome 21 gene promoters in mouse more closely resemble the

endogenous human non-methylated state than they do mouse orthologous promoters
For the small number of chromosome 21 genes in the Tcl mouse which were observed to be
differentially methylated compared to human (Figure 6.2B, upper), it is possible that their
methylation state reflects that of the orthologous mouse promoter rather than the human
counterpart in the same tissue-type. To test this hypothesis, 1:1 mouse orthologues were identified
for genes on human chromosome 21. The presence of a TSS-associated NMI was then compared for
Tcl-chr21 human orthologues versus either human genes or orthologous mouse genes in their
endogenous environment. Interestingly, more differences were observed when comparing TSS-
associated NMlIs between Tcl-chr21 and the equivalent orthologous gene from wildtype mouse
(Mm-chr16, Mm-chr10 or Mm-chr18) than the same comparison with TSS-associated NMls from Hs-

chr21 (Figure 6.3A-B). Therefore, at gene promoters, DNA sequence appears to be able to dictate
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the local DNA methylation status, irrespective of the regulatory environment, and define whether a
gene promoter is NMl-associated or not. In other words, despite the high degree of conservation of
vertebrate NMlIs at gene promoters reported in Chapter 4 (Figure 4.9), it appears that a small
number of mouse orthologues of NMlI-associated human genes have lost the ‘strong” NMI signature

associated with TSS NMls and therefore are methylated in the equivalent mouse tissue (Figure 6.3C).
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Figure 6.2 TSS-associated non-methylated islands on human chromosome 21 are
maintained in the Tcl mouse

(A) A subset of NMIs on human chromosome 21 are subject to differential methylation as illustrated by
heatmaps of non-methylated DNA signal from human chromosome 21 in the human versus mouse
nucleus for testis (left) and liver tissue (right). In each case, NMIs are ranked according to length and
clustered as shared (upper) or unique (lower) between the two nuclear environments. A 10 kb window
centred at each NMI is shown and read density is indicated by colour intensity. (B) Venn diagrams
illustrating the overlap of NMIs from human (Hs, grey) and Tcl mouse (Tcl, pink) on human chromosome
21. Overlaps are depicted for NMIs associated with protein-coding TSSs (within 1 kb of a protein-coding
TSS, upper) and for NMIs away from TSSs (greater than 1 kb from a protein-coding TSS). NMIs at TSSs are
generally non-methylated in both nuclear environments, while the majority differentially methylated NMIs
occur away from gene TSSs.
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Figure 6.3 Human chromosome 21 TSSs in Tcl mouse more closely recapitulate the
methylation status of human gene TSSs than mouse gene orthologue TSSs

(A) Venn diagrams depict the overlap of gene TSSs associated with an NMI from Tcl-chr2l with TSSs
associated with an NMI from endogenous Hs-chr21 (left) or from mouse gene orthologues (Mm-chrl0, -
16 and -16) for testis tissue (right). Gene TSSs were only analysed if an orthologous gene exists in both
human and mouse. (B) Venn diagrams depict overlap of gene TSSs associated with an NMI for liver tissue
similar to (A). (C) Three-way Venn diagram overlaps for gene TSSs associated with an NMI from human
chromosome 21 in Tcl mouse (Tcl-chr2l, pink), human (Hs-chr2l, grey) or from mouse gene
orthologues (blue, Mm-chrl0, -16 and -16) for testis (upper) or liver (lower).

6.2.4 NMls away from TSSs on human chromosome 21 are often misinterpreted in the

mouse nuclear environment
Similar to human chromosome 21 in its endogenous regulatory environment (a human nucleus),
smaller Bio-CAP peaks were observed away from gene promoters, in gene bodies and intergenic
regions, for chromosome 21 in the mouse nucleus (Figure 6.1Ai and Bi, Tcl-chr21). Intriguingly,
these promoter-distal NMlIs often appeared to be differentially methylated between the two nuclear
environments (Figure 6.1Ai and Bi). Indeed, a large number of differentially methylated NMls were
observed chromosome-wide in both testis and liver tissue (Figure 6.2A, unique). In agreement with
observations made from two genomic loci (Figure 6.1Ai and Bi), a large number of DNA methylation
changes appeared to occur away from gene TSSs (Figure 6.2B, lower). Again, it may be possible that
the non-methylated DNA profiles observed for Tcl-chr21 may resemble the syntenic regions from

the mouse genome, instead of recapitulating the endogenous human profiles. However, this

176



appeared not to be the case as non-TSS NMls in Tcl mouse were not mirrored by similar NMI peaks
in the syntenic region in mouse (Figure 6.1Aii and Bii). It is conceivable that human and mouse
conserved non-genic sequences (Keightley et al., 2005) have diverged sufficiently so that the
sequence motifs necessary for the generation of non-methylated DNA profiles in the mouse nuclear
environment have been lost from human chromosome 21. Together, these observations suggest
that DNA sequence alone is not sufficient to accurately define the non-methylated status of non-TSS
NMls in the Tcl mouse model, and therefore other factors such as transcription factors, other DNA-
binding factors or chromatin modifications may play a role in the interpretation of the NMI

signature.

n

Figure 6.4 NMIs incorrectly methylated on chromosome 21 are not the same in liver
and testis tissue

(A) NMIs unique to Tcl mouse on chromosome 21 (i.e. not identified in human) for liver and testis tissue
were compared and are depicted as a Venn diagram. The Tcl mouse appears to make similar mistakes in
both tissues. (B) NMIs unique to human on chromosome 21 (i.e. not identified in Tc1 mouse) for liver and
testis tissue were compared and are depicted as a Venn diagram. The Tcl mouse appears to fail to detect
very different NMIs in liver and testis.

6.2.5 Different NMls are differentially methylated in testis and liver
To examine whether the same alterations in DNA methylation profiles were occurring in testis and
liver, unique NMls for human and for Tcl mouse were compared for each tissue. Interestingly, it
appears that different processes may be occurring at human NMlIs which are lost in the mouse
nucleus (human-unique NMiIs) versus novel NMlIs which appear in the mouse nucleus (Tcl-unique
NMIs). NMlIs which were lost from human chromosome 21 in Tcl testis and liver are almost
completely non-overlapping, suggesting that these NMIs may be dictated by tissue-specific DNA-

binding factors in human which are lacking in Tc1 mouse (Figure 6.4B). NMIs unique to Tcl, on the
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other hand, appeared to overlap to a higher degree for the two tissues profiled, suggesting that
there may be a greater input from nucleotide composition in defining the non-methylated state at
Tcl-unigue NMls shared between liver and testis (Figure 6.4A). Alternatively, a transcription factor
shared in both tissues in mouse may be responsible for the novel Tcl NMils identified in both testis
and liver. Overall, human-specific NMIs on chromosome 21 were almost completely distinct for

testis and liver, while novel NMls in the Tc1l mouse tended to overlap between the two tissues.
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Figure 6.5 The H3K4me3 modification mirrors differential DNA methylation of
human chromosome 21

(A) H3K4me3 read density from human (grey) or Tc1 mouse (pink) is profiled over NMIs which are shared
between Hs and Tcl mouse (top), unique to human (middle) or unique to Tcl mouse (bottom) for testis
(left) or liver (right). At differentially methylated loci, which are unique to human or Tcl mouse, the
H3K4me3 modification is found preferentially in the species with the non-methylated NML (B) Heatmaps
of H3K4me3 ChIP-seq signal from human chromosome 21 in the human versus mouse nucleus for testis
(left) and liver tissue (right). In each case, H3K4me3 ChIP-seq signal is plotted over the same intervals as
for Figure 6.2A and read density is indicated by colour intensity. NMIs which are subject to differential
methylation appear to be marked by H3K4me3 in the tissue in which they are non-methylated, apart from
a subset of broader NMIs in liver (marked by an asterisk, *).
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6.3 Changes to the human non-methylated DNA profile impacts chromatin architecture

6.3.1 The H3K4me3 histone modification segregates with unique NMls for human and

Tcl mouse
An interesting link can be drawn between differential methylation observed here to occur on
chromosome 21 between two distinct species and that observed in the previous chapter to occur
between different tissue-types for the same species. In both cases, the majority of DNA methylation
changes occurred away from gene TSSs (Figure 5.3B and Figure 6.2B). Previously, differentially
methylated NMls were observed to act as an epigenetic switch to perhaps dynamically regulate the
local chromatin environment (Figure 5.8). To examine if the same held true for inter-species
differential methylation, available H3K4me3 datasets were profiled over unique and shared NMls for
human and Tcl mouse (Ward et al., 2013). Intriguingly, a similar pattern was observed whereby
NMlIs unique to either Hs-chr21l or Tcl-chr21l exhibited unique enrichment for the H3K4me3
modification (Figure 6.5A). Importantly, this switch appeared to occur at the majority of
differentially methylated loci, as seen on a heatmap profiling H3K4me3 across shared and unique

NMils (Figure 6.5B).

Interestingly, closer inspection of equivalent heatmaps for non-methylated DNA and H3K4me3
(Figure 6.2A versus Figure 6.5B) revealed that at Tc1-unique NMiIs a small amount of non-methylated
DNA was detectable for the same positions on chromosome 21 in human (Figure 6.2A). However, no
H3K4me3 was detectable for Hs-chr21 at Tcl unique NMls (Figure 6.5A). This suggests that in the
Tcl mouse, regions which exhibit low levels of non-methylated DNA in the human nucleus may be
erroneously amplified in the mouse regulatory environment (Figure 6.1A-B, two example loci for
testis, highlighted by an asterisk). Furthermore, only when fully non-methylated in the Tcl mouse
are these regions sufficient to nucleate detectable levels of H3K4me3 (Figure 6.5B). Together, it
appears that differential methylation occurring on human chromosome 21 in distinct nuclear
environments can direct a switch-like change in the local chromatin architecture. As the H3K4me3

histone modification is associated with active chromatin and transcriptional initiation (Guenther et
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al., 2007), it will be extremely interesting to observe whether associated changes in gene expression

are observed near unique NMls in the Tcl mouse.

6.4 Transcription factor binding may be instructive in defining regions of non-

methylated DNA

To investigate what might be driving the observed DNA methylation changes on chromosome 21,
the nucleation of DNA binding factors to differentially methylated NMIs was explored. ChlIP-seq
datasets were available for two liver-specific transcription factors from human and Tc1 liver tissue:
CCAAT/enhancer-binding protein alpha (CEBPA) and hepatocyte nuclear factor 4 alpha (HNFA) (Ward
et al., 2013). As might be expected, a large number of differences in transcription factor occupancy
were observed between human and Tcl mouse, perhaps due to changes in transcription factor
binding site preferences (Figure 6.6A). Strikingly, a number of the species-specific binding events for
either or both CEBPA and HNF4A were observed to coincide with a species-specific NMI. For
example, a human-unique CEBPA and HNF4A binding event in intron 12 of the WDR4 gene was
observed to coincide with a unique peak of non-methylated DNA in human mouse liver (Figure 6.6B).
Similarly, a Tcl-unique NMI at the TSS of the LOC339622 gene overlapped a Tcl-unique HNF4A
binding event in liver (Figure 6.6C). Only a minority of species-specific NMIs were observed to
coincide with a species-specific transcription factor binding event for human (18.4 %) and Tcl mouse
(17.0 %) (Figure 6.6D and E). However, it is actually quite striking that such a large proportion of
differentially methylated NMls can potentially be accounted for by only two transcription factors. In
fact, a much broader correlation between transcription factor binding and non-methylated DNA may
have been observed if many more transcription factors ChIP-seq datasets had been available.
Overall, the correlation between species-specific NMls and species-specific transcription factor
binding events suggests that transcription factor binding could be related to the non-methylated
status of DNA as has been suggested previously for mammals (Stadler et al., 2011; Thomassin et al.,

2001).
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(A) Venn diagrams illustrating the overlap of ChIP-seq peaks for the transcription factors CEBPA (left) and
HNF4A (right) between human and Tcl mouse on human chromosome 21. Peaks were identified from
ChIP-seq data from two replicate datasets and only replicated intervals were used for analysis. (B-C)
Examples of unique NMIs from human (B) or Tcl mouse (C) which exhibit a peak of HNF4A and/or CEBPA
binding (arrow) at the same location only in the species exhibiting a unique NMI. (D) A Venn diagram
depicting the overlap of human unique NMIs (Hs-unique NMI, grey) with CEBPA and HNF4A ChIP seq
intervals (orange and green) which were unique to human and not identified in Tc1 mouse. (E) A Venn
diagram depicting the same analysis as (D) for features unique to the Tcl mouse. Datasets for CEBPA and
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HNF4A from human and Tcl mouse were publically available (ENA - ERP000054 ).
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Figure 6.7 Nucleotide properties vary at NMIs which are shared or unique in
different regulatory environments

(A) CpG density (left) and GC content (right) are depicted as density plots for non-methylated islands from
human chromosome 21 which are shared between human and Tcl mouse (HsTcl shared, bold line) or are
unique to either human (Hs unique, dashed line) or Tcl mouse (Tcl unique, thin line) in testis tissue. (B) As
for (A), nucleotide properties of NMIs from liver are depicted as density plots.

6.5 Shared or unique NMis between human and Tcl mouse exhibit distinct nucleotide

composition

The link between transcription factor binding and non-methylated DNA dynamics appears
compelling, but may not account for all changes in DNA methylation on human chromosome 21 in
the human versus mouse regulatory environment. In order to investigate the potential role of
sequence composition in defining DNA methylation status, CpG density and GC content were
investigated. Intriguingly, NMls unique to either human or Tcl mouse have distinct nucleotide
properties compared to shared NMls. The class of NMls unique to Hs-chr21 exhibited an overall
reduced CpG density and GC content (Figure 6.7A-B, dashed line). Conversely, Tcl-unique NMls
tended to encode DNA sequences which are enriched for CpG density and GC content (Figure 6.7A-
B, thin line), suggesting that these regions may be incorrectly recognised in the Tc1 nucleus as having
an NMl signature due to their strong nucleotide properties. Together, NMls on human chromosome
21 which are incorrectly methylated or non-methylated in the Tcl nucleus exhibit nucleotide
properties which are divergent from those which are accurately non-methylated (Figure 6.7A-B, bold

line). This may suggest that the human and mouse nuclear environments interpret CpG density and
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GC content differently. Alternatively, the loss of human-specific DNA-binding events across
chromosome 21 in the Tcl mouse regulatory landscape may release CpG dense regions to become
non-methylated, while CpG poor regions, which may be bound in human by protective DNA-binding

factors to keep them non-methylated, become methylated in the Tcl mouse.

6.6 Introduction of zebrafish DNA into the mouse nuclear environment
6.6.1 Generating stable mouse ES cell lines containing zebrafish BAC DNA
Non-methylated profiles of DNA were observed to be faithfully recapitulated for human gene
promoters in the mouse nuclear environment, despite 75 million years of evolutionary distance
(Figure 6.2B, upper). To observe whether similar levels of promoter methylation fidelity could be
achieved over even longer distances of evolutionary time, 200 kb of zebrafish DNA was introduced
into the mouse genome (Figure 6.8). Therefore the DNA substrate and nuclear regulatory
environment are around 416 million years diverged (Ponting, 2008). A zebrafish bacterial artificial
chromosome (BAC) was engineered to contain a Kanamycin/Neomycin selectable marker and a
transposable element to aid genomic integration (Suster et al., 2009) (see 2.9.6, Figure 6.8A and B).
Stable mouse ES cell lines were generated by transfection of the BAC (Figure 6.8C) and selection with
G418, followed by isolation of individual colonies which were screened for successful BAC
integration into the mouse genome (see 2.9.10). Three positive clones were expanded and genomic

DNA from these lines was extracted and subjected to Bio-CAP sequencing (2.13.2.2).

6.6.2 The zebrafish promoter-associated non-methylated signature is recognised in the

mouse nucleus
The DKEY-5K13 BAC (named zBAC3 here) corresponded to chr13:31,858,931-32,077,313 from the
zebrafish genome, and contained seven genes, six of which exhibited a TSS-associated NMI in
zebrafish 24 hpf tissue, with two further intergenic NMls detected upstream of the prkcha and hifla
genes (Figure 6.9A) (almost identical Bio-CAP profiles were observed for liver and testis tissue, data

not shown). All three stable ES cell clones had integrated at least one copy of the BAC, as detected
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by massively parallel sequencing (Figure 6.9B), although zBAC3-17 appeared to have lost parts of the
BAC at or around the hifla gene. zBAC3 DNA appeared to closely recapitulate the zebrafish non-
methylated DNA profiles in mouse ES cells, with five of the six TSS-associated NMls and both of the
intergenic NMls (3 and 5) being identified as non-methylated in the zBAC3-9 clone. Bio-CAP signal
was detected at gene promoters for the two remaining clones zBAC-16 and 17 (Figure 6.9B).

Interestingly, four novel non-TSS NMls were identified for the zBAC3-9 clone (labelled 7-10, Figure

6.9B).
(A)
BAC backbone = pindigoBAC-5 ~7.5 kb loxP
— ]
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Figure 6.8 Recombineering a zebrafish bacterial artificial chromosome for insertion
into the mouse genome

(A) Zebrafish bacterial artificial chromosomes (zBACs) were selected from the DanioKey (DKEY) BAC library
in which around 200 kb of zebrafish genomic DNA had been cloned into the pIndigoBAC536 vector
backbone. Primers were designed to amplify inverted tol2 arms flanking the Ampicillin resistance cassette
(AmpR) with homology arms to the pIndigoBAC536 vector surrounding the single loxP site (orange, HAl
and HA2). Primers were also designed to amplify the Kanamycin resistance cassette (KanR) with homology
arms elsewhere in the pIndigoBAC536 vector (green, HA1 and HA2). (B) Following the two recombineering
steps, the zBAC vector backbone contained the newly inserted KanR cassette and AmpR cassette flanked
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by inverted tol2 arms. (C) The Tol2 arms enabled transposition of the zBAC into the mouse genome
following transfection of the zBAC along with DNA encoding the tol2 transposase enzyme.

