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Abstract

Retrotransposons constitute around 40% of the mammalian genome and their aberrant
activation can have wide ranging detrimental consequences, both throughout
development and into somatic lineages. DNA methylation is one of the major
epigenetic mechanisms in mammals, and is essential in repressing retrotransposons
throughout mammalian development. Yet during normal mouse embryonic
development some cell lineages become extensively DNA hypomethylated and it is
not clear how these cells maintain retrotransposon silencing in a globally

hypomethylated genomic context.

In this thesis I determine that hypomethylation in multiple contexts results in the
consistent activation of only one gene in the mouse genome - Tex/9.1. Thus if a generic
compensatory mechanism for loss of DNA methylation exists in mice, it must function
through this gene. Tex/9.17" mice de-repress retrotransposons in the hypomethylated
component of the placenta and in the mouse germline, and have developmental defects
in these tissues. In this thesis I examine the mechanism of TEX19.1 mediated genome
defence and the developmental consequences upon its removal. I show that TEX19.1
functions in repressing retrotransposons, at least in part, through physically interacting
with the transcriptional co-repressor, KAP1. Tex19.17 ES cells have reduced levels of
KAP1 bound retrotransposon chromatin and reduced levels of the repressive
H3K9me3 modification at these loci. Furthermore, these subsets of retrotransposon
loci are de-repressed in Tex19.17" placentas. Thus, my data indicates that mouse cells
respond to hypomethylation by activating expression of Tex19.1, which in turn
augments compensatory, repressive histone modifications at retrotransposon
sequences, thereby helping developmentally hypomethylated cells to maintain genome

stability.

I next aimed to further elucidate the role of Tex19.1 in the developing hypomethylated
placenta. I determine that Tex/9./” placental defects precede intrauterine growth
restriction of the embryo and that alterations in mRNA abundance in E12.5 Tex/9.17
placentas is likely in part due to genic transcriptional changes. De-repression of LINE-

1 is evident in these placentas and elements of the de-repressed subfamily are



associated with significantly downregulated genes. If retrotransposon de-repression is
contributing to developmental defects by interfering with gene expression remains to
be determined, however I identify a further possible mechanism leading to placental
developmental defects. I determine that Tex/9.1”" placentas have an increased innate
immune response and I propose that this is contributing to the developmental defects

observed.

Developmental defects and retrotransposon de-repression are also observed in
spermatogenesis in Tex9.17" testes, the molecular basis for which is unclear. I
therefore investigate the possibility that the TEX19.1 interacting partners, the E3
ubiquitin ligase proteins, may be contributing to the phenotypes observed in Tex/9.1
" testes. I show that repression of MMERVK10C in the testes is dependent on UBR2,
alongside TEX19.1. Furthermore, I have identified a novel role for the TEX19.1
interacting partner, UBRS, in spermatogenesis, whose roles are distinct from those of

TEX19.1.

The work carried out during the course of this thesis provides mechanistic insights into
TEX19.1 mediated genome defence and highlights the importance of protecting the

genome from aberrant retrotransposon expression.



Lay Abstract

Every cell in humans and mice contains DNA; precise instructions necessary for life.
Staggeringly, almost half of human and mouse DNA is made up of old viruses, which
can copy and paste themselves to new places in the DNA. In normal circumstances
these cause no problems to how the cell works. This is because defence mechanisms
have evolved alongside these to stop them becoming active. In the development of the
mouse one of these major defence mechanisms called DNA methylation is lost at
defined time points, making the developing cells vulnerable to activation of these old
viruses. The consequences of this can be wide ranging, causing problems in

development, through to adulthood.

Extra levels of defence, in addition to DNA methylation, ensure continued safety from
the activation of these old viruses. One gene called Tex/9./ is activated when DNA
methylation is lost and limits the activation of some of these retrotransposons. How
Tex19.1 does this is unclear and is the primary focus of this thesis. Proteins often work
in combination with other proteins to do a particular job in the cell. Because of this, I
investigated a different protein called KAP1 that binds to TEX19.1 and showed that
these work together to stop the activation of some of the old viruses. I also indicate

that this may contribute to problems in the development of the placenta.

Along with problems in the placenta, development of sperm does not happen as normal
when TEX19.1 is not present. It is not known how these problems occur. I therefore
looked at another set of proteins binding to TEX19.1. I show that UBRS, is important
for development of sperm but is unlikely to be contributing to the problems in animals
without TEX19.1. I show that one of these other sets of proteins, UBR2, is important

for stopping the activation of the same retrotransposon as TEX19.1 in testes.

Together, this thesis identifies how Tex/9./ works to stop the activation of
retrotransposons when the major layer of defence, DNA methylation, is reduced and

highlights the problems arising when these defence mechanisms fail.
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Chapter 1: Introduction
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1.1 The Tex19.1 Genome Defence Gene

Tex19.1 is a mammalian-specific gene of unknown biochemical function which is
expressed in germ cells, pluripotent stem cells and the placenta (Hackett et al., 2012;
Ollinger et al., 2008; Reichmann et al., 2013). Tex/9./ was originally identified as a
‘testis expressed’ gene, following a screen to identify genes expressed in
spermatogonia but not in somatic cells and is a putative target of DAZL, a germline
specific RNA-binding protein (Reynolds et al., 2005; Wang et al., 2001). It is well
conserved between mammals, with humans, macaque and chimpanzee having a single
copy of Tex19, with a premature stop codon which truncates the protein to 164 amino
acids in length when expressed (Kuntz et al., 2008)(figure 1.1). In mice, Tex/9 has
undergone a duplication event to give rise to two Tex genes, Tex/9.1 and Tex19.2
expressed in different tissues (Kuntz et al., 2008)(figure 1.1). Tex/9.1 expression is
restricted to pluripotent or hypomethylated tissues and is primarily and causally
regulated by promoter DNA methylation, as determined by a study to detect gene
expression changes in somatic cells when treated with the DNA methyltransferase
inhibitor, the cytidine analog Saza-deoxycytidine (5-Aza) followed by recovery
(Hackett et al., 2012). Genes retaining increased expression after recovery from 5-Aza
treatment and in mouse embryonic fibroblasts (MEFs) lacking the maintenance
methyltransferase, Dnmtl were largely germline genes with roles in spermatogenesis
and defence against retrotransposons in the germline (see section 1.2)(Hackett et al.,
2012). Previously in the Adams lab the association of Tex/9./ expression with
pluripotency, placental and germline development has been explored by the generation
of Tex19.1”" mice (Ollinger et al., 2008; Reichmann et al., 2012). This identified
numerous roles for T7Tex/9./ in spermatogenesis, placental development and
retrotransposon repression (discussed further in section 1.12)(Ollinger et al., 2008).
Tex19.17" males are sterile and exhibit severe testicular atrophy, meiotic chromosome
asynapsis and meiotic pachytene arrest (Ollinger et al., 2008). Additionally, Tex/9.17
pups exhibit intrauterine growth restriction (IUGR) with defective placental
development (Reichmann et al., 2012). Alongside these developmental defects, both
Tex19.1 testis and placenta have increased retrotransposon de-repression (Ollinger et