6.6.3 Novel zebrafish NMls in the mouse nucleus exhibit distinct nucleotide properties
To determine what might be driving the non-methylated DNA profiles of zebrafish DNA in the mouse
nuclear environment, underlying nucleotide properties were investigated for NMls identified from
24 hpf zebrafish and novel non-methylated regions from the zBAC3-9 clone. GC content appeared to
share the same distribution for the endogenous (1-6) versus novel (7-10) zebrafish NMIs whereas
CpG density and length appeared to be generally lower for the novel NMils identified in the mouse
nucleus (Figure 6.9D, black and Appendix 6.2). These observations are likely to be skewed, however,
as the novel NMls were all intergenic compared to a majority of TSS-associated NMls identified for
zebrafish 24 hpf. Nucleotide properties of NMls within the syntenic region of the mouse genome
were also analysed (Figure 6.9C and Appendix 6.2). In general, mouse ES cell NMlIs from this region
(NMls 11-22) exhibited higher CpG density, GC content and length compared to those from zebrafish
(Figure 6.9D). Therefore, it is possible that gene promoters in zebrafish exhibit similar enough
nucleotide properties to the NMls in mouse for them to be recognised as non-methylated domains,
alternatively it may be the presence of the transcriptional machinery, or the act of transcription at
gene promoters, which enables zebrafish promoter-associated NMls to be recapitulated in the
mouse nucleus. However, the novel zebrafish NMls (Figure 6.9B and D, black) exhibited even lower
CpG density and GC content than the zebrafish gene promoters; therefore it seems unlikely that
nucleotide composition can lead to these elements becoming non-methylated in the mouse nucleus.
Instead, perhaps random acquisition of mouse transcription factor binding sites in the zebrafish

genome may act to drive NMI formation when introduced into the mouse nucleus.
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Figure 6.9 Zebrafish non-methylated islands are partially recapitulated in the mouse
nucleus

(A) Non-methylated DNA profiles for zebrafish embryonic 24 hours post-fertilisation (hpf) at the genomic
region chrl3 : 31,836,400 - 32,092,497, encompassing the region corresponding to the bacterial artificial
chromosome DKEY-5K13 (named zBAC3). Peak intervals are depicted for 24 hpf zebrafish Bio-CAP
sequencing (green, labelled 1-6) over the region corresponding to the BAC (chr13:31,858,931-32,077,313).
(B) Non-methylated DNA profiles for zZBAC3 DNA which was incorporated into the mouse genome. Three
distinct clones are depicted: zBAC3-9, zBAC3-16 and zBAC3-17. Peak intervals which are distinct from
those detected in the endogenous environment (zebrafish 24 hpf) are depicted for clone zBAC3-9, labelled
7-10. (C) Non-methylated DNA profiles for mouse ES cell is shown across the syntenic locus for zBAC3
(chrl2:74,028,645-75,149,698), from the Six4 to Hifla gene. Bio-CAP peaks 11-15 correspond to
orthologous zebrafish promoter NMIs, while peaks 16-22 have no clear orthologous regions in zebrafish.
(D) CpG density, GC content and length are depicted as density plots for NMIs from the zBAC3 region in
zebrafish embryonic stage 24 hours post fertilisation (hpf, light green line) or are unique to zBAC3-9
integrated into mouse ESCs (black line). Density distributions are also depicted for intervals 11-22 from
mouse ES cells (dark green dashed line).
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6.7 Discussion
6.7.1 Non-methylated DNA maps for exogenous DNA sequences in the mouse nucleus
The factors which define patterns of non-methylated DNA and which are able to direct differential
methylation of the same DNA sequence remain unclear. Here, profiles of non-methylated DNA were
generated for exogenous DNA sequences introduced into a heterologous regulatory environment,
enabling investigation of important determinants of non-methylated DNA. Analysis of 42 Mb of
human and 200 kb of zebrafish DNA sequence in Tcl mouse and mouse ES cells respectively
provides tentative insights into the establishment of DNA methylation profiles between a regulatory
environment which has diverged from the DNA sequence elements being regulated. Overall, it
appears that different modes of action are at play at gene promoters, which appear to be accurately
recognised and appropriately non-methylated, versus non-TSS NMlIs which are less faithfully

recapitulated in a foreign regulatory environment.

6.7.2 Maintenance of the non-methylated state at gene promoters
Strikingly, for both heterologous systems presented here, promoter NMls appeared to recapitulate
endogenous non-methylated DNA profiles suggesting that very strong signals have been maintained
at vertebrate gene TSSs to define them as non-methylated. The local nucleotide composition may
play an important role in dictating the non-methylated state at gene promoters, perhaps by virtue of
CpG dinucleotide density. Indeed, the TSS-associated class of NMIs have an elevated CpG density
compared with non-TSS NMils, therefore one possibility is that these regions nucleate a high
concentration of ZF-CxxC-containing non-methylated DNA binding proteins which act to demarcate
these regions to be constitutively non-methylated. Alternatively, the presence of the mouse
transcriptional machinery at human or zebrafish gene promoters may protect TSS NMis from
methylation. Whatever the main determinant, the strong NMI signature appears to have been
maintained in diverse vertebrate species over evolutionary time as a conserved feature of vertebrate

gene promoters.
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6.7.3 Non-methylated islands away from gene promoters do not recapitulate the

endogenous methylation state
Interestingly, a large number of DNA methylation alterations were observed on human chromosome
21 between the human and mouse nucleus (Figure 6.2A), with the majority of these changes
occurring away from gene TSSs (Figure 6.2B). An interesting link can be drawn here to observations
made in the previous chapter in which differentially methylated NMls between distinct tissue-types
were observed to occur predominantly away from gene TSSs (Figure 5.3B). Analysis of these
differentially methylated NMls revealed that NMls unique to either human or Tcl mouse appeared
to experience distinct influences from nucleotide composition and transcription factor binding to

define their DNA methylation state.

6.7.3.1 A proportion of human NMls are not recapitulated in the Tcl mouse

A number of NMlIs were identified on human chromosome 21 which were observed to be non-
methylated in human but were not detected in the Tcl mouse (Hs-unique, Figure 6.2B).
Interestingly, these NMlIs were almost completely different between testis and liver tissue (Figure
6.4B) suggesting that these NMIs in human may be bound by testis or liver specific DNA binding
factors which initiate and maintain their non-methylated state. These NMls exhibit low CpG density
and GC content (Figure 6.7) and therefore perhaps, without the appropriate DNA binding factor in
the Tcl mouse, these regions become methylated and lose H3K4me3 modification. Examples of
associated Hs-unique transcription factor binding events and Hs-unique NMIs were observed for
HNF4A and CEBPA in human liver (Figure 6.6B and D). Recent experimental evidence has shown that
the introduction of a CTCF or REST binding site can lead to the loss of DNA methylation at a given
region (Stadler et al., 2011). However, these binding factors exhibit strong DNA binding activity and
have relatively long recognition sequences (Bruce et al., 2009; Phillips and Corces, 2009), therefore it
remains to be seen whether transcription factors with shorter consensus sequences are also able to
drive loss of DNA methylation. Overall, the analysis here suggests that DNA binding can drive loss of

DNA methylation at Hs-unique NMlIs (model Figure 6.10A).
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A repressive factor prevents transcription factor binding and DNA demethylation
(] \

Inherent nucleotide properties define a non-methylated element in a species-specific manner
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Figure 6.10 Potential models for differential methylation of non-TSS NMIs between
human and Tcl mouse

(A-C) Models to explain the differential methylation observed on human chromosome 21 between the
human and mouse nucleus. (A) Transcription factors in the human nucleus may be able to bind DNA
sequences which are not bound in the equivalent tissue-type in the Tcl mouse nucleus (left). This binding
event may drive the region to become non-methylated in the human nucleus (right). (B) A given DNA
sequence may be susceptible to becoming non-methylated in both the human and mouse nucleus (left,
blue box). However, there may be a repressive factor present in human (labelled "?") which prevents this
region from becoming non-methylated (right), while the region is free to become non-methylated in
mouse in the absence of the repressive factor. (C) Thirdly, a given region of human DNA may become
non-methylated in the mouse nucleus, perhaps due to recognition of sequence properties (such as CpG
density) in the mouse nuclear environment which were not detected in human (left). This novel non-
methylated region may then be more open and accessible for binding of transcription factors in the
mouse compared to the same DNA region in human (right).

6.7.3.2 Novel NMis at heterologous DNA sequences in the mouse nucleus

A large number of Tcl-unique NMls were detected on human chromosome 21 in the mouse nucleus.
However, on closer inspection, these NMlIs appeared to in fact to be non-methylated in the
equivalent tissue for human but to a much lesser extent (Figure 6.2A). Therefore a pre-existing
partially non-methylated signature in human may be amplified in the mouse nucleus. The partially
non-methylated regions in human may be poised to become activated in a different tissue in human,
or when presented with a certain stimulus. Perhaps there is a human-specific activity which is

suppressing these regions from becoming fully non-methylated in human as they exhibit features
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(high CpG density and GC content) normally associated with constitutively non-methylated regions.
These regions may therefore become non-methylated in Tcl mouse, where this repressive signal
(perhaps a DNA-binding factor or chromatin modification landscape) is presumably not present
(model, Figure 6.10B). An alternative possibility is that in human, the nucleotide composition at
these loci is only sufficient to cause the region to become partially non-methylated whereas in the
mouse nucleus (where NMlis tend to have lower CpG density and GC content, see Figure 4.7B) the
nucleotide composition is sufficient to drive them to become fully non-methylated (model, Figure
6.10C). As a large number of Tcl-unique NMls were observed to overlap between testis and liver
(Figure 6.4A), either option is possible as tissue-specific activities would not be required to direct the

observed DNA methylation differences.
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Figure 6.11 Subtelomeric broad hypomethylated regions in Tcl liver are not marked
by H3K4me3

(A) Bio-CAP non-methylated DNA profiles for Tc1 and human liver (chr21:46,265,920-46,868,370) depicting
a large number of hypomethylated regions for Tcl mouse illustrated by the large number of unique Tcl
NMIs (red bars above sequencing traces). Shared NMIs are indicated as grey bars between the Tcl and
human Bio-CAP traces. (B) H3K4me3 sequencing profiles for human and Tcl liver. The broadly
hypomethylated regions of DNA are not broadly modified by H3K4me3.

6.7.3.3 Broadly hypomethylated regions in the Tcl mouse do not acquire H3K4me3
Of note, a subset of Tcl-unique NMls appeared to escape H3K4me3 modification in liver (Figure
6.5B, asterisk). This is perhaps surprising as non-methylated DNA is known to recruit ZF-CxxC
proteins, including CFP1 which mediates the placement of H3K4me3 (Thomson et al., 2010). These
hypomethylated regions were clustered on the right arm of chromosome 21 near the telomere.
Therefore it is possible that other heterochromatic features may compensate for the loss of DNA

methylation which may then preclude modification of H3K4me3 (Figure 6.11). These chromatin
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changes may include compaction, H3K9me3, H3K27me3 and histone hypoacetylation, to prevent
activation of the subtelomeric region of the chromosome. Future work will include investigation of

these possibilities.

6.7.4 The contribution of DNA sequence in defining non-methylated DNA
Fragments of E. coli DNA, with CpG density equivalent to that at mouse promoters, introduced into
the mouse genome were shown to establish a hypomethylated region (Lienert et al., 2011).
Therefore, in some instances CpG density appears to be sufficient to establish the non-methylated
state independent of transcription factor binding events. This may be the case at gene promoters
where a high CpG density may contribute to the establishment of the non-methylated state between
tissues and different nuclear environments, although this is confounded by the presence of many
transcription factor binding events. For NMls with weaker nucleotide signature (lower CpG density
and GC content), their DNA sequence properties may render them susceptible to changes in DNA
methylation. In other words, these regions may have sufficient CpG density to functionally constitute
an NMI, however the CpG content is low enough to be readily methylated upon loss of an activating
factor or gain or a repressive factor. This is evidenced in the Tcl mouse model, when in the absence
of human specific transcription factors, a number of NMls with low CpG density became methylated

in the Tcl mouse (Figure 6.7A-B, dashed line).

Conversely, in some cases, nucleotide composition may be sufficient to drive the non-methylated
state in distinct nuclear environments. There is evidence for this again in the Tcl mouse as Tcl-
unique NMls exhibited a high CpG density (Figure 6.7A-B, thin line), suggesting that perhaps the
mouse nuclear environment has a different threshold for nucleotide composition for establishing the
non-methylated state. Alternatively, a repressive factor may not be present in the mouse to
suppress non-methylated DNA at these loci. Together, CpG density above a defined threshold

appears sufficient to establish a NMI, while intermediate nucleotide properties appear to facilitate
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the establishment of a non-methylated domain, but these regions appear to have increased

susceptibility to DNA methylation.

6.7.5 The role of DNA-binding factors in defining non-methylated DNA
When an exogenous DNA is introduced into a heterologous regulatory environment, it will be
exposed to a “non-self” transcription factor repertoire, which may be responsible for driving some of
the DNA methylation differences observed here (Figure 6.2A). Firstly, a different complement of
transcription factors may be expressed in equivalent tissues in human versus mouse and therefore
create a distinct transcription factor binding landscape. This could be addressed by comparing
available RNA-seq data from equivalent tissues from human and mouse (Brawand et al., 2011;
Stadler et al., 2011). Alternatively, over evolutionary time, a subset of human and mouse
transcription factors may have diverged at their DNA binding interface and have acquired slightly
different consensus binding sequences (Figure 6.6A). In either case, differential transcription factor
binding events may be important for driving differential methylation between Hs-chr21 and Tcl-

chr21.

Counter to this argument, a large proportion of novel transcription factor binding sites for both Hs-
chr21 and Tcl-chr21 did not overlap a novel NMI (Figure 6.6D and E). For these cases, it may be that
the DNA binding events occur at CpG poor regions which, even if non-methylated, would not be
detectable by Bio-CAP-seq. Alternatively, Tcl-specific transcription factor binding events may occur
in shared NMIs at DNA-binding consensus sequences not utilised in human. Interestingly,
transcription factor binding sites tend to be very common, occurring up to thousands of times
throughout a genome, however only a minority tend to be bound in given tissue. Those sites which
are utilised are often found within a CpG island (Fernandez et al., 2003; Zeller et al., 2006),
suggesting either that the successful binding of the transcription factor was able to drive
demethylation (Figure 6.10A) or that the binding event required that the locus be non-methylated

(Figure 6.10C). Regardless, it is unlikely that all transcription factor binding events will be able to
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drive the assembly of an NMI, and similarly that all NMls are dictated by a DNA binding event.
However, for pioneer transcription factors, which are able to bind on nucleosomes and often to
methylated DNA (Cairns, 2009; Sérandour et al., 2011; Wiench et al., 2011; Xu et al., 2009), this
event may provide the mechanism for driving a change in the DNA methylation landscape in a

distinct tissue-type or heterologous regulatory milieu.

6.7.6 Future directions

6.7.6.1 Gene expression changes on human chromosome 21

As mentioned previously, RNA-seq datasets are available for human and Tcl mouse; therefore it will
be interesting to observe whether loss or gain of non-TSS NMls in the Tcl mouse impacts nearby
gene expression. Functional annotation of these NMls (using available histone modification data for
human) would then reveal whether these NMIs normally act as distal regulatory elements in any
tissue context for human. Furthermore, for genes which are incorrectly repressed, it would be very
interesting to observe whether they have acquired polycomb repression perhaps due to lack of an
appropriate activating factor, by analysing genome-wide profiles of H3K27me3 in Tc1 testis and liver

tissues.

6.7.6.2 What happens to the repetitive portion of chromosome 21 in the mouse nucleus?

The Tcl analysis performed in this chapter was limited to interrogation of the non-repetitive portion
of the mouse genome. Odom and colleagues recently revealed that the Tcl mouse exhibits active
histone modifications at primate-specific repetitive elements and that these novel active regions are
associated with activation of nearby genes (Ward et al., 2013). Locus-specific analysis revealed an
association of these activated regions with DNA methylation changes. Therefore a more thorough
chromosome-wide analysis of DNA methylation in repetitive regions may reveal more global links
between DNA methylation, chromatin modification and transcription in the repetitive fraction of the

genome.
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6.7.6.3 Can overexpression of an exogenous factor drive DNA methylation change?

To investigate the role of transcription factors in the endogenous regulation of NMls, a given
transcription factor could be depleted and DNA methylation interrogated at sites previously bound
by the transcription factor. However, loss of transcription factor activity may also have secondary
effects on DNA methylation due to changes in expression of genes regulated by the depleted
transcription factor. Furthermore, once a non-methylated domain is established it may be
maintained by a distinct mechanism and no longer require the DNA binding capacity of the initiating
transcription factor. Alternatively, overexpression of an exogenous DNA binding factor from a
distantly related species (for example zebrafish) in mouse ES cells may be more informative to
observe whether novel NMls appear genome-wide at putative DNA binding sites for this factor. The
data generated in this chapter may already be able to address this given that the Six4a gene on
zBAC3 encodes a homeobox transcription factor. If this gene is expressed from the zBAC3 integration
site, and the zebrafish DNA binding motif is sufficiently different to that of the mouse protein, then
novel NMIs on mouse chromosomes could be interrogated to see whether they have an underlying
homeobox motif. In future work, this factor could be tagged to enable ChIP experiments to verify
DNA binding at these loci. Further to this, motif-searching could more generally be applied to the
available Tcl and zBAC3 data to determine whether novel NMls are enriched for mouse or zebrafish

transcription factor binding sites.

Together, the work presented in this chapter provides an intriguing insight into the regulation of
DNA methylation patterns in vertebrate genomes. The future work proposed here will help to
uncover further links between transcription, chromatin modifications and DNA binding factors in the

regulation of the non-methylated DNA landscape.
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Chapter 7 -- Investigating the functional importance of non-

methylated islands during early zebrafish development

7.1 Introduction
7.1.1 Understanding the biological importance of non-methylated DNA
In this thesis, non-methylated islands at gene promoters have been shown to be highly conserved
across vertebrate species (Chapter 4) and to be similarly recognised and established across millions
of years of evolution (Chapter 6). Many players in non-methylated island function have been
identified, a number of which have chromatin-modifying activities (Blackledge et al., 2010; Thomson
et al., 2010). However, the mechanism by which they contribute to regulatory function, normal gene

expression, and how this is modulated during development, remains unclear.