al., 2008; Reichmann et al., 2012). As Tex/9.1 is expressed at hypomethylated time
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points permissive for the activation of retrotransposons, TEX19.1 is likely activated in
response to reduced DNA methylation to protect the genome from excessive
retrotransposon activation, which may have potentially deleterious consequences
(Crichton et al., 2014; Hackett et al., 2012; Seisenberger et al., 2012). The potential
TEX19.1 mediated transcriptional mechanism of retrotransposon repression remains
unclear and despite being well conserved among mammals, Tex/9./ does not share
sequence similarities with any known protein domains, therefore imparting potential
mechanistic functions is difficult (Kuntz et al., 2008). This thesis therefore investigates
TEX19.1 interacting partners such as KAP1 and UBRS to unravel the potential
mechanisms contributing to Tex9.1”" phenotypes, from retrotransposon de-repression

to defective spermatogenesis and placental development.
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A TEX19

Chr.17  ———

Human 1

2
TEX19 [i
gene i ORF
(4.53Kb) 495bp
B Tex19.2 Tex19.1
chr.11 —
Rodent 1 2 3
Tex19.1
gene ORF
(2.1KDb) 1056bp

Figure 1.1 Schematic diagram of the human and rodent Tex19 gene locus. (A)
Human TEX19 resides on chromosome 17 and has not undergone a gene duplication
event unlike in rodents. Human TEX19 is comprised of two exons (boxes) with a
459bp ORF in the second exon (bold box). The premature stop codon, when
compared to rodent Tex19.1, is indicated by the red arrow. (B) Rodent Tex19.1 and
the duplicated gene, Tex19.2 are transcribed in opposite directions (bold arrows).
Rodent Tex19.1 is comprised of three exons (boxes) with the 1056bp ORF encoded in
the third exon.
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1.2 Retrotransposons

First described by Barbara McClintock over 60 years ago (McClintock, 1950, 1956),
transposable elements have shaped the mammalian genome throughout evolution
(Cordaux and Batzer, 2009). Transposons are mobile genetic elements that comprise
around 40% of the mammalian genome, a remarkable figure when considering that
protein coding regions account for around 1.5% (Lander et al., 2001; Waterston et al.,
2002). Transposable elements can be separated into two major classes; DNA
transposons which mobilise via a ‘cut and paste’ mechanism and retrotransposons
which mobilise using a ‘copy and paste’ mechanism, to allow integration at new
genomic locations (Goodier 2016). Propagation of retrotransposons across generations
relies on successful retrotransposition in the germline or pluripotent cells early in
development (Zamudio and Bourc’his, 2010). The potentially high mutagenic
consequences of novel insertions at these vulnerable time points has resulted in the
evolution of a diverse array of host genome defence mechanisms that limit their
retrotransposition capacity (Goodier 2016). Retrotransposons can be split into three
main classes comprised of the long interspersed nuclear element (LINE), short
interspersed nuclear element (SINE) and endogenous retroviruses (ERVs) also known
as long terminal repeat (LTR) retrotransposons (referring to the 5° and 3’ repetitive
sequences flanking the internal sequence of the ERV). Each class are repressed by

mechanisms fundamental to mammalian development (Goodier 2016).

1.1.1 LINE-1

LINE-1 is arguably the most successful retrotransposon in mammals as it accounts for
around 17% of the sequenced genome (Waterston et al., 2002). Full length LINE-1
elements in both mouse and human are approximately 6 to 7kb long however their
internal promoter differs both between species and between different subfamilies of
LINE-1 within species (Khan et al., 2006). Many LINE-1 elements are also 5’
truncated (Sookdeo et al., 2013). Of the half a million LINE-1 elements in the human
genome only around 100 of the human specific L1H subfamily are thought to be
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retrotranspositionally competent (Beck et al., 2010; Brouha et al., 2003; Solyom et al.,
2012). Evidence of de novo spontaneous LINE-1 integrations have been reported to
cause disease and phenotypic changes in both humans and mice with approximately
1:1000 spontaneous cases of human disease attributable to LINE-1 insertions (Levin
and Moran, 2011). Mouse LINE-I mRNA encodes two open reading frames
(ORF)(figure 1.2A), whereas humans have an additional ORF (Denli et al., 2015;
Moran et al., 1996). ORFlp encodes an RNA binding protein with nucleic acid
chaperone activity and ORF2 encodes a protein with endonuclease and reverse
transcriptase activities, both of which are required for autonomous retrotransposition
(figurel.2A)(Moran et al., 1996). Recent evidence also points to a previously
overlooked but highly important promoter of human LINE-1 elements. When
analysing the human 5’UTR of LINE-1 for ORFs with an upstream promoter and a
strong kozak sequence, Denli et al identified a primate specific antisense open reading
frame named ORFO0, which enhances LINE-1 mobility (Denli et al., 2015).
Transcription of LINE-1 is mediated by RNA polymerase II from an internal L1
promoter in the 5’UTR which also produces antisense transcripts that can affect
expression of neighbouring genes (figure 1.2A)(Cruickshanks et al., 2013; Mitlik et
al., 2006; Speek, 2001). The youngest, most intact LINE-1 subfamilies appeared in the
mouse genome less than 2 million years ago and are called LIMdT{, L1IMdGf and
LIMdA. These are defined by the monomeric repeats in their 5’UTRs with the many
polymorphisms reflecting ongoing retrotransposition and evolution (Sookdeo et al.,
2013). Older subfamilies such as LIMdF and LIMdF2 are estimated to be between
7.3 million and 3.8 million years old, with older, more degenerate LINE-1 subfamilies
such as L1mus]1 to L1Mus4 inserted into the mouse genome between 12 and 7 million

years ago after the divergence between mouse and rat (Sookdeo et al., 2013).

1.1.2 SINEs

In mice short interspersed nuclear elements (SINEs) make up around 10% of the
mammalian genome and rely on the endonuclease and reverse transcriptase activity of

LINE-1 ORF2 to facilitate their retrotransposition (Dewannieux et al., 2005;
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Waterston et al., 2002). The two main SINE elements are B1 and B2, derived from a
7SL RNA gene (figure 1.2B) and a tRNA gene respectively (Kramerov and Vassetzky,
2011). BI is closely related to human Alu sequences which also rely on LINE-1 to
catalyse their retrotransposition and are the most prevalent SINE subfamilies in human
and mouse genomes (Dewannieux et al., 2003). Conversely, SINE B2 has a greater
LINE-1 dependent retrotransposition capacity than B1, despite fewer genomic copies
which is likely indicative of historic bursts of Bl transposition throughout evolution
(Dewannieux et al., 2005). As with LINE-1, de novo integrations of SINE and Alu
elements in humans and mouse have been associated with disease but also have
intriguing roles in regulation of gene expression (Hancks and Kazazian, 2016; Lunyak

etal., 2007).

1.1.3LTRs

LTRs comprise around 9% of the human and mouse genome and can be split into 4
families in the mouse based on their phylogenetic relationships (Reichmann et al.,
2012; Waterston et al., 2002). The ERV1, ERVK, ERVL and MaLR families comprise
around 400 diverse elements with differing evolutionary origins and genic
composition (Reichmann et al., 2012). Generally, LTRs contain genes essential to
facilitate their autonomous retrotransposition, which are usually found in exogenous
retroviruses (Dewannieux et al., 2004). The gag gene encodes structural proteins to
make virus like particles in the cytoplasm of the host cell, where reverse transcription
occurs (figure 1.2C). The enzymatic proteins are provided by the po/ gene encoding a
protease, a reverse transcriptase and integrase, necessary for cDNA synthesis and
insertion into the host genome (figure 1.2C)(Havecker et al., 2004). The major
difference between retrotransposons and infectious retroviruses is the absence of an
env gene which allows for viral infection of different cells, however some elements
retain env like ORFs which have lost the capacity to form viral envelopes (figure
1.2C)(Havecker et al., 2004). This gene cluster is usually flanked by terminal repeat
regions from which LTR elements get their name, with RNA transcribed from a

promoter in the 5 LTR flanking the internal sequence (figure 1.2C). The LTR

28



elements in the mouse genome are retrotranspositionally active, whereas human LTR
elements are thought to have lost this capacity with no de novo insertions detected in
human disease (Bannert and Kurth, 2006; Maksakova et al., 2006). Around 600,000
solo LTRs exist throughout the human genome with recent evidence suggesting many
have been co-opted as regulatory regions controlling neighbouring gene expression as

either enhancers or alternative promoters (Thompson et al., 2016).

<_| Mouse LINE-1 ~7kb
A . ‘. ORF1 ORF2

Mouse SINE-B1

— ~140bp

P
7SL RNA A rich

Mouse MMERVK10C ~8Kkb
C gag I pro | pol | env .

Figure 1.2: Schematic diagram of the structure of mouse LINE-1, SINE B1 and LTR
MMERVK10C elements. Shaded areas represent transcriptional regulatory regions
with transcriptional start sites indicated by arrows. The molecular function of each
protein coding region are discussed in the main text. MMERVK10C represents the LTR
class of retrotransposons.
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1.3 DNA Methylation

In many species, the transcription of retrotransposons and selected genes is stably
repressed in a tissue specific manner both throughout development and into terminally
differentiated cell types (Bird, 2002). This control of stable transcriptional repression
is mediated by DNA methylation, an epigenetic modification of the DNA whereby, a
methyl group is physically added to the 5 position of the pyrimidine ring of a cytosine
base when present in a CpG dinucleotide. This modified nucleotide is known as 5-
methylcytosine (5SmC) (Bird, 2002). Transcriptional regulation as a consequence of
methylated CpGs can be explained by two primary models. In the first; methylation of
cytosines can prevent transcription factors and regulatory proteins from binding to
DNA (Bell and Felsenfeld, 2000), and in the second; DNA methylation can create sites
for methyl-CpG binding proteins (MBPs), which recognise methylated CpGs and
recruit co-repressors to modify chromatin structure. This in turn leads to the formation
of inaccessible, compacted regions of DNA known as heterochromatin and

transcriptional repression (Boyes and Bird, 1991).

In eukaryotes, DNA methylation is present in fungal, animal and plant species. CpG
methylation plays an essential role in vertebrate development (Li et al., 1992), however
some invertebrates such as Caenorhabditis elegans and Drosophila melanogaster and
the yeasts Saccharomyces cerevisiae and Schizosaccharomyces pombe have very low
or largely undetectable levels of genomic DNA methylation (Zemach and Zilberman,
2010). This suggests that DNA methylation is not a prerequisite for development.
However, important roles are being identified for DNA methylation in these organisms
where the levels of DNA methylation are very low. For example, methylation of
cytosines regulates retrotransposon silencing and integrity of telomeres in Drosophila

(Phalke et al., 2009).