The importance of DNA methylation and NMiIs has been investigated during development using
mouse as a model system. Mice mutant for DNA methyltransferase (DNMT) activity are embryonic
lethal (Li et al., 1992; Okano et al., 1999; Okano and Li, 2002), suggesting that DNA methylation is
essential for early development. Surprisingly however, mouse ES cells continue to proliferate and
self-renew in the absence of DNA methylation (Tsumura et al., 2006) despite failure to differentiate
into embryonic lineages (Sakaue et al., 2010). Therefore, DNA methylation appears dispensable for
normal cellular homeostasis, but is essential during development, likely for the establishment of
imprinting and for appropriate silencing of pluripotency factors during differentiation (Kelsey and
Feil, 2013; Paulsen and Ferguson-Smith, 2001; Smith and Meissner, 2013). Similarly, available
mutant mouse models for type-1 ZF-CxxC proteins (Long et al., 2013) exhibit embryonic lethality
(Goldsworthy et al., 2013; Li et al.,, 1992; Yagi et al., 1998), suggesting that the appropriate
regulation of NMls is also essential for early development. The early embryonic lethality of DNMT
and ZF-CxxC mutant mouse models makes it difficult to study the role of DNA methylation during
early development due to internal embryonic development in placental mammals. Therefore,

zebrafish was explored as an alternative viable model for studying the importance of NMls during
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early development due to the high degree of gene conservation, ease of gene knockdown and the

well-characterised and rapid external embryonic developmental programme (Kimmel et al., 1995).

7.1.2 Zebrafish as a model system to study early chromatin-based processes
The zebrafish is an excellent model for studying very early embryogenesis as large numbers of
zebrafish embryos can be obtained, which develop rapidly and externally (see Appendix 1.1 -
Appendix 1.3). Embryos can be genetically manipulated by injection of DNA, mRNA or morpholinos
and are transparent for ease of visualisation of phenotypes (Hogan et al., 2009). During early
development, organisms make the transition from reliance on maternally provided gene products to
those transcribed from the zygotic genome (Tadros and Lipshitz, 2009). This process, called zygotic
genome activation (ZGA) or mid-blastula transition (MBT) occurs in mouse at the 2-cell stage, making
the analysis of this process incredibly challenging in mammals. MBT is delayed in the zebrafish until
10 cell divisions are complete. Therefore, the greater number of cells available at this stage in
zebrafish and the ease of collection of a large number of embryos makes zebrafish a great model for

the study of early events such as ZGA.

The zebrafish embryo has proven to be a good model for studying chromatin-based processes
(Ignatius et al., 2013; Qi et al., 2010; Rai et al., 2008; Young et al., 2006; Yu et al., 2012) due to the
high degree of conservation of chromatin-modifiers (Mudbhary and Sadler, 2011) and genome-wide
patterns of histone modification reminiscent of those observed in mammals (Lindeman et al., 2010;
Vastenhouw et al., 2010). Importantly for the study of NMI function, recent work analysing genomic
CpG methylation (Feng et al., 2010; Zemach et al., 2010) and work from this thesis (Chapter 4, Figure
4.6) has revealed that most zebrafish promoters are embedded in non-methylated regions of DNA.
Furthermore the entire family of ZF-CxxC-domain containing proteins appears to be encoded in the
zebrafish genome (Figure 4.2) and histone modification profiles similar to mammalian CpG islands
have been identified (Aday et al., 2011; Lindeman et al., 2010). Knockdown of members of the DNA

methylation machinery or ZF-CxxC domain-containing proteins have also been shown previously to
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lead to developmental defects (Anderson et al., 2009; Tittle et al., 2011; Wan et al., 2011; Young et

al., 2006).

Due to their well-characterised role in regulating the chromatin landscape and activity of NMls in
mouse ES cells (Blackledge et al., 2010; Farcas et al., 2012), the ZF-CxxC domain-containing KDM?2
histone lysine demethylase enzymes will be explored as a means to investigate the role of NMls
during zebrafish development. The data shown in this chapter is preliminary and as such further

investigation will be required to confirm any conclusions made.

Human Name .(thls NCBI Ensembl Locus (Ensembl)
orthologue thesis)
zkdm2aa kdm2aa kdm2aa
chrl: 45,294,184-45,325,450
KDM2A (zKdm?2aa) 571851 ENSDARG00000059653
(KDM2A) zkdm2ab kdm2a CT955967.1
chrl4: 22,756,760-22,780,686
(zKdm2ab) 799441 ENSDARG00000078133
zkdm2ba kdm2ba kdm2ba
chr8:42,291,602-42,314,330
KDM2B (zKdm2ba) 406446 | ENSDARG00000036593
(KDM2B) zkdm2b kdm2bb kdm2bb chr10: 43,194,428-43,202,258
(zKdm2b) 562643 | ENSDARG00000046010 (3’ end only)

Table 7.1 Zebrafish kdm2 gene nomenclature

A table outlining the nomenclature for human and zebrafish kdm2 gene orthologues, with protein
nomenclature in brackets.

7.2 Investigating the conservation and functionality of zebrafish kdm2 genes
7.2.1 Three KDM2 gene orthologues in the zebrafish
Syntenic analysis of human KDM2A and KDM2B revealed two paralogous genes for each gene which
were likely generated following the teleost-specific whole genome duplication to give rise to four
KDM?2 gene orthologues (Appendix 7.1 and Appendix 7.2) (Catchen et al., 2009; Taylor et al., 2003).
The two KDMZ2A orthologues, zkdm2aa and zkdm2ab, and two KDM2B orthologues, zkdm2ba and
zkdm2bb were identified from the Ensembl database with predicted transcripts
ENSDART00000106684, ENSDART00000111839 ENSDART00000053158 and ENSDART00000113426
respectively. In these annotated transcripts, zkdm2ba appeared to lack the JmjC domain and

zkdm2bb both the JmjC and ZF-CxxC domains (Appendix 7.3A-B). Investigation of available EST

197


http://www.ensembl.org/Danio_rerio/Transcript/Summary?db=core;g=ENSDARG00000059653;r=1:42440704-42471761;t=ENSDART00000106684
http://www.ensembl.org/Danio_rerio/Transcript/Summary?db=core;g=ENSDARG00000078133;r=14:23053152-23075493;t=ENSDART00000111839
http://www.ensembl.org/Danio_rerio/Transcript/Summary?db=core;g=ENSDARG00000077441;r=10:39973202-40005757;t=ENSDART00000113426

libraries revealed that zkdm2ba was correctly annotated, however zkdm2bb was mis-annotated and
the full length transcript in fact encoded both a JmjC and ZF-CxxC domain (Appendix 7.3). Due to the
conserved domain architecture with human KDM2A and KDM2B, the zebrafish genes zkdmZ2aa,
zkdm2ab and zkdm2bb genes were chosen for further investigation (Figure 7.1A). For simplicity,
zkdm2bb will be referred to as zkdm2b from here on. Full length cDNAs were not available for
zkdm2aa, zkdm2ab and zkdm2b, therefore expressed sequence tag (EST) clones were obtained to

build full length zkdm2 cDNAs (see Appendix 2.1-2).
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Figure 7.1 Three conserved kdmZ2 orthologues in zebrafish

(A) Domain architecture of zebrafish zKdm2aa, zKdm2ab and zKdm2b, with amino acid (aa) length. (B-C) A
phylogenetic tree generated from an alignment of KDM2A (B) and KDM2B (C) gene orthologues in human
(Homo sapiens), chimpanzee (Pan troglodytes), dog (Canis lupus familiaris), cow (Bos taurus), rat (Rattus
norvegicus), mouse (Mus musculus), chicken (Gallus gallus), frog (Xenopus tropicalis) and zebrafish (Danio
rerio). The KDMZ2A gene has been duplicated in zebrafish to give rise to zkdm2aa (on chromosome 1) and
zkdm2ab (on chromosome 14). (D) Similarity plots from the alignment of KDM2A (left) and KDM2B
proteins (right) from the species listed in (B-C). There is considerable similarity between the amino acid
sequence of vertebrate KDM2 proteins, especially in the functional domains (highlighted). (E) A multiple
sequence alignment of KDM2A and KDM2B ZF-CxxC domains from human (Hs), mouse (Mm) and
zebrafish (Dr) illustrating that the zKdm2aa and zKdm2ab zebrafish paralogues cluster with KDM2A from
human and mouse while zKdm2b from zebrafish does not. Zn-coordinating cysteines are indicated with an
asterisk and the linker region, important for non-methylated CpG binding, is highlighted.

7.2.2 All zebrafish zKdm?2 proteins can specifically bind non-methylated DNA
To examine whether zebrafish zKdm2 gene orthologues have conserved functionality, and whether
they will be a good model system for studying the functionality of NMIs during development,
sequence conservation was assessed by comparison of the zebrafish zKdm2 proteins to a number of
other vertebrate KDM2 gene orthologues. A striking degree of similarity was observed at the amino
acid level amongst KDM2A and KDM2B orthologues (Figure 7.1B-D), especially within functional
domains (Figure 7.1D-E, highlighted). Closer inspection of the zebrafish zKdm2aa, zKdm2ab and
zKdm2b ZF-CxxC domains revealed conservation of all the important residues for non-methylated
DNA binding, strongly suggestive that the zebrafish zKdm2 ZF-CxxC domains may be functional non-

methylated DNA binding domains (Figure 7.1E).

To investigate whether the zebrafish zKdm2 protein orthologues can in fact bind to non-methylated
DNA, zebrafish ZF-CxxC domains were analysed by electrophoretic mobility shift assay (EMSA), a
technique which examines the capacity of a protein to bind to a DNA substrate in vitro. Recombinant
proteins encompassing the zKdm2aa, zKdm2ab and zKdm2b ZF-CxxC domains were expressed and
purified from E. coli using an N-terminal His-tag (Figure 7.1A and Figure 7.2A) (Blackledge et al.,
2010; Farcas et al., 2012). The tag was then cleaved with TEV protease (Figure 7.2B), as the His-tag
was shown previously to be detrimental to DNA binding for mammalian ZF-CxxC proteins (Figure
3.3A). All three zebrafish ZF-CxxC domains demonstrated a concentration-dependent binding to a

non-methylated DNA probe in vitro (2.12.1) (Figure 7.2C, left). Importantly, binding was inhibited by
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in vitro methylation of the DNA probe (2.12.2) (Figure 7.2C, right). Therefore the zebrafish ZF-CxxC
domain-containing proteins are able to bind specifically to non-methylated DNA in vitro, as was
predicted from sequence conservation. Due to the highly similar profiles of non-methylated DNA
observed in zebrafish and mouse (Chapter 4, Figure 4.6), it is extremely likely that zebrafish zKdm2
enzymes will localise to NMIs genome-wide in a manner similar to that observed in mouse
(Blackledge et al., 2010; Farcas et al., 2012). Therefore, investigation of the zKdm2 family in the
zebrafish embryo should provide an insight into the importance of NMI function during early

development.
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Figure 7.2 Zebrafish zKdm2 ZF-CxxC domains bind specifically to non-methylated
DNA /n vitro

(A) Multiple sequence alignment of the ZF-CxxC and PHD domain containing constructs (CP) from

zebrafish zKdm2aa, zKdm2ab and zKdm2b which were used for analysis of DNA binding specificity in vitro.

Conservation of amino acid sequence is indicated by shading and the ZF-CxxC and PHD domains are
highlighted above the alignment. (B) A Coomassie-stained polyacrylamide gel of recombinant zKdm2aa-
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CP (aa), zKdm2ab-CP (ab) and zKdm2b-CP (b) protein before and after TEV-protease cleavage of the N-
terminal His-tag used to purify the protein. 1, 2 and 3 pg of BSA was loaded as a standard for protein
concentration. (C) Recombinant zebrafish zKdm2aa, zKdm2ab and zKdm2b specifically shifts a non-
methylated 216 bp 601 probe in an electrophoretic mobility shift assay (EMSA) in a 1.3 % agarose gel.
Increasing concentration of recombinant protein causes an increased shift, as more protein is able to bind
to the 18 available CpG dinucleotides in the probe (10, 30, 90, 270 ng zKdmZ2aa-CP, zKdm2ab-CP and
zKdm2b-CP protein). Methylation of the 601 probe abrogates binding of zKdm2aa-CP, zKdm2ab-CP and
zKdm2b-CP protein. All three were purified using an N-terminal His-tag which was cleaved with TEV-
protease (B) prior to performing the EMSA assay.

7.3 Zebrafish zkdm2 genes are maternally expressed and ubiquitous during early

development

To investigate whether zebrafish zkdm2aa, zkdm2ab and zkdm2b genes are expressed during early
development, temporal gene expression was analysed for important stages of early development
including blastula, the onset of epiboly, early and late somitogenesis and organogenesis at 2, 4, 12,
15 and 26 hours post fertilisation (hpf) respectively (Kimmel et al., 1995). cDNA was generated from
the RNA isolated from 40 embryos in biological triplicates and analysed by quantitative reverse
transcription PCR (gRT-PCR). Gene expression was normalised to three house-keeping genes (4
actin, tbp and b2m) and the expression of all three genes was scaled to 1 for the first time-point.
zkdm2aa, zkdm2ab and zkdm2b appeared to be expressed throughout early development with a
peak of around four-fold increased expression occurring at 4 hpf (Figure 7.3A). Interestingly, this
peak in expression occurred immediately following the zebrafish MBT, when zygotic transcription
begins and maternal mRNAs are degraded (Giraldez et al., 2006; Tadros and Lipshitz, 2009).
Therefore, the peak in expression may be a result of the surge in zygotic transcription occurring at
this time or alternatively may suggest that these genes play an important role during this time in
development and are therefore upregulated. Importantly, gene expression was detectable before
MBT at 2 hpf, implying that zkdm2 transcripts are maternally deposited in the zebrafish embryo as

little or no zygotic transcription occurs before 3 hpf (Tadros and Lipshitz, 2009).
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Figure 7.3 Zebrafish zkdmZaa, zkdmZ2ab and zkdmZ2b gene expression during early

development
(A) All three zebrafish zkdm2 orthologues are expressed during early embryogenesis as detected by qPCR.
Each experiment was repeated in triplicate and error bars represent standard deviation. (B) zkdm2 gene
expression was monitored spatially by in situ hybridisation. Gene expression was ubiquitous at 16hpf (i-iii)
and become more restricted to the head regions during development. At 24hpf, gene expression was seen
in the brain (open arrow head) and in the somites of zkdm2aa and zkdm2ab stained embryos (iv, vi s), and
in the neural tube for zkdm2b (v n). At 48hpf, expression was seen in the forebrain (f) and hindbrain (h) for
all three zkdm2 orthologues (vii-ix). By 5dpf, gene expression was restricted to the head (vertical arrow). A
stained region above the yolk (open arrowhead) is likely to be background from the swim bladder. Hours
post fertilisation (hpf), somites (s), neural tube (n), forebrain (f), hindbrain (h).

To examine the spatial distribution of zkdm2 gene expression during early development in situ
hybridisation (ISH) was performed for early zebrafish embryos (Table 2.19, ISH-1, 2 and 3). During
somitogenesis at 16 hpf, and earlier (data not shown), all three zkdm2 gene transcripts were
ubiquitously expressed throughout the embryo (Figure 7.3B i-iii). By 24hpf, strong gene expression
was observed in the head region for all three genes (open arrowhead). Distinct expression patterns

were revealed in the tail at 24hpf, with zkdm2aa and zkdm2ab exhibiting somite-specific gene
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expression (Figure 7.3B iv-v, s) while zkdm2b appeared to be expressed in the neural tube (Figure
7.3B vi, n). Later in development, by 48hpf, all three genes were expressed in the zebrafish forebrain
(f) and hindbrain (h) (Figure 7.3B vii-ix) and this expression persisted to 5dpf (Figure 7.3B x-xii,
vertical arrow), while trunk and tail expression had diminished. Staining was also observed in a
region above the yolk at 5 days (Figure 7.3B x-xii, open arrowhead), though this is likely an artefact
of dye accumulation in the swim bladder. Importantly, similar expression patterns were observed
using a second antisense ISH probe complementary to a different part of the zkdm2 transcripts
(Table 2.19, ISH-4, 5 and 6) while sense probe controls generated for ISH-1, 2 and 3 gave no signal
(data not shown). Together, gene expression analysis revealed that the zkdm2 family are maternally
deposited and expressed throughout the embryo during early embryogenesis. This may indicate that
these enzymes are required during early development, perhaps for the functionality of NMls during

early development.

7.4 Splice morpholino knockdown of zygotic zkdm2 in zebrafish embryos
To explore whether the zkdm2 genes do in fact play important roles during early development, each
was depleted by morpholino mediated knockdown. Morpholinos (MOs) are short (typically 25 bp in
length) chemically stabilised oligomers which are anti-sense to their target mRNA molecule and
either block appropriate splicing or translation depending on their binding position on the target
MRNA or pre-mRNA (Bill et al., 2009). Splice-blocking morpholinos target nascent mRNAs and
prevent recognition of the overlapped splice consensus sequence by the spliceosome and generally
lead to incorrect splicing, production of an aberrant mRNA and reduction in protein levels (Bill et al.,
2009). Splice-blocking morpholinos were designed to bind across early splice junctions in the
zkdm2aa, zkdm2ab and zkdm2b genes (sMO-1, 2 and 3, Table 2.15) and their function was validated
by RT-PCR (Appendix 7.6). zkdm2aa, zkdm2ab and zkdm2b splice morpholinos were injected at
multiple concentrations, to titrate the morpholino dose, and only at relatively high levels of

morpholino (15 or 30 ng) were late embryonic cardiac and vascular defects observed (see Appendix
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7.7 for more details). However, given that the zkdm2 genes are expressed ubiquitously during early
development, these phenotypes were observed relatively late. It is therefore possible that the
maternal store of zkdm2 mRNA (Figure 7.3A) which was deposited and pre-processed in the oocyte
is able to compensate for the reduction in expression from nascent transcription occurring after

MBT, as maternal mRNA is resistant to splice-blocking morpholinos (Bill et al., 2009).