Most of the mammalian genome is heavily methylated, however CpG methylation is
highly dynamic and undergoes extensive changes during differentiation, especially in
regulatory regions outwith genic promoters (Meissner et al., 2008). Global methylation
is interrupted by stretches of DNA with high densities of unmethylated CpGs, called
CpG islands (CGls). These CGIs overlap the promoter regions of around 60%-70% of
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all human genes (Weber et al., 2007). CpG density affects the behaviour of these
promoters and CGIs are generally associated with constitutively expressed genes (Zhu
et al., 2008), however many CGl-associated genes remain transcriptionally repressed
despite the absence of methylation, indicating additional regulatory mechanisms such
as histone modifications (Weber et al., 2007). In mammals, DNA methylation is
critical for embryonic development, genomic imprinting, X-inactivation, gene
repression and repression of transposons (Bird, 2002). Furthermore, the existence of
DNA methylation has been suggested to have primarily evolved to facilitate this
transcriptional control of retrotransposons (Yoder et al., 1997). For DNA methylation
to be a truly epigenetic system it needs to be mitotically and meiotically heritable,
criteria that are achieved via distinct de novo and maintenance DNA methylation

mechanisms throughout development and beyond (summarised in table 1.1).
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™ protein | Functions | Mutant Phenotype

Dnmt3a De novo Postnatal lethality, Okano et al., 1999;
establishment of defective Kaneda et al., 2004;
DNA methylation spermatogenesis Kato et al., 2007
and de novo DNA
methylation at
imprinted regions
Dnmt3b De novo Embryoniclethality Okano et al., 1999
establishment of by E10.5 with
DNA methylation defective de novo
methylation of
satellite DNA
Dnmt3L Co-factor required Abnormal Bourc’his et al.,
for maternal imprinting and 2001
methylation by male sterility
Dnmt3a and 3b
Dnmt1 Maintenance of Embryonic lethality Lietal., 1992
DNA methylation by E8.5. Lei et al., 1996
Hypomethylation, @ Walsh et al., 1998
loss of imprinting,
retrotransposon
activation
Dnmtlo Oocyte specific Loss of maternal Howell et al., 2001

isoform of Dnmt1 imprints

Table 1.1. DNA methyltransferases and their functions and mutant phenotypes in
mouse

1.2.1 De novo DNA methylation

DNA methylation is added to CpG dinucleotides via two distinct but related DNA
methyltransferases, DNMT3A and DNMT3B, whose activity is stimulated by the non-
catalytic co-factor, DNMT3L (table 1.1). Expression of these enzymes is greatest
during embryonic development, where their primary role is genome wide de novo
methylation (Okano et al., 1999). The DNMT3 proteins both have essential but
differing roles in development as determined by genetic knockouts of Dnmt3a or
Dnmt3b. Dnmt3a”" mice develop to term but are runted and die by 4 weeks post-
partum, however global DNA methylation patterns are retained (table 1.1)(Okano et

al., 1999). In contrast, no viable Dnmt3b”" mice are born, due to embryonic lethality
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at around E10.5 (table 1.1)(Okano et al., 1999). The more severe phenotype of
Dnmt3b” mice suggests a more important role for DNMT3B in embryonic
development compared to DNMT3A. Consistent with this, Dnmt3b is expressed
earlier during embryonic development with DNMT3B protein detected at E4.5 in the
inner cell mass at the implantation stage but being reduced in embryos by E10.5 and
absent from the trophoblast at each stage (Watanabe et al., 2002). In contrast,
DNMT3A is detectable in the embryo at E10.5 onwards with low levels of DNMT3A
detectable in the trophoblast component (Oda et al., 2013; Watanabe et al., 2002).
Despite these different requirements, both have overlapping functions as indicated by
the more severe phenotype of double knockout Dnmt3a” Dnmt3b”" embryos. These
embryos die around ES8.5 due to growth arrest shortly after gastrulation (Okano et al.,

1999).

It is also important to note that there are also some distinct differences in the loci
targeted. For example, DNA methylation at centromeric minor satellite repeats is
perturbed in Dnmt3b”" mice but not in Dnmt3a”” mice (table 1.1)(Okano et al., 1999).
Interestingly, some genomic loci such as imprinted regions remain methylated even in
the combined absence of both Dnmt3a and Dnmt3b, due to the activity of the
maintenance methyltransferase, DNMT1 (Hirasawa et al., 2008; Li et al., 1993; Okano
et al., 1999). Also DNA methylation at the Intracisternal A particle (IAP) family of
LTRs is relatively resistant to this global hypomethylation (Okano et al., 1999). This
supports a role for the maintenance of DNA methylation at these loci by the

maintenance methyltransferase mechanisms (Okano et al., 1999; Walsh et al., 1998).

The differing targets of each of these proteins in embryonic development suggested
that they may also have differing genomic targets in the germline. Conditional deletion
of Dnmt3a or Dnmt3b in primordial germ cells (PGCs) using TNAP-Cre knock-in
mice, which is expressed in PGCs from E9.5 to late gestation, showed that DNMT3A
has distinct roles from DNMT3B in establishing de novo methylation at imprinted
genes during male and female gametogenesis (Kaneda et al., 2004; Kato et al., 2007).
Conditional Dnmt3a”" mice are viable but offspring of conditional Dnmt3a”" female
mice exhibit embryonic lethality around E9.5 and lack methylation at maternally
imprinted loci leading to loss of their allele specific expression (table 1.1)(Kaneda et

al., 2004; Kato et al., 2007). DNMT3A is also necessary for some paternal imprints
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(Kaneda et al., 2004; Kato et al., 2007). Despite the embryonic lethality of complete
Dnmt3b” knockout mice, offspring from germline conditional Dnmt3b” exhibit no
apparent phenotype, however the methylation of at least one paternally imprinted gene,
Rasgrfl, is dependent on DNMT3B, along with DNMT3A (Kaneda et al., 2004; Kato
et al., 2007). Interestingly, the defects observed in offspring of conditional Dnmt3a
" females were very similar to the maternal-effect seen in offspring from Dnmt3L"
females (Bourc’his et al., 2001). Both Dnmt3a and Dnmt3L are also individually
required for maternal and paternal imprinting (table 1.1)(Bourc’his et al., 2001).
Dnmt3a and Dnmt3b are also critical in the female germ line. Conditional double
knockout oocytes null for both Dnmt3a and Dnmt3b give rise to offspring with defects
in DNA methylation at imprinted regions and non-imprinted genes, resulting in
defective gene expression driving loss of cell adhesion in methylation-deficient
trophoblast cells (Branco et al., 2016). Thus de novo methylation is restricted to
regulation of genomic imprinting but also plays a role in regulating gene expression

during development.

The activity of DNMT3A and DNMT3B is stimulated by the catalytically inactive
DNMT3L which is essential for de novo methylation and maternal imprints during
spermatogenesis and oogenesis, but dispensable in somatic tissues (table 1.1)(Jaenisch
and Bird, 2003). This requirement of DNMT3L for establishing de novo DNA
methylation on paternally imprinted genes in the developing germline was indicated
by a severe reduction in methylation at paternally imprinted loci in Dnm¢3[ conditional
knockout prospermatogonia (Kato et al., 2007). Evidently, de novo DNA methylation
is highly important for embryonic and germ cell development with many distinct but
often overlapping genomic targets of DNMT3A and DNMT3B. The overlapping but
often different requirement for each methyltransferase at particular loci in different
developmental contexts demonstrates the importance of partially redundant de novo
DNA methyltransferases. In summary, DNMT3A is globally dispensable for de novo
methylation in the early embryo but is required for gametic methylation. In contrast,
DNMT3B is generally not required for gametic methylation, however is required for
de novo methylation in the early embryo. Both Dnmt¢3a and Dnmt3b play minor roles
in de novo methylation of the trophoblast lineage, possibly leading to the general

hypomethylation but maintenance of imprints this tissue (Branco et al., 2016).
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1.2.2 Maintenance of DNA methylation

It is critical to faithfully reproduce DNA methylation patterns between cell
generations, not only to maintain imprinting but also to facilitate faithful regulation of
transcriptional networks and retrotransposons in daughter cells upon mitotic division.
Maintenance of DNA methylation is performed by the DNMTI1 maintenance
methyltransferase, whereby hemi-methylated loci carrying a methyl group on the
parental strand is perpetuated to the new strand (Cedar and Bergman, 2012).
Recruitment of DNMTI1 to these loci is facilitated by NP95 which binds to
heterochromatin associated H3K9me histone modifications during DNA replication to
mark hemi-methylated loci (Rothbart et al., 2012). Dnmt¢1 is essential for embryonic
development as mice hypomorphic for Dnmtl die around E8.5 (Li et al., 1992). Dnmt1
is also essential for DNA methylation as Dnmt¢l hypomorphic mice exhibit a 95%
reduction in genomic methylation levels, along with dramatic increases in transcripts
of the LTR element IAP which is repressed by DNA methylation in developing and
somatic cells (Lei et al., 1996; Li et al., 1992; Walsh et al., 1998). Global and
conditional deletion of Dnmtl in maternal and zygotic stages of mouse development
also results in demethylation of imprinted genes and their aberrant expression in the
blastocyst and post-implantation embryos (table 1.1)(Hirasawa et al., 2008; Li et al.,
1993). Similar phenotypes arise in embryos carrying catalytically inactive mutant
versions of Dnmtl suggesting the defects observed are likely due to the failure to

maintain DNA methylation (Takebayashi et al., 2007).

1.4 Global Epigenetic Reprogramming

Despite the highly important role for DNA methylation in a plethora of cellular
processes, at two distinct time points in development global epigenetic reprogramming
occurs where DNA methylation is globally removed from the genome (figure

1.3)(Cantone and Fisher, 2013). This provides a relatively DNA methylation free
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genome ready for re-establishment of DNA methylation by de novo DNA
methyltransferases (Smallwood and Kelsey, 2012).

1.3.1 Epigenetic reprogramming of primordial germ cells

During germ cell development, epigenetic reprogramming occurs leading to profound
remodelling of the DNA methylation landscape to remove parental epigenetic marks.
Existing DNA methylation patterns from the parental genomes are erased by E13.5 to
around less than 10% of starting methylation (figure 1.3)(Popp et al., 2010). This
global wave of DNA demethylation seemingly occurs in two phases (Seisenberger et
al., 2012). Shortly after gastrulation around E7.25 approximately 50 primordial germ
cells are specified from the developing epiblast (Smallwood and Kelsey, 2012). These
then undergo extensive proliferation and migration to the genital ridge at around E10.5
where the gonads develop. The first phase of this demethylation is proposed to occur
in a DNA replication dependent, passive manner during this proliferation event prior
to E9.5, with bulk methylation levels already reduced to 30% at most loci
(Seisenberger et al., 2012; Smith and Meissner, 2013). Interestingly, DNA methylation
is maintained at imprinted genes at this time point (Seisenberger et al., 2012; Seki et
al., 2005). The second wave of DNA demethylation is more likely an active process
which contributes to reducing DNA methylation at imprinted regions around E10.5 to
E12.5 (Seisenberger et al., 2012). This is presumably necessary to facilitate sex
specific establishment of de novo methylation marks at imprinted loci in the sexually
differentiating germ cells (Smallwood and Kelsey, 2012). A minority of sequences
such as IAP retrotransposons are resistant to complete DNA methylation
reprogramming as indicated by bisulphite sequencing on PGCs at E11.5 and E13.5,
however more recent genome wide DNA methylation techniques has allowed
detection of more specific subsets of retrotransposons resistant to these

reprogramming events (Hajkova et al., 2002; Lane et al., 2003).

Genome wide bisulphite sequencing covering different time points of PGC DNA
demethylation has provided further evidence of differing dynamics and resistance of

some genomic loci to these events (Hackett et al., 2013, Popp et al., 2010, Seisenberger
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etal., 2012). Retrotransposons such as LINE, SINE and the majority of LTR class are
hypomethylated to around 20% in PGCs at E13.5 compared to 80% in the embryo
(Popp et al., 2010). During this global reprogramming, one LTR family of elements
called intracisternal A particles (IAP) remain heavily controlled by DNA methylation
and retain around 60% of methylated CpGs (Popp et al., 2010; Seisenberger et al.,
2012). Despite the dramatic loss in DNA methylation at the majority of
retrotransposon loci creating a window permissive of their de-repression (figure 1.3),
most retrotransposons are not de-repressed at E13.5. Interestingly, LINE-1 is
specifically expressed in female PGCs at E16.5 (Seisenberger et al., 2012), however
the reason for this specific window of de-repression is unclear. Together this data
indicates additional genome defence mechanisms exist to limit any retrotransposition

events in reprogrammed PGCs to protect future generations (Seisenberger et al., 2012).

Throughout the whole PGC reprogramming event the de novo methyltransferases are
transcriptionally silenced (DNMT3A) or excluded from the nucleus (DNMT3B)
supporting the absence of any de movo methyltransferase activity during PGC
epigenetic reprogramming (Hajkova et al., 2002). The regulators of active DNA
demethylation in PGCs are steadily being identified with the first protein identified
being the deaminase protein, AID but also the Ten-eleven translocation (TET)
enzymes (Hackett et al., 2013; Popp et al., 2010). No genetic mouse mutants have yet
been identified which retain DNA methylation in PGCs, possibly indicating that there

may be more, as yet unknown, mechanisms of DNA removal at work.