7.5 Knockdown of maternal and zygotic zebrafish zkdm2 affects early development and

embryonic patterning

In order to block both maternally-deposited and zygotic mRNAs (transcribed following MBT), two
translation-blocking morpholinos, which bind upstream of or across the ATG site of zkdmZ2aa,
zkdm2ab and zkdm2b were obtained. One of the zkdmZ2aa translation-blocking morpholinos
exhibited no developmental phenotype and so zkdm2aa will not be discussed further. Knockdown of
the two remaining genes, zkdm2ab and zkdm2b, gave early developmental defects and their

phenotypes and impact on early patterning will be discussed in turn.

7.5.1 Knockdown of zkdm2ab causes developmental defects in zebrafish embryos
Injection of antisense zkdm2ab translation blocking morpholinos caused early developmental
defects. At shield stage, corresponding to the onset of gastrulation, zkdm2ab morphant embryos
appeared to be undergoing appropriate gastrulation movements as a shield, generated by
internalization and convergent movement of blastoderm cells (see Appendix 1.5C), was visible on
the dorsal side of the embryo (Figure 7.4A, arrow). However, the epibolising blastomeres appeared
to have become detached from the yolk cell suggesting that contacts between the embryonic
blastomeres and the yolk syncytial layer (YSL) essential for blastoderm epiboly (Appendix 1.5C) may
have been lost (Figure 7.4Aiii, asterisk) (Chen and Kimelman, 2000; Cheng et al., 2004; Solnica-Krezel
and Driever, 1994; Trinkaus, 1951). Whatever the cause of the epiboly defect this phenotype does
not appear to cause developmental arrest as embryos were observed at a later stage to have

completed epiboly and gastrulation movements. At 22hpf, two morphant phenotypes of differing
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severity were observed. In the first class, embryos appeared to have developed a normal body plan,
however craniofacial development appeared abnormal and the head region appeared darker with
the eye and brain regions less well defined, indicative of brain necrosis (Figure 7.4Aiv). Furthermore,
tail development appeared affected by zkdm2ab knockdown as the tail was shorter and kinked with
irregular somitic patterning. The second phenotype was much more severe; embryos appeared to
have a discernible head region and eye, however the body axis appeared shortened with minimal
trunk tissue and the remaining tail tissue appeared to curve away from the yolk cell towards the
dorsal side of the embryo (Figure 7.4Av). This is reminiscent of dorsalised embryos, which can be
obtained by Bmp inhibition (Leung et al., 2003; Phillips et al., 2006; Yu et al., 2008) as well as

disruption of epiboly (Strahle and Jesuthasan, 1993).

Due to their severity and apparent pleiotropic effects, it could be argued that the developmental
defects described for the zkdm2ab morpholino are due to non-specific toxicity effects of morpholino
injection as a number of these phenotypes, including shortened or gnarled tails, body curvature and
small heads, are common to the overall deformed “monster”-like appearance commonly observed
during morpholino-based screening (Bedell et al.,, 2011). However, very similar phenotypes were
obtained with a second translation-blocking morpholino targeting zkdm2ab which binds upstream of
the mRNA ATG site (Figure 7.4B). Furthermore, given that zkdm2ab is known to be expressed early
during development (Figure 7.3A), it is probable that the early morphant phenotypes are due to
specific loss of zkdm2ab during early development. Similarly, the later brain necrosis phenotype is
consistent with the strong levels of zkdm2ab expression in the head-region following gastrulation
(Figure 7.3B). Confirmation of phenotype specificity will await rescue of the described defects with

co-injection of morpholino-resistant mRNA.
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Figure 7.4 zkdmZ2 genes are required for early embryonic development

Translation-blocking morpholinos were injected for zkdm2ab (A-B) and zkdm2b (C-D) and embryos were
imaged at the onset of gastrulation (shield) and a later stage after gastrulation had completed (19-28 hpf).
4 ng of aMO3 (A) or 5ng of aMO7 (B) were injected into the 1-2 cell zebrafish embryo which block
translation from zkdm2ab mRNA. At shield stage (arrow indicates shield formation), at the onset of
gastrulation, the deep cell blastomeres appeared to have lost adhesion to the yolk cell (asterisk). At 22
hours post fertilisation (hpf), head necrosis and tail defects were apparent (A iv-v and B iv-v). 2 ng of
aMO2 (C) or 30 ng of aMO6 (D) were injected into the 1-2 cell zebrafish embryo. After gastrulation had
completed (19 or 28 hpf), morphant embryos exhibited head necrosis and aberrant tail development (C iv-

7.5.2 Dorso-ventral patterning is affected following zkdm2ab knock-down
Given that developmental abnormalities could be detected from early gastrulation for zkdm2ab
knockdown, it is likely that zkdm2ab provides an important function during very early development
and therefore may affect early embryonic patterning. To investigate whether early developmental
patterning is affected in zkdm2ab morphant embryos, the expression of a number of patterning
genes was monitored in the early embryo by in situ hybridization at the onset of gastrulation. Shield

stage was chosen to study patterning genes, as the fate of precursor cells which will give rise to
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different cell-types and tissues is established at this stage and morphant epiboly defects are

apparent by this time (Figure 7.4Aiii and Biii).
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Figure 7.5 Patterning gene expression in zkdmZ2ab morphant zebrafish embryos

In situ hybridisation analysis of early patterning gene expression for bmp2b (A), gata2 (B), ntla (C), and
wnt8a (D) at shield stage of zebrafish embryonic development for wildtype and zkdm2ab morphant
embryos. Translation blocking morpholinos were designed to bind across (aMO-3), or just upstream of
(@aMO-7) the zkdm2ab translation start site ATG. Shield stage embryos are displayed with dorsal to the
right with images shown from the animal pole (upper) and lateral (lower) aspects. The number of embryos
showing the same phenotype as the image shown are indicated.

The expression pattern of two ventral (bmp2b, gata2), a ventral mesendoderm (wnt8a) and a
mesendoderm (ntla) specific gene were examined. Expression of bmp2b, essential for inducing
ventral cell-types and for normal dorso-ventral patterning in the zebrafish embryo (Schier and
Talbot, 2005), is normally observed in the ventral half of the early gastrula zebrafish embryo (Figure
7.5A, WT). In the zkdm2ab morphant embryos, for both aMO-3 and aMO-7, the bmp2b expression
domain was observed to have expanded slightly towards the dorsal side of the embryo and along the
margin (Figure 7.5A, aMO-3 and aMO-7, dashed and solid brackets respectively). Interestingly, the

ventral non-neural ectoderm marker gata2, which is responsive to Bmp signalling during early
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development (Dee et al., 2007), appeared to be up-regulated with zkdm2ab knockdown, with
increased staining and a slight increase in the expression domain (Figure 7.5B). This is suggestive
that Bmp signalling may be increased in zkdm2ab embryos, although in order to show this
conclusively, other targets of Bmp signalling should be examined, for example evel would be
expected to have increased expression (Seebald and Szeto, 2011) while gsc and chordin expression
levels would be reduced (Leung et al., 2003). Alternatively, a reporter line which drives expression of
GFP under the control of a Bmp responsive element could be used to monitor Bmp activity. This
element is activated by Smad1/5/8 activity and thus provides a read-out of canonical Bmp signalling

in the developing zebrafish embryo (Monteiro et al., 2008).

Wnt8a is strongly expressed at the ventrolateral margin during gastrulation where it provides a
posteriorising signal (Erter et al., 2001). In zkdm2ab morphant embryos, expression levels of wnt8a
appeared to decrease and furthermore, the proportion of the dorsal margin which is devoid of
wnt8a expression was expanded. Therefore, Wnt signalling may be decreased in zkdm2ab deficient
embryos. This also suggests that the global ventralisation is not occurring in the zkdm2ab morphant
embryos since despite an apparent up regulation of bmp2b and gata2, wnt8a appears to be reduced
at this stage. The relationship between Bmp and Wnt signalling at this stage is complex (Agathon et
al., 2003; Szeto and Kimelman, 2004), therefore more patterning genes would need to be analysed
to understand the patterning defects observed here. The T-box gene notail, ntla, is essential for
mesoderm formation and notochord development (Feldman et al., 1998; Gritsman et al., 1999;
Schulte-Merker and Smith, 1995) and is expressed in all margin cells in the late blastula and early
gastrula embryo and later in the tail bud (Schulte-Merker et al., 1992; Talbot et al., 1995). In
zkdm2ab morphant embryos, the ntla domain appeared slightly reduced suggesting that nodal
signalling and mesoderm induction (Harvey et al., 2010) may be affected in these embryos. Once
again, in order to validate that nodal signalling is reduced, a luciferase reporter line under the
control of a Smad-binding element could be exploited (Jonk et al., 1998). The down-regulation of

nodal ligands cyclops and squint and direct target genes, for example mixer and gsc would provide
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further evidence for down-regulation of nodal signalling. Together, there is evidence for
developmental patterning being affected in zkd2mab morpholino-injected embryos and the
observed changes in expression domains are likely to have knock-on consequences for later

development.

7.5.3 Knockdown of zkdm2b causes developmental defects
Similar to zkdm2ab, zkdm2b morphant embryos displayed epiboly defects at high morpholino
concentrations (15 ng, data not shown), however embryos injected with this concentration of
morpholino did not survive to 24 hpf, therefore a lower concentration of morpholino was used in
subsequent experiments. Despite the lack of observable morphological phenotype at early gastrula,
embryos injected with a lower dose of morpholino displayed brain necrosis and tail defects similar to
zkdm2ab morphant embryos, with two phenotypic classes observed. In the first class, the tails of the
morphant embryos appeared shorter, perhaps due to developmental delay (Figure 7.4Civ), whereas
for the more severe phenotype, the majority of tail tissue was lacking suggesting that the embryo
has been dorsalised (Figure 7.4Civ). Again, these phenotypes were recapitulated using a second anti-
sense translation-blocking morpholino (Figure 7.4D), which indicates that these phenotypes are
specific to zkdm2b knockdown, although rescue of the morphant phenotypes with a morpholino-
insensitive mRNA will be required to demonstrate absolute specificity. Morphological defects
observed in the brain and tail following gastrulation were once again indicative of an earlier defect

during development and the potential importance of zkdm2 gene function in the brain-region.

7.5.4 Patterning gene expression appears abnormal in zkdm2b morphant embryos
In order to investigate whether patterning gene expression was affected following zkdm2b
knockdown, ventral (bmp2b) and marginal (ntla) specific gene expression was monitored at shield
stage for two different concentrations of a zkdm2b translation-blocking morpholino (aMO-2). Similar
to zkdm2ab knockdown, the bmp2b expression domain was observed to increase towards the dorsal

side of the embryo in zkdm2b morphant embryos (Figure 7.6A), first along the margin at the lower
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morpholino dose and across the entire embryo at the higher dose (Figure 7.6A). Therefore, Bmp
signaling may be up-regulated in zkdm2b morphant embryos, although again this would need to be
verified. Ntla expression appeared unaffected at the lower morpholino dose (Figure 7.6B). However,
at a higher dose of morpholino, ectopic ntla expression was observed to spread away from the
margin towards the animal pole, for a proportion of morphant embryos. This suggests that the
mesodermal population may have expanded, although ectodermal markers would need to be
checked to see whether this has occurred at the expense of ectodermal cells (Figure 7.6B). Together,
zkdm2b knockdown appears to affect patterning of the early embryo, and the more severe
patterning defects at the higher morpholino dose may ultimately be responsible for the lethality of

the higher zkdm2b morpholino dose.
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Figure 7.6 Expression of early patterning genes is affected in zkdm2b morphant
embryos at the onset of gastrulation

(A) In situ hybridisation analysis of bmp2b gene expression at shield stage of zebrafish embryonic
development for wildtype and zkdm2b morphant embryos. (B) In situ hybridisation analysis of ntla gene
expression at shield stage of zebrafish embryonic development for wildtype and zkdm2b morphant
embryos. Shield stage embryos are displayed with dorsal to the right with images shown from the animal
pole (upper) and lateral (lower) aspects. The amount of morpholino injected and the number of embryos
showing the same phenotype are indicated. Embryos are displayed as in (A).

7.5.5 Simultaneous knockdown of zkdm2ab and zkdm2b induces blastula arrest
To investigate whether zkdm2ab and zkdm2b are able to partially compensate for one another
zkdm2b (aMO-2) and zkdm2ab (aMO-3) morpholinos were injected consecutively into 1-cell
embryos. The phenotypes described previously for zkdm2ab or zkdm2b morphant embryos were

once again observed for singly injected control embryos (compare Figure 7.4 and Figure 7.7).
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Interestingly, the doubly injected embryos appeared to exhibit a stronger phenotype than either of
the morpholinos injected alone, as around 50 % of embryos had arrested at the blastula stage at 5.3
hpf and were still arrested at 23 hpf or had died (Figure 7.7). Given that both zKdm2ab and zKdm2b
are expected to bind to NMIs genome-wide, this suggests either that zkdm2ab and zkdm2b are able
to partially compensate for one another or that they both play important and related roles in

regulating NMI function during very early development.

(A) (B)
shield (5.3 hpf) 23 hpf
zkdm2b zkdm2ab aMO-3 4ng + zkdm2b zkdm2ab aMO-3 4ng +
WT aMO-2 4ng

aMO-2 4ng

Wl

aMO-3 4ng

aMO-2 4ng aMO-3 4ng aMO0-2 4ng

30 dead

4 dead

Figure 7.7 Co-injection of zkdmZ2ab and zkdmZ2b translation-blocking morpholinos
causes arrest at blastula

(A-B) Embryos were injected at the 1-cell stage with 4ng zkdm2b translation-blocking morpholino aMO-2
(i) or 4ng zkdmZ2ab translation-blocking morpholino aMO-3 (iii) or injected consecutively with both
morpholinos (iv). Embryos injected with both morpholinos exhibited a more severe phenotype than those
injected with only aMO-2 or aMO-3 alone.

7.6 Exploring polycomb-mediated repression in zebrafish
In addition to its proposed role as a histone demethylase, KDM2B has recently been shown to target
polycomb repressive complex 1 (PRC1) to NMls via its ZF-CxxC DNA binding domain in mouse ES cells
(Farcas et al., 2012; He et al., 2013; Wu et al., 2013). Since this complex appears to be conserved
from Drosophila to mouse (Farcas et al., 2012; Lagarou et al., 2008; Sanchez et al., 2007), zkdm2b
might also be involved in polycomb repression in zebrafish. In order to investigate this possibility,
morpholinos were designed to other proteins present in the KDM2B-containing PRC1 complex to see
whether they also affect early development as observed for zkdm2b knockdown embryos. Since

KDM2A was not detected following RING1B pull-down (the catalytic subunit of PRC1), suggesting
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that KDM2A does not exist in a PRC1 complex (Farcas et al., 2012), zebrafish zkdm2ab will not be

discussed in this section.

7.6.1 Knock-down of KDM2B-PRC1 components in the zebrafish
The variant KDM2B-containing PRC1 complex contains another unique subunit, PCGF1 (Farcas et al.,
2012). Zebrafish encodes one pcgfl gene (Le Faou et al., 2011) to which two translation blocking
morpholinos were designed (2.19.3, ENSDARG00000001249). At 26 hpf, pcgfl morpholino-injected
embryos exhibited similar phenotypes to those described for zkdm2b morphants, with head necrosis
and either mild or severe tail defects; a proportion of embryos appeared to lack an extended tail,
while the remainder exhibited a kink in the tail (Figure 7.8, data shown for aMO-8 only, aMO-12
exhibited the same phenotype). Further characterization will include ascertaining whether pcgf1 and
zkdm2b knockdown yields similar phenotypes at the molecular level, for example whether the

expression of a similar set of genes is affected in zkdm2b and pcgf1 morphant embryos.

pcgfl aMO-8

27 hpf

Figure 7.8 Knockdown of PRC1 component pcgfl

Knockdown of pcfgl with a translation-blocking morpholino, aMO-8. At 27 hpf, embryos exhibit two main
phenotypes. In the first phenotypic class, embryos show necrosis in the brain region and sharply bent tails
(middle panel) while in the second phenotypic class embryos appear more have short tails, and appear
broadly necrotic (right panel).

To determine whether the phenotypes described for zkdm2b and pcgf1 resemble knockdown of all
PRC1 complexes, the only Ring1 orthologue in zebrafish, rnf2 (Le Faou et al., 2011), was targeted by
two translation-blocking morpholinos (aMO-10 and aMO-11). Contrary to previous reports in which
Rnf2 was implicated in pectoral fin development (van der Velden et al., 2012) or haematopoietic
stem cell development (Yu et al., 2012), this analysis indicated that both brain and tail development
was affected by Rnf2 deficiency (Figure 7.9). This phenotype is likely to be specific as both

morpholinos yielded the same phenotype and loss of Rnf2 protein was detected by western blot
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analysis (Figure 7.9B). Therefore the defects in pectoral fin development or loss of haematopoietic
stem cells reported previously for knock-down of Rnf2 may be due to a reduction and not a full
depletion of Rnf2 (van der Velden et al., 2012; Yu et al., 2012). As before, rescue of the observed
phenotypes with mRNA injection will be required to prove that the defects observed can be
attributed to a depletion of Rnf2. It is perhaps surprising that knockdown of the function of all PRC1
complexes with the rnf2 morpholinos exhibited a weaker morphological phenotype than knockdown
of the Kdm2b-PRC1 complex alone (compare Figure 7.4C and D with Figure 7.9A). However, this
could be explained by the presence of maternally-deposited Rnf2 protein, detectable until the 15
somite stage (van der Velden et al.,, 2012), which may partially compensate for knockdown of
maternal and zygotic rnf2. Overall, the observed zkdm2b morpholino phenotypes appeared similar
to those for PRC1 components pcgfl and rnf2, with head necrosis and tail defects observed in all
cases. Co-immunoprecipitation of zebrafish Rnf2 with injected tagged zPcgfl or zKdm2b would
provide further evidence these proteins may act together in the zebrafish embryo, as in the mouse,

to mediate repression of a subset of target genes.
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Figure 7.9 Knockdown of PRC1 component mf2

(A) Images of wildtype or morphant zebrafish embryos at 30 hpf. Embryos were injected at the 1-2 cell
stage with 5 ng aMO-10 or 10 ng aMO-11 translation-blocking rnf2 morpholinos. Embryos exhibit brain
necrosis and defects in tail development, which appear shorter and bent. (B) A western blot of wildtype
and rnf2 morphant embryos probed with monoclonal mouse RING1B antibody which cross-reacts with
zebrafish Rnf2 protein. The equivalent of 7.5 embryos was loaded per lane. The membrane was re-probed
without stripping with anti-H3 antibody as a loading control as a different secondary antibody was used.

7.6.2 Identification of a short-form of zkdm2b in zebrafish
A short form of KDM2B has been described for mouse (Fukuda et al., 2011), therefore the zkdm2b
locus was analysed to determine whether a second isoform also exists in zebrafish. Transcription of
the mouse short form initiates within an intron of the full length gene, and visualisation of the
zebrafish locus revealed a peak of non-methylated DNA (Bio-CAP) and enrichment of the H3K4me3
modification, reminiscent of an alternative transcription start site, in intron 12 of zkdm2b (Figure
7.10A). In silico translation of all three potential reading frames for zkdm2b intron 12, and alignment
to the 18 unique amino acids from the mouse KDM2B short form (mKDM2B-SF) revealed a region of
high sequence similarity. This region overlapped directly with the observed TSS-like chromatin locus
(Figure 7.10B). To determine if this homologous region represented an alternative start exon for a
short zkdm2b isoform, RT-PCR primers were designed in the novel exon and the downstream
annotated exon 13. Strikingly, an RT-PCR product was detected using a mixed cDNA pooled from a
number of zebrafish embryonic stages, suggesting that a novel splicing event does occur from the
putative novel exon to the following downstream exon in zkdm2b (Figure 7.10C-D, product A-N).
Primer walking further upstream from the alternative exon revealed that a 5° UTR could be detected
over 100 bp upstream of the alternative exon (Figure 7.10D, product E-N). Cloning and sequencing of
a PCR product from across the splice junction revealed that the splicing event occurs in frame and
thus a functional protein is likely to be made (Appendix 7.8A-C, product D-N). In silico translation of
the proposed mRNA identified that the translational start ATG is likely to coincide with that from the
mouse sequence (Appendix 7.8D). Together, analysis of the zebrafish zkdm2b genomic locus
revealed that, similar to mouse, zkdm2b has a second isoform which initiates downstream of the

JmjC domain-containing exons. Further analysis will be required to determine whether a zKdm2b
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short-form protein product can be detected, and to determine whether this protein is functionally

redundant with the long form, or has specific alternative functions.
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Figure 7.10 Evidence for an alternative exon in zkdm2b

(A) (i) The zebrafish zkdm2b gene spans around 80 kb with 21 exons. The transcription start site at exon 1
has a peak of H3K4me3 and H3K4mel histone marks (Utah Bioinformatics Shared Resource, ChIP-Seq
24hpf embryo) and also is associated with non-methylated DNA (Bio-CAP) in all tissues analysed. There is
a second peak of H3K4me3 and Bio-CAP (in liver and 24 hpf embryo) found at the 5' end of intron 12.
There is a short form of KDM2B in mouse (MKDM2B-SF), suggesting that zebrafish may have a short form
of zKdm2b. (B) Sequence alignment of the unique amino acids from mKDM2B-SF with an in silico
translation of zKdm2b intron 12. There is a good alignment with frame 3 translation of the intron flanked
by two stop codons. (C) RT-PCR primer sets for exon 13 and in intron 12 at the putative alternative exon X.
(D) RT-PCR using mixed zebrafish cDNA (from a number of embryonic stages) with and without reverse
transcriptase (+/- RT). RT-PCR reveals that splicing occurs from the putative alternative exon (primers A-E,
indicated by black brackets) to the downstream exon 13 and that the UTR of the alternative exon reaches
to primer E (left). There are no specific PCR products for the —-RT control (right).
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Figure 7.11 Generating a zKdm2b antibody

(A) A schematic illustrating the region of zKdm2b selected for antigen production which is equivalent to
the mouse KDM2B antigen used to successfully generate a KDM2B antibody for mouse (Farcas et al.,
2012). (B) Schematics of tagged zKdm2b proteins, C-terminal 3xFLAG tagged full length zKdm2b (2B-3F)
and N-terminal FLAG-Strepll tagged full length zKdm2b (FS2-2B). (C) Nuclear extract from untransfected
(UT), 2B-3F and FS2-2B transiently transfected 293T cells were probed with pre-immune serum (i), anti-
FLAG antibody (ii) and immunised rabbit sera (iii-v). The rabbit sera recognise the zKdm2b protein
following immunization (arrows, iii-v).

7.7 Generation of an anti-zKdm2b antibody for zebrafish
Antibody reagents are scarce for zebrafish proteins, however an antibody against zKdm2b was
desirable for many reasons including to determine whether a zKdm2b short form exists in the
zebrafish embryo, to what extent zKdm2b is maternally deposited in the embryo, and furthermore
to validate that the zkdm2b morpholinos specifically deplete the zKdm2b protein in the embryo.

Previously, antibodies for mouse KDM2A and KDM2B were raised using antigens designed to the
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poorly conserved region between the PHD and F-box domains to prevent cross-reactivity between
these two family members. Alignment of the zebrafish zKdm2 proteins similarly revealed a lack of
conservation of this region (Appendix 7.9A, green bracket), and was deemed to be antigenic
(antigenicity plot, Appendix 7.9B, 2.18.7). The zKdm2b antigen was therefore designed to this region
(Figure 7.11A), cloned into a prokaryotic expression vector (Appendix 2.1-4iii), and recombinant
protein was expressed in E. coli. Following purification using an N-terminal His-tag (2.10.1, Appendix
7.10A), recombinant protein was quantified by Bradford reagent (2.10.2), analysed for excess
degradation by SDS-PAGE (Appendix 7.10B) and sent for antibody production (PTU/BS Scottish

National Blood Transfusion Service).

To test whether the antibody was able to recognise the zebrafish zKdm2b protein, full length
zkdm2b was cloned into a mammalian expression vector to generate an N-terminal Flag-Strepll
tagged construct (Appendix 2.15, FS2-2B). This construct, along with a C-terminal 3xFlag tagged
construct (Appendix 2.1-3ii, 2B-3F), was expressed in human embryonic kidney 293T cells by
transient transfection (2.2.3). Nuclear extracts from untransfected and transfected 293T cells were
separated by SDS-PAGE and the zKdm2b proteins were probed with an anti-Flag antibody, along
with pre-immune serum, and each of three bleed sera by western blot analysis. The anti-Flag
primary antibody revealed that Flag-tagged zKdm2b migrated at its expected position at around 145-
148 kDa (Figure 7.11Eii, arrow), although the Flag antibody appeared to recognise the 3xFlag tag
much more efficiently than the Flag-Strepll tag. All three bleed sera were observed to have reactivity
at the same position as that detected by the anti-Flag antibody, suggesting that antibodies present
within the sera were able to detect zKdm2b (Figure 7.11Eiii-v, arrow). Importantly, no signal was
detected for the pre-immune serum, and therefore the zKdm2b reactivity appeared specific to an
immune response mounted after antigen injection. Furthermore, no signal was detected for the
untransfected control lane at the 145-148 kDa position, and therefore the reactivity is specific to the
over-expressed protein (Figure 7.11Ciii-v, arrow). Therefore, it appears that antibodies are present in

the three sera which are able to detect the zKdm2b protein. Future work will include affinity-
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purification of the antibody, which will then be tested using zebrafish embryo extracts by western
blot and chromatin immunoprecipitation. This reagent will prove extremely useful in future analysis

of the zebrafish zKdm2b protein and its role in early development.

7.8 Discussion
In this chapter, the function of zebrafish zkdm2 gene orthologues was investigated by expression
analysis and morpholino-mediated knockdown. The initial results presented here suggest that these
enzymes may serve an important function during early development, and raises many questions for
future lines of enquiry. The roles played by the four zebrafish zkdm2 gene paralogues, implications

of the data thus far and future directions will be discussed below.

7.8.1 Functional divergence of the four zkdmZ2a and zkdm2b zebrafish paralogues
During teleost evolution, a whole genome duplication event is proposed to have occurred (Santini et
al.,, 2009), and following this genome-scale doubling, a large number of duplicated genes were
subsequently lost during evolution. All four genes from the zkdm2 gene family persist in the
zebrafish genome although each pair of paralogues appears to have diverged from one another, and
potentially acquired distinct as well as shared functions. For example, the zKdm2ab ZF-CxxC domain
exhibits a lower affinity for non-methylated DNA than that of zKdm2aa, likely due to a mutation
from KQ to KK in the DNA binding loop (Figure 7.2B, orange arrow), which may correspond to a
functional divergence between the two proteins (Figure 7.2C). It is plausible that the resultant loss in
binding affinity was tolerated during evolution due to the presence of a second paralogous zKdm2aa
protein with a canonical KQ binding loop. Of the duplicated KDM2B paralogues, zkdm2ba has lost
the catalytic JmjC domain and presumably the enzymatic activity found in KDM2B. zkdm2ba was
therefore initially dismissed as being more similar to the Fbx/19 gene family (Figure 1.13) rather than
the other full-length zkdm2 genes. However, with the discovery of a short form for zkdm2b, which

resembles zkdm2ba, it is possible that zkdm2ba and the zkdm2b short-form have similar functions.
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Therefore, perhaps the importance of zkdm2ba should be reconsidered and investigated in early

zebrafish development.

7.8.2 zkdm2 genes have crucial functions during early development
Mutations in Kdm2b have been shown to play critical roles in embryogenesis, causing neural defects
and exencephaly in a mouse model or lethal multi-organ developmental dysplasia in cattle
harbouring a Kdm2b missense mutation (Fukuda et al.,, 2011; Testoni et al., 2012). Links to
differentiation, cell fate decisions and reprogramming (Dong et al., 2013; Du et al., 2013; Liang et al.,
2012) also suggest that Kdm2 genes may play an important role during early embryonic
development. The preliminary evidence presented here further indicates that Kdm2 gene function
may be required during embryogenesis since early gene expression and developmental defects were
observed following zkdm2ab and zkdm2b morpholino knockdown. Together, the timing of these
defects, and the known role of Kdm2 genes in promoter function (Blackledge et al., 2010; Farcas et
al.,, 2012), suggests that these enzymes may have an important role at the onset of zygotic
transcription, at the mid-blastula transition (Tadros and Lipshitz, 2009). In support of this, double
morphant embryos appeared to arrest at blastula (3 hpf), at the time when MBT should occur. By
impacting the chromatin architecture at NMls, the zKdm2ab and zKdm2b proteins may facilitate the
appropriate expression of early patterning and developmentally regulated genes. Depletion of a
zKdm2 protein may therefore prevent the formation of appropriate chromatin architecture at NMls

and dysregulate gene regulatory networks during early development.

7.8.2.1 Chromatin modifications and DNA methylation during early zebrafish

development

In support of the idea that establishment of appropriate chromatin architecture is essential for MBT,
recent work investigating chromatin changes during early zebrafish development have suggested
that chromatin modifications become detectable at or just following the zebrafish MBT. Typically,

the H3K4me3 modification is observed before other histone modifications (Andersen et al., 2012;
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Vastenhouw et al., 2010), and as H3K4me3 is also modulated by ZF-CxxC domain-containing proteins
this may suggest that the depletion of H3K36me2 at NMls, by zKdm2 proteins, may follow similar
dynamics. Furthermore, two recent studies have reported that genome-scale DNA methylation
changes occur from fertilisation up to the zebrafish MBT to remodel the DNA methylation landscape
of the maternal genome to match the paternal genome (Jiang et al.,, 2013; Potok et al., 2013).
Together, DNA methylation changes and the delayed appearance of histone modifications suggest
that the chromatin landscape is remodelled during early development in the lead-up to the onset of
zygotic transcription. This remodelling may include changes in chromatin architecture at NMils,

which would in part be mediated by the ZF-CxxC domain-containing proteins from the zKdm2 family.

7.8.2.2 Speculating about the role of zZKdm2ab and zKdm2b during early development

The H3K36me2 histone modification, the substrate of KDM2A, is one of the most abundant histone
modifications in mammalian cells as it is found on 30-50 % of histone H3 (Garcia et al., 2008; Peters
et al., 2003; Robin et al.,, 2007). From studies in yeast, H3K36me2 is thought to be repressive to
transcription (Carrozza et al., 2005; Li et al., 2009), and therefore through the action of KDM2A,
NMiIs are depleted of this modification and this depletion may be considered ‘permissive’ to
transcriptional activation (Blackledge et al., 2010). Therefore, during the DNA methylation changes
observed to occur during early zebrafish development, zKdm2ab may play an important role in
patterning the chromatin architecture at newly formed NMls. Without zKdm2ab, H3K36 histone
methylation may not be fully depleted from NMlIs and this may have knock-on consequences for
gene expression. Given that a large proportion of genes in the zebrafish are associated with an NMI
(Chapter 4), this may be expected to have broad implications for a large number of genes and gene

regulatory networks.

KDM2B has been implicated in targeting a variant PRC1 complex to non-methylated DNA (Farcas et
al.,, 2012; He et al., 2013; Wu et al., 2013). The H3K27me3 modification, placed by PRC2, was

detected in the zebrafish embryo by MBT but not before (Andersen et al., 2012), suggesting that
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polycomb domains are established during early development in preparation for zygotic transcription
at 3 hpf. Therefore, knockdown of zkdm2b in zebrafish may deplete one mechanism for polycomb
targeting in the embryo. Consequently, a subset of genes which should be silenced or poised by
polycomb repression at MBT may be aberrantly expressed due to a lack of silencing. Once again, this
would be expected to impact the coordinated expression of important master regulators of gene

regulatory networks and have knock-on effects in early development.

7.8.3 zkdm2 gene expression during early development
The spatial expression patterns of zkdm2ab and zkdm2b suggests that during early development the
function of these proteins is required ubiquitously, perhaps to direct appropriate chromatin
architecture at all NMis in all cells. Later during development, expression seems to become
restricted to the brain region, suggesting that the zKdm2 enzymes may have an important function
in neurons during later embryonic development. This, and the neuronal cell death detected in zkdm2
morphant embryos, is consistent with a KDM2B mutant mouse model which displays neural defects
and exencephaly (Fukuda et al., 2011). Despite not giving a quantitative estimate of gene expression
levels, nor revealing the relative expression levels of the three zkdm2 genes, qRT-PCR gene
expression analysis revealed that the three genes have a peak in expression at MBT, perhaps
consistent with an important role around the time of zygotic genome activation in defining

appropriate chromatin architecture at NMls.

7.8.4 What are the causes of the observed morphant phenotypes?
The morphant phenotypes observed following gastrulation, at around 24 hpf, appear pleiotropic as
they affect many organs and tissues of the zebrafish embryo. Therefore, should these phenotypes
prove to be specific to zkdm2 knockdown, they are very likely to be due to a combination of many
effects. If transcription at the mid-blastula transition is indeed affected by zkdm2 knockdown,
coordination of expression of a large number of genes would be misregulated and the accumulation

of many small defects could sum to the phenotypes observed later in development. For example,
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both epiboly and embryonic patterning defects were observed at the onset of gastrulation and the
potential importance of these observed changes will be discussed briefly. Firstly, zkdm2ab
knockdown caused epiboly defects which may be due to reduction in connections between the YSL
and enveloping layer (EVL) at the margin (Betchaku and Trinkaus, 1978), as it has been suggested
that the YSL may provide the driving force for epiboly, pulling the embryonic blastomeres vegetally
(Trinkaus, 1984) (see Appendix 1.4C). Furthermore, defective epiboly, such as failure to close the
blastopore properly at the end of epiboly, has been reported to lead to defective tail development

(Strahle and Jesuthasan, 1993), similar to the phenotypes observed for zkdm2 morphant embryos.

As development progresses the Bmp, Wnt, Nodal and other signalling pathways elaborate and refine
the early expression patterns detectable at the onset of gastrulation. Therefore, errors in patterning,
although subtle at shield stage, could go on to generate drastic phenotypic changes, as observed for
the zkdm2ab morphant embryos. Wnt8a expression was observed to be reduced following zkdm2ab
knockdown, which may also contribute to tail abnormalities, as wnt8a signals maintain presomitic
mesoderm in the tail bud (Thorpe et al., 2005) and the Wnt8 target gene cdx4 is essential for tail
development (Davidson et al., 2003; Golling et al., 2002; Shimizu et al., 2005). As for the neurological
phenotypes, a potential increase in Bmp signalling and expansion of gata2 expression suggests there
may be an expansion of non-neural ectoderm in the early embryo (Neave et al., 1997; Read et al.,
1998). Potential loss of ectodermal tissue may then lead to diminished neural fates, in keeping with
the brain necrosis observed later in zkdm2ab knockdown embryos. Intriguingly, a reduction in Bmp
signaling has been reported to cause tail defects similar to those observed for zkdm2ab (Leung et al.,
2003; Phillips et al., 2006) and zkdm2b (Yu et al., 2008), therefore misregulation of Bmp signaling
may impact on tail development in these morphant embryos. It is worth emphasising that while it is
likely that these expression changes may contribute to the observed developmental defects, it is
likely that the expression of many more genes not monitored here will be affected by zkdm2

knockdown.
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7.8.5 Future directions
The above discussion regarding the function of the zKdm2 proteins during embryonic development
has been hypothetical based on preliminary observations from zkdm2 expression and knockdown
studies. Further work is required to determine whether chromatin modification changes are directed
by the zKdm2 enzymes during early development and whether these changes can be linked to
fluctuations in gene expression and embryonic developmental defects. Due to the mechanistic link
with polycomb repression in the mouse, future work will focus on zKdm2b, and the investigation of
whether zKdm2b plays an important role in defining the chromatin landscape during the first hours
of development in the zebrafish and whether dysregulation of this important process impacts gene

expression.

7.8.5.1 Analysis of the chromatin landscape before and after the mid-blastula transition

in zkdm2b wildtype and morphant embryos

In order to understand more clearly how the chromatin landscape changes leading up to MBT,
specific histone modifications (including H3K4me3, H3K36me2, H3K36me3, H3K27me3 and
H3K9me3) will be monitored by western blot, normalising carefully for quantities of histone using a
histone H3 loading control. Other chromatin-binding factors will also be monitored such as Rnf2 and
zKdm2b to see when during development they can be detected bound to chromatin. Once a careful
time course of chromatin dynamics during development is known, this can then be monitored
following zkdm2b knockdown to observe whether global chromatin changes can be detected. Should
changes be observed, these could then be profiled more closely genome-wide by ChIP-sequencing to

observe whether locus-specific changes are occurring.