This genome wide DNA demethylation event precedes any alterations in histone
modifications in post-migratory PGCs, suggesting that erasure of DNA methylation
may be an initiating event for reprogramming at this stage. Global levels of many
histone modifications associated with transcriptional repression or activation are
reduced at E11.5 such as histone H3 lysine 9 trimethylation (H3K9me3), histone H3
lysine 27 trimethylation (H3K27me3), histone H3 lysine 9 acetylation (H3K9ac) and
the linker histone H1 (Cantone and Fisher 2013). This reduction is transient as these
marks are thought to be globally re-established by E12.5 (Hajkova et al., 2008). The
reason for the highly regulated timing of this reduction and re-establishment is still
unclear. The combined loss of DNA methylation and histone modifications acts to

completely epigenetically reprogram the PGC genome at E11.5 (figure 1.3). In PGCs
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specified for the male lineage, DNMT3A and DNMT3B dependent de novo
methylation begins around E16.5 in prospermatogonia during mitotic arrest (figure
1.3)(Seisenberger et al., 2012). In contrast, developing female oocytes remain in a state
of global hypomethylation during meiotic arrest in prophase I until after birth when
growing oocytes establish de novo DNA methylation patterns until puberty (figure
1.3). Meiosis is resumed upon oocyte extrusion followed by consequent arrest in

metaphase II until fertilisation (Smallwood and Kelsey 2012).

1.3.2 Epigenetic reprogramming post-fertilisation

Upon fertilisation, parental genomes remain physically separated for around 24 hours
in their own pronuclei until syngamy takes place. During this period the maternal and
paternal genomes have asymmetric epigenetic marks and undergo distinct
reprogramming events, with loss of DNA methylation occurring quicker in the male
pronucleus compared to the female pronucleus (figure 1.2)(Cantone and Fisher, 2013).
Two hypotheses as to the mechanism of removal of DNA methylation have recently
been explored. The first; active DNA demethylation where SmCs are removed without
the requirement for DNA replication and the second; replication dependent
demethylation where the SmC on the parental strand is not copied to the newly
synthesised daughter strand during S phase (Piccolo and Fisher, 2014). Demethylation
of the paternal pronucleus was initially thought to be mainly performed by active DNA
demethylation as it occurs before DNA replication and in the presence of DNA
replication inhibitor (Oswald et al., 2000). More recently, the detection of 5-
hydroxymethyl cytosine (ShmC) by immunostaining indicates the active conversion
of 5SmC to ShmC via the TET3 enzyme (see section 1.4.2)(Gu et al., 2011; Wossidlo
et al., 2011). This was originally not thought to be occurring in the female pronucleus,
however low levels of ShmC have recently been detected by more sensitive genome
wide scale reduced representation bisulphite sequencing and a modified version to
detect ShmC and derivatives (Guo et al., 2014; Hu et al., 2014). This suggests that

active DNA demethylation may play a role in the female pronucleus, albeit to a lesser
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extent than in the male pronucleus (Guo et al., 2014). However, bulk DNA
demethylation in both male and female pronuclei appears to be due to passive,
replication dependent depletion of SmC. This was shown after culture of male and
female pronuclei with aphidicolin to block DNA replication, which prevented
extensive demethylation (Guo et al., 2014; Shen et al., 2014). This replication
dependent demethylation is also supported by the increase in hemimethylated DNA
molecules after first round replication in the zygote (Arand et al., 2015). Throughout
these demethylation events, DNA methylation is maintained at imprinted genomic
differentially methylated regions (gDMRs) (figure 1.3). In addition to genome wide
demethylation of DNA, the paternal spermatogenic chromatin is decondensed and
protamines are exchanged for newly synthesised ooplasm derived histones (Santos et

al., 2002).

By approximately E3.5 in mice the inner cell mass (ICM) is extensively globally
hypomethylated (figure 1.3)(Cantone and Fisher 2013; Smallwood and Kelsey 2012).
At E6.5, specification to PGC lineage can occur which primes these cells for another
wave of global DNA demethylation. DNA methylation is fully re-established in the
embryonic lineages but only partially in extraembryonic trophectoderm lineages of the
blastocyst, creating a striking global epigenetic asymmetry (Chapman et al., 1984;
Rossant et al., 1986). DNA methylation levels of ES cells in laboratory culture can
vary dependent on the conditions used (Habibi et al., 2013).

Figure Overleaf

Figure 1.3 DNA methylation dynamics during the two phases of global epigenetic
reprogramming. Primordial germ cells are specified around E7.25 and DNA
methylation is erased until E12.5 where levels are extremely reduced. Germ cell sex
determination occurs around E12.5 and the male and female germ cells undergo sex
specific de novo DNA methylation with differing timings. Following fertilisation loss
of DNA methylation occurs quicker in the male pronucleus than the female
pronucleus to lowest levels in pre-implantation embryos. De novo DNA methylation
is then re-established to varying extents in the embryo, ES cells and the
trophectoderm derived cells of the placenta. The purple line denotes male patterns
of DNA methylation erasure and the orange line represents where the female specific
reprogramming differs from male. The green line indicates maintenance of DNA
methylation at imprinted regions. Figure modified from Smallwood and Kelsey 2012.
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1.5 Removing DNA Methylation

DNA methylation can be removed from the genome in a passive manner dependent on
DNA replication or actively removed by a family of catalytic proteins called the Fe(II)
2-oxoglutarate dioxygenase Ten-eleven translocation (TETs) enzymes, which convert
SmC to 5hmC, 5-formylcytosine (5fC) and 5-carboxylcytosine (5caC) (figure
1.4)(Seisenberger et al., 2013). Further potential mechanisms of active removal of
DNA methylation exist such as deamination by AID/APOBEC DNA editing family
enzymes (Morgan et al., 2004; Popp et al., 2010) which converts 5SmC to thymine with
the resulting T:G mismatches removed by thymine-DNA-glycosylase (TDG) and the
base excision repair (BER) pathway (figure 1.4)(Hajkova et al., 2010; He et al., 2011;
Yan et al., 2011).

Active demethylation

Passive o
demethylation hmu k
HO' NH
Replication : AID/ S | K _________ .. BER
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Figure 1.4: Schematic diagram of passive and active TET dependent DNA
demethylation. 5mC can be removed in a passive, replication dependent manner or
via activity of the TET enzymes which subsequently oxidise 5mC to 5hmC, 5fC and
5caC prior to removal via TDG and the BER pathway. AID/APOBEC provide an
additional active removal mechanism whereby 5mC is deaminated and converted to
unmethylated cytosine by the BER. (Diagram modified from Williams et al., 2012).
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1.4.1 Passive DNA demethylation

Passive loss of DNA methylation can occur by blocking the maintenance machinery
in dividing cells by exclusion, enzymatic inhibition or loss of expression of the
maintenance methyl transferases (Piccolo and Fisher, 2014). Shortly after post
fertilisation, the maternally derived genome of the zygote undergoes progressive
demethylation upon cleavage divisions (Mayer et al., 2000). This may be due to the
oocyte specific isoform of the maintenance methyltransferase, Dnmtlo being excluded
from the nucleus of one cell, two cell and four cell embryos (Cardoso and Leonhardt,
1999; Meyenn et al., 2016). During mammalian development PGCs undergo several
rounds of cell division where DNA methylation is not maintained, which has been
proposed to be due to exclusion of the Dnmtl co-factor NP95 from the nucleus

(Meyenn et al., 2016; Seisenberger et al., 2012).

1.4.2 Active removal of DNA methylation

Active DNA demethylation has been shown to be facilitated by a family of three
catalytic TET enzymes which catalyse the conversion of 5SmC to ShmC and the more
oxidised forms 5-fC and 5-caC (figure 1.4)(Ito et al., 2011; Tahiliani et al., 2009).
Mammalian TET1 and TET2 have highly specific binding to 5SmC in a CpG context
with little specificity for flanking DNA sequences. Their enzymatic oxidative capacity
was demonstrated by in vitro enzymatic assays which showed human and mouse TET
proteins are significantly more active on SmC-DNA substrates than ShmC and 5fC

substrates (Hu et al., 2015; Ito et al., 2011).

TET enzymatic function has common outcomes but genetic studies suggest that TET
proteins are functionally non-redundant. For example, oocyte and early
preimplantation embryonic expression of Tef enzymes is restricted to Tet3 but its
expression decreases as pre-implantation development progresses (Gu et al., 2011).
Tetl and Tet2 expression is high in the inner cell mass (ICM) and ESCs, but 7et! is
downregulated upon differentiation, whilst Tez3 is upregulated (Rasmussen and Helin,

2016). Tet2 and modest expression of 7et3 is present in a large number of adult tissues,
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however the tissue specific importance of each TET enzyme is still under debate
(Rasmussen and Helin, 2016; Szwagierczak et al., 2010; Tahiliani et al., 2009). SmC
levels are relatively constant between tissues, however ShmC levels in the mouse vary
drastically dependent on cell type, possibly as a consequence of differing activity of

TET enzymes (Globisch et al., 2010).

Recently, mapping of ShmC across the whole genome in human and mouse ESCs has
provided insights into the genomic location and scale of TET protein function
(Rasmussen and Helin, 2016). Traditional bisulphite sequencing cannot discriminate
5SmC from ShmC as both resist deamination upon bisulphite treatment (Yu et al., 2012).
Therefore, a modified genome wide bisulphite sequencing approach was developed,
whereby all SmC is oxidised to 5-caC by an excess of recombinant TET1, but all ShmC
is protected from oxidation by the addition of a glucose to ShmC (Yu et al., 2012).
This showed that in ESCs 5hmC is enriched in regions with low CpG content,
including promoters associated with lowly expressed genes, gene bodies, intragenic
regions and at active enhancers with varying distributions in different tissues (Stroud
etal., 2011; Yu et al., 2012). This distribution data provides further understanding of
the potential roles for ShmC in genome regulation, alongside it being a by-product of

DNA demethylation.

The physiological developmental relevance of TET proteins has been investigated by
genetic knockout of the Tef genes and further indicates distinct roles for the different
TET proteins. Tet3 constitutive deletion leads to death shortly after birth indicating an
essential role in development (Gu et al., 2011). Maternally inherited TET3 also has
roles in reprogramming the paternal pronucleus (Gu et al., 2011). In contrast,
individual Tet/”" or Tet2”" mice are viable and fertile with no evident developmental
phenotype, however these proteins were determined to have redundancy in
development as double Tet/”"Tet2”” mice exhibit some embryonic lethality with a
spectrum of disorders such as exencephaly, growth retardation and defective
imprinting (Dawlaty et al., 2013). Despite this, around 40% of TetI” Tet2”" mice are
born grossly normal and are fertile (Dawlaty et al., 2013). TET enzymes contribute to
reprogramming methylation patterns at some sequences throughout development and

recent findings indicate that addition of vitamin C to embryonic stem cells (ESCs)
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promotes TET activity leading to a global increase in ShmC and reductions in SmC at

different loci in mESCs (Blaschke et al., 2013; Walter et al., 2016).

Recent evidence indicates roles for TET enzymes in active removal of DNA
methylation in developing PGCs. TET1 and TET2 enzymes peak in expression in
PGCs between E10.5 and E11.5 at the height of DNA methylation removal (Hackett
etal., 2013). This reduction in 5SmC was accompanied by a global enrichment of ShmC
suggesting conversion by the TET proteins (Hackett et al., 2013). To confirm the
conversion was due to TET1 and TET2, inducible knockout Tet!/Tet2 PGC-like cells
were specified from epiblast-like cells and indicated that upon knockdown of Tet/ and
Tet2 there was a substantial inhibition of DNA demethylation, not only genome wide
but at imprinted regions, LINE-1 elements and some IAP loci (Hackett et al., 2013).
Furthermore, components of the BER pathway such as poly(ADP-ribose)-polymerase
1 (Parpl) and Tetl are upregulated in E11.5 PGCs (Hajkova et al., 2010) which

indicates that reprogramming in PGCs may involve multiple redundant mechanisms.