7.8.5.2 Genome-wide analysis of gene expression and histone modifications following

zkdm2b knockdown

A number of recent publications have profiled transcriptional changes before and after MBT and

generally determined that zygotic transcription only initiates following MBT, although processing of
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maternally deposited mRNAs, such as poly-adenylation, has been detected prior to MBT (Aanes et
al.,, 2011; Pauli et al., 2012; Vesterlund et al., 2011). It would therefore be very informative to
analyse global gene expression levels by RNA-sequencing to uncover whether a group of genes
become de-repressed at MBT when zkdm2 is depleted. Gene expression changes could be compared
with genome-wide profiles of the polycomb-repressive H3K27me3 modification to observe whether
genes normally repressed by polycomb are aberrantly de-repressed in zkdm2b morphant embryos.
Furthermore, changes in Rnf2 genome-wide binding profiles could be compared to gene expression
changes, with the hypothesis that loss of zKdm2b inhibits correct targeting of Rnf2 to target NMI
promoters and therefore prevents appropriate polycomb-mediated repression at MBT. The zebrafish
model system is potentially more powerful than a cell culture system for these experiments as the
chromatin environment is established de novo during early development (Andersen et al., 2012;
Vastenhouw et al., 2010). Therefore perturbations of chromatin modifying enzymes may yield
stronger gene expression changes during early zebrafish development than for the ES cell system in
which the chromatin architecture is already established with potentially multiple layers of repression
acting at polycomb-repressed targets. Therefore the perturbation of one targeting system may only
have minor effects on target gene expression (Farcas et al., 2012). Overall, this analysis will be very
powerful for investigating in an in vivo system how zKdm2b function, non-methylated DNA,

polycomb repression and gene regulation are interlinked.

7.8.5.3 Rescue of deficient phenotypes with zKdm2b mutant constructs

Having determined the effects of zkdm2b knockdown on the chromatin landscape and gene
expression during development, the zebrafish provides a powerful tool to investigate which domains
or amino acid residues are important for zKdm2b function. zkdm2b morphant embryos can be
complemented with both wildtype and mutant mRNA to rescue the observed knockdown
phenotypes. Mutations in the ZF-CxxC domain, for example, could reveal whether the binding to

non-methylated DNA is essential for zKdm2b function. Recently, C-terminal leucine-rich repeats have
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been shown to be important for the formation of the PRC1 complex (Wu et al., 2013), therefore it
would be interesting to examine whether zebrafish zkdm2b with LRR mutations is able to rescue the
zkdm2b morphant phenotypes. Over-expression of wildtype and mutant constructs will also be
informative as to whether the dosage of zKdm2b is important during development. For example,
injection of a construct able to bind to the PRC1 complex, but lacking a ZF-CxxC domain may be
expected to phenocopy zkdm2b depletion as it would titrate away the zKdm2b PRC1 complex from
chromatin. Together these experiments will provide further insight into the function of zKdm2b
during zebrafish embryogenesis and more generally may uncover novel features of polycomb-

mediated repression in the regulation of gene expression during development.
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Chapter 8 — Discussion

8.1 A novel non-methylated DNA landscape at the outset of the vertebrate lineage
At the emergence of the vertebrates, a novel genome-wide pervasive DNA methylation profile was
adopted which was completely distinct from the mosaic DNA methylation patterns observed in
invertebrate ancestors (Bird, 1995; Tweedie et al., 1997). Global DNA methylation is proposed to
have provided a novel mechanism for transcriptional silencing and noise-reduction and therefore
may have permitted the expansion of gene number which was required for the evolution of
vertebrates (Bird, 1995). Despite conservation of the DNA methylation system, computationally
determined CGI maps, used as a proxy for non-methylated DNA, had previously indicated that
patterns of non-methylated DNA may be significantly divergent between vertebrate species (Aissani
and Bernardi, 1991; Sharif et al., 2010). In this thesis, experimental profiling of non-methylated DNA
in seven diverse vertebrate species, covering all major vertebrate evolutionary branch points, has
overturned this belief and non-methylated islands (NMls) have been shown to constitute a common

feature of vertebrate gene promoters.

A simple explanation for this observation is that NMls arose in an early vertebrate ancestor and
were consequently inherited by all living vertebrate species (Antequera, 2004; Antequera and Bird,
1999; Bird, 1987). However, high resolution maps of the non-methylated DNA landscape are lacking
for species positioned close to the invertebrate-vertebrate transition (Figure 8.1). At the genome-
scale, invertebrate chordate species which immediately precede the vertebrates (lancet and sea
squirt) and primordial vertebrate species including the jawless fish (lampreys and hagfish), have
been predicted or experimentally shown to have mosaic (Albalat et al., 2012; Feng et al., 2010;
Suzuki et al., 2007; Zemach et al., 2010) or global (Tweedie et al., 1997) methylation patterns
respectively. Higher resolution profiling of non-methylated DNA for these species may therefore
help to reveal whether the transition from fractional to global methylation occurred rapidly or

gradually at the invertebrate-vertebrate transition. Therefore, exciting future work stemming from
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the results presented here includes further investigation of the origins of pervasive DNA methylation
and NMls, and the selective advantage these new genomic features may have conferred during

vertebrate evolution.

mouse
chicken other vertebrates
frog
zebrafish |

Verrebrates\ ‘- sharks & rays _ cartilaginous fish
lampreys

PISY jawless fish

hagfish i
tumcaFeS invertebrates
amphioxus |

Figure 8.1 A phylogenetic tree of vertebrate evolution, including representative
living vertebrate and invertebrate species

A phylogenetic tree of the invertebrate-vertebrate transition. Invertebrate chordates are shown in blue,
jawless fish in orange, cartilaginous fish in grey and other vertebrates in black. The phylogeny of the
jawless fish is disputed (Ota and Kuratani, 2007).

8.2 Non-methylated DNA as a platform for gene regulation
This thesis has revealed for the first time that genome-wide patterns of non-methylated DNA are
highly similar between divergent vertebrate species. The function of NMiIs is still not fully
understood despite many years of investigation, although they appear to play an important role as a
platform for gene regulation (Blackledge and Klose, 2011). A large family of proteins have been
identified which are able to localise to NMIs and recruit chromatin modifying activities. These
proteins appear to cluster into two classes, the first of which appear to place activating histone
modifications or remove repressive chromatin marks, such as CFP, MLL1/2, KDM2A, and the TET1/3
enzymes (Blackledge et al., 2010; Guenther et al., 2005; Thomson et al., 2010; Williams et al., 2011).
The opposing class of ZF-CxxC proteins are proposed to recruit polycomb repressive complex 1 and
the SIN3A co-repressor complex via KDM2B and TET1 respectively to oppose transcription (Ku et al.,
2008; Lynch et al., 2012; Mendenhall et al., 2010; Williams et al., 2011). This ability to recruit
opposing transcriptional activities to NMls has led to the suggestion that NMIs act to facilitate a
bistable chromatin state, which is not instructive but responsive to the expression status of the

associated gene (Klose et al., 2013). Therefore, NMls appear to demarcate regions which are subject
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to transcriptional regulation, and the ZF-CxxC proteins act to place chromatin modifications that may
fine-tune the expression state of the associated gene. In keeping with this idea, the acquisition of
DNA methylation at gene promoter NMls was observed to be a rare event between distinct cell-
types (Chapter 5). This is presumably because DNA methylation would lock in a repressed state, as is
observed for silenced genes on the inactive X chromosome (Jones, 2012; Lock et al., 1987), whereas
ZF-CxxC mediated transcriptional inhibition may be readily counteracted by gene induction (Klose et

al., 2013).

In Chapter 5, intergenic NMIs were observed to exhibit features of gene regulatory elements, and
were often differentially methylated between tissues, a feature which had previously been observed
for mammals (Farthing et al., 2008; lllingworth et al., 2010; Maunakea et al., 2010; Mohn et al.,
2008; Straussman et al., 2009; Weber et al., 2007), but not carefully examined in other vertebrates.
Distal regulatory elements are thought to interact directly with promoters via looping (Ptashne,
1986; Tolhuis et al., 2002; Vernimmen et al., 2009). Interruption of these interactions, by insulator
elements for example (Gaszner and Felsenfeld, 2006), would ablate the activating input from the
enhancer (Vernimmen et al., 2011). It is therefore an interesting possibility that the open nature of
NMI promoters and distal regulatory elements renders them particularly competent to interact. The
gain of DNA methylation observed at enhancer sequences during differentiation may reduce their
capacity to interact with promoter elements and regulate transcription. These possibilities could be
investigated using new high resolution imaging techniques to visualize promoter-enhancer

interactions (by DNA-FISH) or chromosome capture techniques (de Wit and de Laat, 2012).

Interestingly, long stretches of non-methylated DNA were observed at developmental genes and
transcription factor genes (Chapter 4). This class of gene is likely to be subject to complex gene
regulation and so association with a broad NMI may act to demarcate the whole locus as accessible
for integration of a large number of inputs from transcription factors and potentially a large number
of enhancer elements. As repression may be the default state for NMlIs (Ku et al., 2008; Lynch et al.,

2012), at least during development, a broad NMI may also recruit a considerable amount of
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polycomb-mediated repression, and therefore these genes may require a greater amount of
activating signal in order to turn on the associated gene. This could be important for
developmentally regulated genes as precocious expression in an inappropriate tissue or
developmental stage could have disastrous repercussions for development. Future investigation of

the broad class of NMIs will help further reveal the biological function of these genomic elements.

8.3 How changes in DNA methylation state are coordinated — lessons from exogenous

DNA sequences

When comparing distinct tissue types in different vertebrate species, the majority of differentially
methylated NMls were observed to occur away from gene promoters and exhibited lower CpG and
GC content than constitutively non-methylated NMiIs (Chapter 5). Intriguingly, the nucleotide
properties of NMIs were extremely variable between vertebrates suggesting that species-specific
mechanisms may have evolved to specify non-methylated DNA profiles in different vertebrates
(Chapter 4). In order to investigate the properties that define NMls, exogenous DNA sequences from
human and zebrafish were transferred into the mouse nucleus and the fidelity of non-methylated
DNA patterning was interrogated (Chapter 6). Intergenic NMls exhibited the greatest variation in
DNA methylation state between the parental and host nuclear environments, suggesting that non-
TSS NMls are more susceptible to alterations in the regulatory milieu, while promoter-associated
NMiIs have more robust “belt-and-braces” mechanisms for defining the non-methylated state,
perhaps including recruitment of multiple general transcription factors, the transcriptional
machinery or transcription itself to maintain the promoter region as free of DNA methylation.
Conversely, intergenic NMIs may be reliant on a smaller number of lineage-specific DNA binding
factors, productive interaction with DNA sequences in cis or a change in the local chromatin
landscape. Any or all of these factors may not be present in the foreign nuclear environment, and
lead to loss of the NMI. Exciting future lines of research will include an investigation into the link

between gene transcriptional status, local chromatin modifications and the presence of NMls.
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8.4 Regulating the timing of gene expression onset at zygotic genome activation
Knockdown of zebrafish KDM2 gene homologues, shown to specifically bind non-methylated DNA in
vitro, caused developmental defects and misregulation of patterning genes in early zebrafish
development (Chapter 7). This suggests that the chromatin landscape at NMIs may be important for
early development. The KDM2 family is known to nucleate at NMIs genome-wide in mouse ES cells
(Blackledge et al., 2010; Farcas et al., 2012) where both KDM2A and B are proposed to catalyse the
removal of the repressive H3K36me2 modification (Blackledge et al., 2010; He et al., 2008) while
KDMZ2B is also able to recruit polycomb repressive complexes (Farcas et al., 2012; He et al., 2013;
Wu et al., 2013). The onset of zygotic gene expression, the transition from reliance on maternal
RNAs to zygotic transcripts, is tightly linked with developmental timing. In the zebrafish this occurs at
the mid-blastula transition (MBT) following 10 cell divisions and immediately prior to epiboly
movements (Appendix 1.4). The pluripotency factors Pou5f1 (also known as Oct4), Nanog and SoxB1
have been implicated in driving the expression of the first wave of transcription at MBT in zebrafish
(Lee et al., 2013) while the chromatin landscape at MBT has also been implicated in defining the
timing of genomic transcriptional competency in the zebrafish (Andersen et al., 2012; Jiang et al.,

2013; Lindeman et al., 2011; Potok et al., 2013; Vastenhouw et al., 2010).

Combining these models, transcription factors, such as Pou5fl, Nanog and SoxB1, may ultimately
coordinate the gene regulatory network at MBT, while appropriate histone modification profiles at
NMlIs may be required for preparing and maintaining (Figure 8.2D-F) or suppressing gene expression
(Figure 8.2A-C) (Vastenhouw and Schier, 2012). For example, zKdm2b may normally act to target
polycomb silencing to certain NMIs during development, and depletion of zkdm2b may reduce
appropriate targeting of polycomb factors (Figure 8.2A) and lead to precocious expression of genes
prior to MBT (Figure 8.2B). Similarly, an increase in H3K36me2 at NMI promoters due to depletion of
zebrafish zkdm2a and zkdm2b genes may lead to encroachment of this transcriptionally repressive
modification into NMls (Figure 8.2D), leading to inappropriate silencing of genes which should be

activated at MBT (Figure 8.2E).
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Figure 8.2 Potential roles of H3K27me3 placement and H3K36mel/2 removal at
non-methylated islands during early zebrafish embryogenesis

(A-B) Loss of H3K27me3 at NMIs during early development (for example in zkdm2b morphant embryos)
may result in the derepression and low-level expression of developmental genes not normally expressed in
pluripotent blastomeres prior to MBT. (C) During lineage specification at shield stage, loss of H3K27me3
may result in the derepression of developmentally-controlled genes in cells which would normally
suppress expression of those genes (ectopic blue cells). Loss of repression of pluripotency factors or genes
from other lineages may also lead to failure to activate genes in some cells (non-expressing red cells). (D-
E) Failure to demethylate H3K36mel/2 at NMIs during development (for example in zkdm2ab morphant
embryos) may lead to encroachment of H3K36mel/2 and reduced efficiency of gene activation at MBT. (F)
Gain of H3K36mel/2 at NMIs may lead to the loss or stochastic silencing of developmental gene
expression during embryogenesis. (A and D) Nucleosomes are shown as spheres, a white circle represents
non-methylated CpG while a black filled circle represents methylated DNA. Red and green stars represent
the H3K27me3 and H3K36mel/2 histone modifications respectively. (C and F) Schematics of shield stage
embryos expressing a developmentally regulated gene. Modified from (Vastenhouw and Schier, 2012).

The accurate coordination of gene regulatory networks and the establishment of cell-fate maps is
essential for early patterning and cell fate decisions (de-Leon and Davidson, 2007; Reik, 2007).
Therefore loss or gain of chromatin-based gene repression may result in the ectopic expression
(Figure 8.2C) or stochastic silencing (Figure 8.2F) of developmentally-controlled genes in some cells

of the developing embryo. Misregulation of gene expression at MBT could therefore provide one

231



explanation for the phenotypes observed in the zebrafish zkdm2 knockdown embryos, as
morphological and patterning defects were observed soon after MBT. Furthermore, depletion of
both zkdm2a and zkdm2b orthologues appears to cause developmental arrest prior to epiboly,
suggesting that severe changes in NMI chromatin architecture can phenocopy failure to initiate
transcription at MBT (Lee et al., 2013). Transcriptional profiling in embryos depleted of zkdm2b soon
after zygotic genome activation will provide exciting new insights into the role of NMI chromatin

architecture in the complex process of zygotic genome activation.
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Chapter 9 — Appendices

Chapter 1

Appendix 1.1 The zebrafish model system to study developmental biology

Zebrafish is a well-established model for the study of embryonic development and vertebrate gene function
(Howe et al., 2013). Embryos develop externally and rapidly, with the zebrafish body shaped by 24hpf (hours
post fertilisation) (Kimmel et al., 1995). A large number of embryos can be obtained from a single pair mating,
facilitating accelerated genetic studies by gene knockdown or overexpression, by antisense depletion or mRNA
injection and transgenesis, with fluorescent reporter injection. A key feature for the study of early
development is the transparent nature of zebrafish embryos which can be easily visualised at the single-cell
level for much of early development, allowing ease of visualisation of many developmental processes using
only a compound microscope. A well-annotated genome sequence is available (Howe et al., 2013), and
importantly at least 70 % of human genes have at least one zebrafish orthologue, suggesting that the genetic
circuitry is highly conserved between teleosts and man. Together these features and the ability to perform
high throughput screening makes the zebrafish a good model for the study of human disease (Lieschke and
Currie, 2007).

Appendix 1.2 Zebrafish embryogenesis

3.7h shield 6h

mb 36 h

Ann R, Gone. 39561613
Images of zebrafish embryos at indicated stages and developmental ages in hours post fertilisation (h).
The blastodisc divides to give two cells (A), and synchronous divisions continue to give rise to a blastula of
cells above the yolk cell (B). Epiboly movements then occur whereby embryonic blastomeres spread across
the yolk cell, moving towards the vegetal pole (bottom of yolk cell, C). At 6h, gastrulation movements
begin with involution movements forming the shield (sh, C). Epiboly movements continue until the yolk
cell is completely enveloped at the bud stage (D), gastrulation movements continue during this time to
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shape the embryo along an anteroposterior axis. The process of somitogenesis then occurs (E), the tail
forms and extends away from the head and trunk region (F). A recognizable fish body plan is apparent at
36 h (G). Embryos are oriented with animal-pole to the top (A-B); animal-pole to the top, dorsal to the
right (C); anterior to the top, dorsal to the right (D-F); anterior to the left, dorsal to the top (G). sh,
embryonic shield; kv, Kupffer's vesicle; som, somite; hg, hatching gland; fb, forebrain; mb, midbrain; hb,
hindbrain; nc, notochord; sc, spinal cord; fp, floor plate. Figure taken from (Schier and Talbot, 2005).

Appendix 1.3 Zebrafish development

Soon after fertilisation cytoplasmic streaming generates a large blastodisc (a single cell of the embryo) on top
of the yolk cell, and during the following 3 hours rapid and synchronous divisions without cell growth generate
a blastula embryo consisting of around 1000 cells atop the yolk cell. At the 512 cell stage (2.75hpf), the
midblastula transition (MBT) initiates whereby zygotic genome activation occurs and the cell cycle lengthens
and becomes asynchronous (Kane and Kimmel, 1993). Cells at the blastoderm margin adjacent to the yolk
maintain cytoplasmic bridges to the yolk cell and at this stage the marginal blastomeres drop their cytoplasm
and nuclei into the yolk to generate a thin multinucleate structure, the yolk syncytial layer (YSL, Appendix 1.5A)
(Kimmel and Law, 1985). At this stage, the embryo proper consists of superficial blastomeres which form the
enveloping layer (EVL) and the internal blastomeres which are within this outer layer called the deep cell layer
(DCL) (Appendix 1.5A). At late blastula, cell movements begin to shape the embryo and accurate coordination
of these movements is important for development as cell fate decisions are made concomitantly. Epibolic
movements are the first to occur with the spreading of the YSL, EVL and DCL towards the vegetal pole involving
radial intercalation movements of the DCL (Appendix 1.5B, right). Epibolising blastomeres completely wrap the
yolk cell by the end of gastrulation. At 50% epiboly it is possible to generate a fate map for the zebrafish
embryo (Kimmel et al., 1995; Schier and Talbot, 2005) and it is at this stage that gastrulation movements
begin. Blastomeres at the margin (equatorial position of the embryo) internalise to form the shield at the
future dorsal-most side of the embryo (Appendix 1.5C). Internalisation, convergence and extension
movements of the DCL cells remodel the gastrulating embryo into a vertebrate body plan (Appendix 1.5D).
These movements continue until tailbud stage when an elongated embryo is formed with distinct axes (10hpf,
Appendix 1.2D). During the following 14 hours the somites are formed and by 24hpf a beating heart is visible
(Appendix 1.2E-G).

Appendix 1.4 Mid-blastula transition

All animals make the transition during development from reliance on maternally provided gene products to
those transcribed from the zygotic genome (Tadros and Lipshitz, 2009). This zygotic genome activation (ZGA)
event occurs in zebrafish at the mid-blastula stage (hence, mid-blastula transition) concomitant with the
degradation of maternal stores of mRNA directed by miR-430 (Giraldez et al., 2006). An early theory for
explaining the onset of MBT invoked the dilution of a transcriptional repressor during divisions prior to MBT
(Newport and Kirschner, 1982). Many other ideas have since been proposed (Tadros and Lipshitz, 2009),
including the suggestion that a particular chromatin or DNA methylation landscape may be required prior to
transcriptional activation (Andersen et al., 2012; Jiang et al., 2013; Lindeman et al., 2011; Potok et al., 2013;
Vastenhouw et al., 2010).
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Appendix 1.5 Epiboly and gastrulation movements of the zebrafish embryo
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(A) Cross-section of blastula embryo at the mid-blastula transition (MBT, 2.75 hpf), animal pole to the top.
The YSL forms by the fusing of blastomeres with the yolk cell. The embryonic blastoderm can be identified
as two layers, the deep cell layer (DCL) and a single-cell enveloping layer (EVL). (B) Cross-section at dome
stage (4.3 hpf), the yolk syncytial nuclei (YSN) can now be subdivided into those in front of the blastoderm
margin (eYSL) and those lying beneath the blastoderm (iYSL). At this stage epiboly commences and the
blastomeres undergo a process of spreading and thinning over the yolk cell, radial intercalation. (C) A
dorsal (left) and lateral (middle) view of the zebrafish embryo at the onset of gastrulation (shield, 6hf).
Epiboly movements continue (EPI, arrows), while marginal blastomeres (at the equatorial position of the
embryo) begin to internalize (INT, arrows) and migrate towards the animal pole. Internalisation cell
movements are detailed (right). The EVL is connected to an actin ring (which moves with the blastoderm
epibolising margin) via tight junctions (right). (D) A dorsal view of an embryo mid-way through
gastrulation (75% epiboly, 8 hpf). Epiboly and internalisation movements continue until the blastoderm
covers the entire yolk cell. Blastomeres move towards the dorsal side of the embryo by convergence
movements (CON, arrows) and are spread along the animal-vegetal axis by extension (EXT, arrows). YSL,
yolk syncytial layer; YSN, yolk syncytial nuclei; iYSL, internal yolk syncytial layer; eYSL, external yolk
syncytial layer; D, dorsal; V, ventral; EVL, enveloping layer; DCL, deep cell layer; INT, internalisation; EPI,
epiboly; CON, convergence; EXT, extension. Adapted from (Carvalho and Heisenberg, 2010; Rohde and
Heisenberg, 2007).
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Chapter 2

Appendix 2.1 Preparation of DNA constructs

In all cases, the sequence integrity of all constructs resulting from PCR amplification in this section was verified
by Sanger sequencing (2.8.9).

1. Zebrafish KDM2 expressed sequence tags (ESTs)

Zebrafish ESTs were obtained to generate full length cDNA constructs for zKdm2aa, zKdm2ab and zKdm2b (see
Table 2.16).

2. Generation of full length zebrafish KDM2 complementary DNAs (cDNAs)

i zkdm2aa

Sequencing of the three available zKdm2aa ESTs (Table 2.16) revealed that they cover the following nucleotide
sequences of zKdm2aa: 2.1_1 1-774 bp, 2.1_2 276-1150 bp, 2.1_3 999-3737 bp (end of gene). EST 2.1_1 was
digested with restriction endonucleases Avrll and Hindlll, 2.1_2 with Hindlll and Sphl and 2.1_3 with Avrll and
Sphl. The two excised inserts from 2.1_1 and 2.2_2 and the vector from 2.1_3 were resolved by gel
electrophoresis and purified by gel extraction using QIAquick Gel Extraction Kit (QIAGEN). A three-way ligation
was performed to generate a full length cDNA for zKdm2aa.

ii. zkdm2ab

Sequencing of EST 2.14_1 revealed that this was in fact a full length cDNA for the KDM2AB gene, therefore no
further cloning was required.

iii. zkdm2b

Sequencing of the ESTs for zkdm2b revealed that two ESTs covered the full length of the gene: 2.10_1 1-1523
and 2.10_3 1515-3783 bp. The 3’ end of zkdm2b was released from the EST 2.10_3 by digestion with Eagl and
inserted via ligation into a single Eagl site in the 2.10_1 plasmid. Clones were screened for correct orientation
of ligation to identify a full length zkdm2b cDNA. Unfortunately, a 2bp deletion was detected at position 1793-
1794 bp of the putative full length zkdm2b resulting in a frame shift. This deletion was present in the 2.10_3
EST, therefore a second cloning step was performed, whereby the full length zkdm2b vector missing 2 bp
sequence (named A2bp) and EST 2.10_4 were digested with Notl and BstBI restriction endonucleases. The
insert from 2.10_4 (corresponding to zkdm2b 1519-1899 bp) was inserted into the A2bp vector via ligation to
generate a full length cDNA for zkdm2b.

iv. Polymorphisms
A number of polymorphisms were detected between zebrafish reference transcript sequences (danRer7) and
the sequence of the ESTs, a number of which affected the amino acid sequence (Appendix 7.3, Appendix 7.4

and Appendix 7.5).

3. Zebrafish KDM2 in vitro transcription constructs

i pCS2+ plasmid

The pCS2+ plasmid contains a Cytomegalovirus (CMV) promoter and SP6 promoter in the forward orientation
and a T7 promoter in the reverse orientation surrounding a multiple cloning site. This vector can therefore be
used for in vitro RNA synthesis to produce appropriately processed mRNA for injection into zebrafish embryos,
or can be used for transient over expression in mammalian cells.
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iii. Full length zebrafish KDM2 constructs

Full length zebrafish KDM2 cDNAs were cloned into the pCS2+ vector. Appropriate restriction sites were
identified in the multiple cloning site in pCS2+ which did not cut in the zkdm2 gene to be cloned. Primers were
then designed to amplify the full length zkdm2 gene (generated in 2) including a 5’ overhang containing the
appropriate restriction site for ligation into pCS2+. The reverse primer also included a 3xFLAG tag followed by a
stop codon. Both zkdm2aa and zkdm2ab were amplified with primers containing EcoRI and Xbal restriction
sites, while both forward and reverse zkdm2b primers contained Stul sites. The zkdm2 genes were amplified by
PCR, and the PCR products and the pCS2+ vector were digested with the appropriate restriction enzymes.
Vector and inserts were resolved by gel electrophoresis and purified using the QlAquick Gel Extraction Kit
(QIAGEN) and the PCR product inserted via ligation. Stul is a blunt cutter and so the efficiency of ligation was
low and the orientation of the insert was determined by digestion with BamHI to identify a positive clone.

Table 1  Primers used for cloning zkdmZ2 genes into pCS2+ vector

o83 Pines F/R Restriction site | C-terminal tag ATG . Gene .Klose plasmid
Index morpholino index
1188 F EcoRl Sensitive

zkdm2aa (1) 417
1179 R Xbal 3xFLAG
1190 F EcoRI Sensitive

zkdm2ab (14) 419
1183 R Xbal 3xFLAG
2438 F Stul Sensitive

zkdm2b (10) 613
1181 R Stul 3xFLAG

iiii. Morpholino insensitive rescue constructs

In order to rescue the observed phenotypes in zebrafish injected with ATG-blocking morpholinos, zkdm2 in
vitro expression constructs were generated which were mutated in the ATG morpholino binding site. The
forward primer was designed to amplify from the start ATG, and the third (and sometimes the first or second)
codon positions were altered to change the nucleotide sequence without affecting the protein sequence. The
reverse primer remained the same. The cloning was performed as for ii.

Table 2 Primers used for cloning zkdmZ2 rescue constructs
e Pt F/R Restriction site | C-terminal tag . . Gene !(Iose plasmid
Index morpholino index
1215 F EcoRlI Insensitive
zkdm2aa (1) 418
1179 R Xbal 3xFLAG
1217 F EcoRlI Insensitive
zkdm2ab (14) | 420
1183 R Xbal 3xFLAG
2439 F Stul Insensitive .
zkdm2b (10) Failed
1181 R Stul 3xFLAG

The cloning of the zkdm2b morpholino insensitive pCS2+ construct proved challenging, and so an alternative
approach was taken. The zkdm2b ATG morpholino sensitive construct (plasmid 613) was cut with EcoRI as was
a PCR product amplifying the 5’-end of zkdm2b including an EcoRlI site in the forward primer and the codon
mismatches (in the wobble positions) designed above to disrupt the ATG morpholino binding site. The reverse
primer was downstream of an EcoRl site present in the zkdm2b gene. The PCR product and plasmid 613 were
digested with EcoRlI, resolved by electrophoresis, purified and ligated to generate a morpholino insensitive
zkdm2b expression construct (plasmid 614).
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Table 3 Primers used for alternative cloning of the zkdmZ2 rescue construct

Kl Pri — . . ATG Kl I id
ose Frimer F/R Restriction site C-terminal tag . Gene . sl

Index morpholino index

2463 F EcoRl - Insensitive

zkdm2b (10) | 614

2464 R - -

4. Prokaryotic expression constructs

i pNIC28 prokaryotic expression vector

The prokaryotic expression vector pNIC28 (a gift from U. Oppermann) was modified previously to express an
N-terminal 6-his tag followed by a tobacco etch virus (TEV) protease cleavage site and was adapted for ligation
independent cloning (LIC) as described previously (Blackledge, Zhou et al). pNIC28 is cut with Bsal prior to LIC
processing, as described in 2.8.6.

iii. zKdm2 ZF-CxxC PHD expression constructs for EMSA

ZF-CxxC containing constructs encoding amino acids 544-648 of human KDM2A was cloned previously by Dr Jin
Zhou, (Blackledge et al.,, 2010). Similar constructs were PCR amplified from the appropriate cDNA
corresponding to amino acids 600-750 of human KDM2B, 494-635 of zebrafish KDM2AA (chrl), 506-653 of
zebrafish KDM2AB (chr14), 535-686 of zebrafish KDM2B (chr10). These PCR products were LIC-processed and
inserted via ligation independent cloning (LIC) into the adapted pNIC28 prokaryotic expression vector (see
2.8.6). The recombinant protein was expressed and purified in BL21 E. coli (see 2.10.1) and used in
electrophoretic mobility shift assay (EMSA, see 2.12).

Table 4  Primers for amplification of LIC-adapted ZF-CxxC constructs

Klose Primer S ER [ E——— Gene !(Iose plasmid
Index index
985 F

EST2.1_3 zkdm2aa (1) 410
986 R
899 F

EST2.14_1 zkdm2ab (14) 413
904 R
983 F

2.10 4 zkdm2b (10) 412
984 R

iiii. zkdm2 antigen expression constructs for antibody production

Constructs for zKdm2 antigens were designed to the same region of the zKdm2 proteins as was used
previously to make antibodies for mouse KDM2A and KDM2B. This region lies between the conserved ZF-CxxC-
PHD and F-box regions, and in zebrafish corresponds to amino acids 753-915 for zKdm2aa, 713-875 for
zKdm2ab and 770-946 for zKdm2b. These regions were amplified from full length zkdm2 plasmids using
primers containing LIC overhangs. These PCR products were LIC-processed and inserted via ligation
independent cloning (LIC) into the pNIC28 prokaryotic expression vector (see 2.8.6).
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Table 5  Primers for amplification of zkdmZ2 antigen constructs

Klose Primer S EI s E—— Gene ?(Ioseplasmld
Index index
1284 F

410 zkdm2aa (1) 414
1285 R
1286 F

396 zkdm2ab (14) | 415
1287 R
1282 F

412 zkdm2b (10) 416
1283 R

The zKdm2b antigen expressed very well, but the majority of the protein did not bind to the Ni-NTA affinity
resin and remained in the flow through. As the protein was difficult to purify, the LIC-processed PCR product
for zkdm2b was inserted via ligation independent cloning (LIC) into the pGTVL2 plasmid (273) which has an N-
terminal His-GST tag. Fusion of the antigen to GST improved the yield over the His only tagged protein,
perhaps improving solubility.

iv. Expression construct of Avi-tagged human KDM2B for Bio-CAP
Rob Klose PCR amplified amino acids 600-750 of human KDM2B (ZF-CxxC and PHD domain) and engineered an
AviTag at the C terminus. This PCR product was LIC-processed and inserted via ligation independent cloning

(LIC) into the adapted pNIC28 prokaryotic expression vector (see 2.8.6).

5. Eukaryotic expression constructs

i. Zebrafish eukaryotic expression vector
Zebrafish zkdm2b was inserted via LIC cloning (2.8.6) into the pCAGlpuro LIC vector (441) for eukaryotic
expression. The pCAGIpuro LIC vector has been adapted to add an N-terminal Flag Strep Il tag onto proteins

LIC-cloned into this vector and has a pCAG promoter suitable for eukaryotic expression.

Table 6  Primers for cloning zkdm2b into a eukaryotic expression vector

Klose Primer SRR E—— Gene !(Iose plasmid
Index index
2465
410 zkdm2b (10) 615
2466 R

6. Cassettes for BAC recombineering

BAC recombineering was used to introduce a cassette of interest into the backbone of a bacterial artificial
chromosome (BAC). Zebrafish BACs with the same backbone originating from the pIindigoBAC536 plasmid were
ordered to allow the same recombineering strategy between different BACs. An inverted Tol2 construct
flanking ampicillin selection marker was obtained from Stefan Schulte-Merker (Bussmann and Schulte-Merker,
2011; Suster et al., 2009) (plasmid 445).

For the zebrafish BAC, zBAC2, an inverted Tol2 cassette and a Kan/Neo selection cassette were introduced into
the backbone. The Kan/Neo cassette allowed selection in bacteria and mouse ES cells using Kanamycin and
G418 respectively.
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Table 7  Primers for generating a recombineering cassette to introduce iTol2 amp into

ZBAC2
Klose Primer Stefan-Schulte Merker Primer SRR —— Plasmid name
Index
1730 pIndigoBAC_HA1 iTol2_fw F .
- - 445 iTol2_amp
1731 pindigoBAC_HA2_iTol2_rev R

Analytical PCR was performed to verify successful recombineering. Homology arm 1 was amplified using
primers 1732-1733 (pIndigoBAC_HA1_control_fw —amp_HA1_control_rev) and homology arm 2 using primers
1734-1735 (amp_HA2_control_fw — pIndigoBAC_HA2_control_. Primers were taken from a protocol by Stefan
Schulte-Merker (Bussmann and Schulte-Merker, 2011) (http://www.hubrecht.eu/research/schulte-
merker/documents/bacrecombineering_stepbystep.pdf).

Table 8  Primers for generating a recombineering cassette to introduce Kan/Neo into

zBAC2
Klose Primer F/R | Template Plasmid name
Index
1815
461 RGKamphNGFP
1816 R

Analytical PCR was performed to verify successful recombineering. Homology arm 1 was amplified using
primers 1817-1819 and homology arm 2 using primers 1818-1820.

Chapter 3

There are no appendices for Chapter 3.
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Chapter 4

Appendix 4.1 Vertebrate ZF-CxxC gene orthologues
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Appendix 4.2 Bio-CAP sequencing statistics

Reads
sample Total Mapped Unique mapped
Input (testis) 64,886,866 47,604,119 43,706,654
Human Testes 53,637,385 36,568,199 27,630,493
Liver 68,094,500 50,722,292 37,630,783
Input (testis) 56,973,944 37,674,053 33,599,701
i Testes 41,624,336 24,946,136 18,897,043
Liver 61,630,866 44,725,313 37,638,942
ES cell 35,292,148 22,506,507 21,328,749
Input (testis) 64,982,542 45,689,505 43,605,199
Platypus Testes 72,706,367 34,146,707 30,695,377
Liver 70,763,280 31,221,768 27,853,293
Input (testis) 63,312,725 46,978,928 43,306,854
.§ Chicken Testes 55,709,171 36,332,203 23,641,494
§. Liver 76,503,324 58,646,349 48,408,635
Input (testis) 41,187,232 29,717,442 29,182,278
Lizard Testes 39,245,777 27,424,149 25,170,801
Liver 37,597,309 17,745,828 16,778,478
Input (testis) 38,418,567 20,374,974 19,639,692
Testes 39,484,021 23,206,617 20,191,025
froE Liver 70,328,659 44,226,210 37,552,538
Stage 11-12 38,901,649 30,553,529 10,788,278
Input (testis) 56,207,545 34,302,018 32,384,749
S Teistes 58,697,552 38,487,629 30,258,963
Liver 57,105,500 37,975,697 30,874,004
24 hpf 36,280,355 20,687,841 17,506,436
Total 1,299,571,620 | 842,464,013 708,270,459

A table listing the total number of sequencing reads for duplicate experiments for each species and tissue.
Numbers of reads mapped and uniquely mapped to the appropriate reference genome are also listed.
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Appendix 4.3 Non-methylated islands are a common feature of vertebrate

promoters
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(A-B) Non-methylated DNA profiles in testis at two representative syntenic regions for seven vertebrate
species. Genes are shown in black (improved annotation of gene TSSs using RNA-seq data is shown in
red), CpG island predictions in green (CGI), and non-methylated DNA profiles are shown in blue. A
phylogenetic tree (left) highlights the evolutionary relationship among the seven species. Dashed grey
lines highlight the relationship between the gene TSSs across the species.

Appendix 4.4 Bio-CAP sequencing peak-calling

Peaks
testis | liver (male) | EScell | stage 11-12 | 24 hpf
human 40697 35325
mouse 33806 18142 26115
? platypus | 40871 63946
o chicken 19585 17279
& lizard 12620 22684
frog 11099 21392 12910
zebrafish | 26892 34983 28111

Numbers of peaks identified by MACS with the peak-calling threshold at 6-fold above background.

Appendix 4.5 Differential nucleotide composition of testis NMIs and predicted CGls from

human and zebrafish
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(A) Frequency distribution plots of CpG density (upper) and GC content (lower) for intervals in human
which are shared between or unique to CGI predictions and testis NMIs. (B) Frequency distribution plots of
CpG density (upper) and GC content (lower) for intervals in zebrafish which are shared between or unique
to CGI predictions and testis NMIs.

CGls not overlapping an NMI (bright green) exhibit elevated CpG density and GC content, while unique NMils
not overlapping a CGI prediction exhibit lower CpG density and GC content than for intervals overlapped by
both a CGIl and an NMI. This therefore reveals why CGI predictions generally fail to identify NMls, because not
all NMis fall within the nucleotide properties of CGls. This distinction is greater for zebrafish compared to
human.

Appendix 4.6 Bisulfite validation of Bio-CAP-seq peaks
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(A) Two CGIs from the etv2 gene, one of which overlaps a Bio-CAP peak (chrl5 : 31,656,198 - 31,699,292),
(B) the fgfll gene promoter (chr7 : 23,553,975 - 23,705,445), (C) the mthfsd gene promoter
(chr18:30,804,636-30,911,755) and (D and E) two intergenic Bio-CAP peaks (chrl : 21,120,139 - 21,168,393
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and chr8 : 2,025,545 - 2,056,774). The Bio-CAP-seq trace is shown in red and the matched input in blue
with predicted CpG islands depicted in green.
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Chapter 5

Appendix 5.1 The presence of intergenic NMis at a number of classes of non-coding

transcription start sites

Number of NMls
No. intergenic NMls overlapping: | mouse ES cell zebrafish 24hpf
miRNA 99 53
snRNA 46 22
SnoRNA 28 13
rRNA 6 6
TOTAL intergenic NMls 6071 6835

Intergenic NMls from mouse ES cells and zebrafish 24hpf embryos were scored for overlap with the primary
transcript TSSs of ncRNAs (miRNA, snRNA, snoRNA and rRNA).
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Chapter 6

Appendix 6.1 Introduction of human chromosome 21 into the mouse nucleus does not

affect the non-methylated status of endogenous NMIs from mouse chromosomes

o
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A heatmap of Bio-CAP signal from wildtype (left) and Tcl mouse (right) testis tissues centred at all NMIs
from wildtype mouse testis (33,806 peaks), ranked by length. The presence of human chromosome 21
does not appear to affect the size and distribution of NMIs in the Tc1 mouse.

Appendix 6.2 Nucleotide properties of NMis from zBAC3 in the zebrafish embryo or

mouse ES cells

Interval | Chr Start End GC% Length CpG count | CpG density
1 chrl3 | 31867525 | 31872821 41.39 5296 172 0.0325
2 chrl3 | 31910343 | 31912214 35.28 1871 48 0.0257
3 chri3 | 31937720 | 31939155 38.12 1435 35 0.0244
4 chrl3 | 31939623 | 31941927 37.02 2304 68 0.0295
5 chrl3 | 31980158 | 31982253 37.28 2095 51 0.0243
6 chrl3 | 32052292 | 32054133 38.24 1841 64 0.0348
7 chrl3 | 31904837 | 31905792 33.72 955 13 0.0136
chrl3 | 31919889 | 31920744 42.34 855 25 0.0292
chrl3 | 32033361 | 32034655 46.37 1294 39 0.0301
10 chrl3 | 32049288 | 32050469 36.58 1181 26 0.0220

A table describing the nucleotide properties of non-methylated islands identified from a zebrafish BAC
incorporated into the mouse genome.

248



Chapter 7

Appendix 7.1 Synteny analysis of human KDMZ2A reveals zkdm2aa and zkdm2ab as

zebrafish gene orthologues
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(A) Composite gene trace illustrating the synteny between the human KDM2A gene on human
chromosome 11 and zkdm2aa and zkdmZ2ab on zebrafish chromosomes 1 and 14 respectively (B) Gene
homology matrix of human KDM2A and neighbouring genes compared to the zebrafish zkdmZ2aa (i) and
zkdm2ab (i) gene loci. Plots were generated using the Synteny  Database
(http://syntenydb.uoregon.edu/synteny_db/)
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Appendix 7.2 Synteny analysis of human KDM2B reveals zkdm2ba and zkd2mbb as gene

orthologues from the zebrafish genome
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(A) Composite gene trace illustrating the synteny between the human KDM2B gene on human
chromosome 12 and zkdm2ba and zkdm2bb on zebrafish chromosomes 10 and 8 respectively. (B) Gene
homology matrix of human KDM2B and neighbouring genes compared to the zebrafish zkdm2ba (i) and
zkdm2bb (i) gene loci. Plots were generated using the Synteny  Database
(http://syntenydb.uoregon.edu/synteny_db/)
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Appendix 7.3 Alignment of translated zkdm2b ESTs and Ensembl ENSDART00000102530
(A)
* 20 * 40 * 60 * 80 * 100 *
ENSDART00000102530 :-
ZKDM2B_ESTs MEACAESGRKLRSICRRMYDENEDLSDVEEITNVRGESLEDKLDSASYNSQLVQFMEGKDETYEYVOREALRTPLVFKAKDGLGIRMPDPEFTVSEIKGLVGSRREVOVMDYS : 113
120 * 140 * 160 * 180 * 200 * 220
ENSDART00000102530 =-=-=n=mmmmmmmmmmmmmmmmee e ! B J : -
ZKDM2B_ESTs TQKGSEMSMAQFVRYYETPEDERDKLFNVISLE&SHTKLENLIKRPTVVDLVDWVDNMWPRHLKQKQTEATNVMSEMKYPKVQRYCLMSVKGCE‘TDFHIDFGGTSVWYHVFK 226
ENSDART(00000102530 -
ZKDMZB_ESTS 339
ENSDART00000102530 -
ZKDMZE_ESTS 452
ENSDART00000102530 s -
ZKDM2B_ESTs LPENKKCVPEGIEDPQALLDDVKVVLKEHADDNPKLAISGSPIVCWEKKTFKPRELNRPKPKMGSSPCAARGSTAGGMKLSSGRGSSSARRRRTRCRKCEACTRKECGECHEC @ 565
* 580 * 600 * 620 * 640 * 660 * 6
ENSDART00000102530 - : : -
ZKDM2B_ESTs KDMKKFGGPGRMKQSCIHRQCIAPVLPE#TAVCVVCGEAGKEDTVBGEDDKFSMMLMECSICSEIIHPACLKDKDAGGWNDELPNCWECPKCNHA&TGKQKRGPGFKYASNL : 678
80 * 700 * 720 * 740 * 760 * 780 *
ENSDARTO0000102530 === == === = === == = = = e e o o o o e e e e e e e e : -
ZKDM2B ESTs PGSLLKEQRTLIKEEPDMSTETTAVSPITKRKTEHEDNPTCKSEDALKKRSPKLEDNPLRKKRKLFEKDSDSNSTIRKKKKRTNPDDLSTSLILGHIKKEREDDEEYEEQNQR : 791
800 * 820 * 840 * 860 * 880 * 900
ENSDART00000102530 === mmmmmmmmm = mmm e e o ¢ 49
ZKDM2B_ESTs ERSFVPSEEEDGDDERDEEGEEKALSSRKENGKVSHKTLESDQSQGGLTQAGPSSTDAQSKSO! ¢ 904
* 920 * 940 * 960 * 980 * 1000 * i
ENSDART00000102530 PKHEL 2 3 ‘ : 162
ZKDM2B_ESTs : 1017
ENSDART00000102530 275
zKDM2B_ESTs : 1130
ENSDART00000102530 3
ZKDM2B_ESTs 1243
* 1260 ;
ENSDART00000102530 < ;405 O Jmjc L] PHD
ZKDM2B_ESTs : 1260 ZF-CxxC [ F-box
(B)

@210, 0000 P 43,320,000 iy e ol v ol T PP et 43,320, 00l 2,203, 0000 a2,z00, 000 2,508, 0000 270,00

s

(A) Alignment of amino acid sequence of zKdm2b from this thesis (translation of the cloned zkdm2b
construct, plasmid 409 generated from ESTs) with the sequence from Ensembl (ENSDART00000102530).
(B) A snapshot from the UCSC genome-browser (Zv9, chrl0:43,194,095-43,273,265) of the zkdm2b locus
showing the Ensembl transcript (red), other RefSeq genes (blue) and spliced zebrafish ESTs (black).
Illustrating that EST evidence can be detected for the majority of Kdm2b exons predicted by homology to
other species. The zkdm2b transcript is transcribed right-to-left.
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Appendix 7.4 Alignment of translated zkdm2aa ESTs with NCBI NP_001075161

DITAQDGSGGRGGEGGAWHGVGRPPSSLSHGSLOK!

] JmjC
ZF-CxxC [l F-box

Alignment of amino acid sequence of zKdm2aa from this thesis (translation of the cloned zkdmZ2aa
construct, plasmid 407 generated from ESTs) with the sequence from NCBI (NP_001075161).
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Appendix 7.5 Alignment of translated zkdm2ab ESTs with NCBI XP_001339797.3

[] JmjC PHD
ZF-CxxC [l F-box

Alignment of amino acid sequence of zKdm2ab from this thesis (translation of the zkdm2aa EST construct,
plasmid 396) with the sequence from NCBI (XP_001339797.3).
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Appendix 7.6 Validation of zkdm2 splice morpholinos by RT-PCR

(A) : %
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(A-C) qRT-PCR was performed on embryos injected with two doses of splice-blocking morpholino for each
morpholino, zkdm2aa (A aMO-1), zkdm2ab (B aMO-3) and zkdm2b (C aMO-2). Schematics of genes
zkdmZ2aa, zkdm2ab and zkdm2b are shown with splice-morpholino binding sites and primers used for RT-
PCR indicated (left). RT-PCR products were separated by gel electrophoresis. RT-PCR products observed in
WT embryos were lost upon sMO injection (RT-PCR products 2, 3 and 6, asterisk). RT-PCR products
including intronic sequence become detectable following splice-morpholino injection (RT-PCR products 1,
4 and 5, arrow). Splice morpholinos can cause exon skipping, intron inclusion or use of cryptic splice sites,
all of which can introduce an early stop codon, lead to a frameshift, or cause the mRNA to be targeted for
nonsense mediated decay. The RT-PCR analysis suggests that the splice-blocking morpholinos have
caused intron inclusion of intron 1 for zkdm2aa (sMO-1) and inclusion of intron 2 for zkdm2ab (sMO-3)
and zkdm2b (sMO-2) (orange).
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Appendix 7.7 zkdm2ab morphant embryos exhibit heart and vascular defects and

aberrant blood cell accumulation

In order to easily visualise the zkdm2ab splice morpholino phenotype, sMO-3 was injected into the
gatal:dsred; fkl1:GFP transgenic line. The gatal promoter drives dsred expression in erythroid cells while the
flk1 promoter drives gfp expression in the vasculature. Example images are shown for zkdm2ab morphant
embryos which exhibit pooling of erythrocytes in the trunk or on the yolk, posterior defects such as bent tails,
vasculature defects and string hearts at 30 hpf. No earlier morphological phenotypes were observed for any of
the titrated morphant embryos (5, 10, 15 and 30 ng splice morpholino).

30hpf zebrafish embryos posterior blood island and
gatal:dsred; GFP:fkl1 heart intersomitic vessels

Wildtype (uninjected)

zkdm2ab sMO-3

(A) Wildtype embryos have strong circulation (arrow, A) expanded hearts (B) and ISVs (2 C) which extend
to the dorsal side of the embryo and have fused to form the DLAV (1 C). The PBI is well structured and has
cells circulating through it (3 C). zkdm2ab morphants have similar but variable phenotypes, four examples
of which have been shown here. Hearts in the morphant embryo are thin and string-like (E, H) or aberrant
in shape (K) and despite the heart beating, there is no or little blood flow (from watching the live
embryos). Blood is seen to blood along the trunk in the main vessels or in the PBI (arrowheads D, J) or on
the yolk (arrowhead G). ISVs in the morphant embryos are stunted in length (2 F,IL) and fail to form the
DLAV (1 FLL). Furthermore the PBI appears less structured than in the wildtype animal (3 F, L) or the
vasculature here is dense (3 ).
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Appendix 7.8 Sequencing the zkdm2b alternative start site

(A) B)
RT + -

alternative exon exon 13

?

il o

—2kb
D
2 —1kb
v
g > N — 500 bp
— 100 bp

D
gDNA CTGTGTGTTCGGATGGCTAAGGARCAGAAGGGAGGTA! STAGCAAGCCGTAGCCATGTCAGCTAGCATA
seq CTGTGTGTTCGGATGGCTAAGGAACAGAAGGGAGGTAGCAGTAGCAAGCCGTAGCCATGTCAGCTAGCATA
................. SRR KRR R KRRk ok R Ak R R Rk Rk ok kK
gDNA  AGACGCTAAAAGCCATGGCCATGTCTTT GGAT‘I'A'VGACAA’"I'CGGA'I"I'CTGAGCFS@\GCAA. .e
seq ATTATGACAACTCGGATTCTGAGCAG------~ eee
gDNA
seq
Intron
— Primer
["] Splice concensus sequence
(D)
DNA ttcatgagcatgtcttgctgtagectgtgtgttcggatggctaaggaacagaagggaggtagcagtagcaagecgtagecatgtcagetag
Protein S - A C L A & F GW L R NRRE V A V R H V § -
Cataagacgctaaaaqcc ctttgatcgctgacgaggaggattatgacaactcggattctgagcagccgecggecgectcaat
H K T L K A S o D B N N S N D S A e ORI R B
cgtccaaaacccaagatgggctcgtcteccatgcgecgecccaggctcgacagcaggaggaatgaagetctegtegggt
ROPAK B KIMIENGE SEES P O RITRY PG ST TN TERieL M KT ST S0G

(A) To determine the splice junctions for the alternative exon in zkdm2b, the gRT-PCR product from D-N
(alternative exon to exon 13) was TA cloned and sequenced. (B) Amplification of D-N, indicating the
excised band (red dashed line) to be TA cloned. PCRs were performed with cDNA made with and without
reverse transcriptase (RT + and -). (C) Alignment of sequenced D-N PCR product (seq) with genomic DNA.
Introns are highlighted in grey with consensus splice sequences boxed in orange, introns have been
truncated as indicated by an ellipsis (...). Primers are highlighted in red. Both splice junctions are in frame
(i.e. the end and beginning of exon 12 and 13 encode codon triplets. (D) Intron 12 from primer E was
translated in frame with the splicing event to exon 13. This allows prediction of the start ATG (red box) for
translation as the first ATG following a STOP codon (red dash). The putative coding sequence is
highlighted in pink and the splice junction is indicated by a vertical line.
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Appendix 7.9 Alignment of zKdm2 proteins, highlighting the zZKdm2b antigen
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(A) Alignment of zKdm2aa, zKdm2ab, zKdm2ba (Ensembl sequence, ENSDART00000053158) and zKdm2b
amino acid sequence highlighting the zKdm2b antigen (green). (B) Antigenicity plot for the zKdm2b
antigen (http://www.bioinformatics.org/JaMBW/3/1/7/).
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Appendix 7.10 Production of the zKdm2b antigen

(A) (B)
7 5 ] 1 1 3 3 3 3 BSA zKdm2b E1+4 zKdm2b E2-3
Tmg/ml ~Tmg/ml ~1mg/ml
Un Ind Sol FT E1 E2 E3 E4 E5 1 7. 3 1 3 6 1 3 6 L

70 -

55- 70-
55+

35-

25- 35

25-

(A) Expression and purification of His-tagged zKdm2b antigen from E. coli using a Ni-NTA purification
strategy. Samples were taken before and after induction with IPTG (Un and Ind respectively), after cell lysis
and removal of insoluble pellet (Sol), the flow-through from the Ni-NTA column (FT) and a number of 250
mM imidazole elutions (E1 - E5). Volumes loaded are indicated. (B) Dialysed elutions 1+4 and 2-3 were
quantified by Bradford reagent and diluted to approximately 1 mg/ml. SDS-PAGE gel of 1, 2 and 3 pug BSA
alongside ~1, 3 and 6 ug of zKdm2b elutions 1+4 and 2-3.
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