1.4.3 TDG catalysed base excision and base excision repair

Another major driver of active DNA demethylation involves thymine-DNA-
glycosylate (TDG) catalysed base excision and DNA base excision repair (BER). TDG
is a mismatch repair enzyme which was found to bind and excises G:U and G:T base
pairs (Lindahl and Wood, 1999). More recently, TDG has been shown to be a critical
step in the TET mediated active DNA demethylation pathway (figure 1.4). No binding
or catalytic activity of TDG was detected for ShmC in vitro and indicated the
specificity of TDG for 5fC and 5caC, the more highly oxidised forms of SmC (He et
al.,2011; Zhang et al., 2012). TDG is first recruited to 5fC and 5caC and then catalyses
base excision of these oxidised cytosine bases, which are replaced by an unmodified
cytosine by BER (Nabel et al., 2012). This mechanism was supported by experiments
in ESCs null for 7dg which had an increase in 5fC and 5caC and HEK293T cells
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overexpressing 7dg having reduced 5fC and 5caC levels (Nabel et al., 2012).
Furthermore, the biological relevance of TDG in development was highlighted by 7dg
” mice which died by E11.5 with haemorrhages and problems with vasculature
development, among other defects (Cortazar et al., 2011). In support of the in vivo
functional studies, these mice exhibited hypermethylation affecting the expression of
developmental genes. Failure to establish and maintain correct DNA methylation
patterns was proposed to be the likely cause of developmental defects (Cortazar et al.,

2011).

Aside from TET and TDG/BER pathways, alternative mechanisms can exist to
perform active DNA demethylation. For instance, DNA repair mechanisms such as
deamination by the AID/APOBEC family of cytidine deaminases results in conversion
of ShmC to ShmU followed by BER and replacement with an unmodified cytosine
(figure 1.4)(Popp et al., 2010; Morgan et al., 2004). AID has clear activity in PGCs at
E13.5, however the phenotype upon A4id deletion in PGCs is moderate, indicating the
presence of additional mechanisms which actively remove DNA methylation in the
absence of AID (Popp et al., 2010). Each of these components of the active DNA
demethylation mechanisms have roles in the global epigenetic reprogramming events

occurring shortly after fertilisation and in the developing primordial germ cells.

1.6 DNA Methylation Associated Interferon Response

Experimental removal of DNA methylation using DNA demethylating drugs has
provided a method to induce retrotransposon de-repression in a variety of cell types
and assess the molecular and physiological consequences for many cellular processes.
Removing DNA methylation in differentiated cells using 5-Aza de-represses LTR
retrotransposons (Chiappinelli et al., 2015; Davis et al., 1989; Roulois et al., 2015;
Rowe et al., 2010), suggesting DNA methylation is playing an important role in
repressing these retrotransposons in these cells. Interestingly, retrotransposon de-
repression in cells treated with 5-Aza induces a type I interferon B response, leading
to apoptosis of the treated cells, possibly through the accumulation of retrotransposon-

encoded nucleic acids in the cytoplasm (figure 1.5). This mimicks infection by an
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exogenous retrovirus (Chiappinelli et al., 2015; Kassiotis and Stoye 2016; Roulois et
al., 2015). Repression of retrotransposons by DNA methylation and potentially also
by other mechanisms may therefore be important to prevent inappropriate activation

of innate immune responses in mammals.

=]
3

‘ Reverse transcription

‘Hijacking’ of LINE1 RT | e= R

Retroviral RNA
AN

A QOVGVOVOVOVGOT
Proviral DNA m

B JOVGVIVIVGVOT N/ N/ N

M\M—J

Antisense transcription ‘

Figure 1.5: Nucleic acid intermediates of transcriptionally de-repressed
retrotransposons. (A) Transcriptional de-repression of LINE-1 and LTR
retrotransposons (proviral DNA, internal blue helix) can result in production of
retroviral RNA (single red line) followed by reverse transcription to double stranded
cytosolic DNA (dsDNA)(isolated blue helix), due to the increased availability or
‘hijacking’” of LINE-1 reverse transcriptase (RT). (B) Additionally, increased
complementary sense and antisense single-stranded RNA (ssRNA)(single red lines)
transcripts that may form double-stranded RNA (dsRNA)(red helix). Cytosolic dsRNA
and dsDNA molecules are visible to RNA and DNA sensors respectively. Dark blue
shading denotes the nucleus and light blue, the cytoplasm (Figure modified from
Kassiotis and Stoye, 2016)
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The immune system is frequently activated in response to invasion of cells via non-
self-pathogens, resulting in host cell death (Platanias, 2005). One such mechanism of
immune response is the interferon pathway (figure 1.6). The effects of the interferon
pathway and activation of interferon stimulated genes are wide ranging as they are pro-
inflammatory, enhance adaptive immunity, and are directly antiviral (Schneider et al.,
2014). Type I interferons are largely comprised of interferon o (IFN) and IFNf
produced by a broad range of cell types (Platanias, 2005). The type II interferon
response is reliant on IFNy which is predominantly produced by T cells and natural
killer cells. Type III interferons are comprised of IFNA and are largely restricted to

epithelial cell surfaces (McNab et al., 2015).

All type I interferons bind a receptor comprised of two subunits known as IFNAR1
and IFNAR?2 on the surface of the cell (figure 1.6). The receptor is associated with the
Janus kinase (JAK) / Tyrosine kinase (TYK) which when bound by IFNa/f results in
tyrosine phosphorylation of STAT1 and STAT2 (Paludan and Bowie, 2013). These
then form a trimeric complex, translocate to the nucleus with IRF9 and bind IFN-
stimulated response elements (ISREs) in DNA, initiating the transcription of interferon
stimulated genes (figure 1.6)(Platanias, 2005). The type II IFN pathway functions via
a similar pathway mainly reliant on STAT]1 (Platanias, 2005). Depending on the type
of viral insult detected, from cytosolic dsSRNA or cDNA, different proteins facilitate
the immune response. RIG-1 and MDAS are cytosolic dsRNA sensors and TMEM173
(STING) is a mediator of the response to cytosolic DNA (Paludan and Bowie, 2013).
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Figure 1.6: Schematic diagram of activation of the JAK-STAT pathway by type-I
interferon. IFN-alpha or beta is sensed by IFNAR receptors which results in
phosphorylation (green circles) of STAT1 or STAT2. STAT1 and STAT2 dimerise and
translocate to the nucleus with IRF9 and bind to ISREs upstream of the transcriptional
start sites of interferon stimulated genes, inducing transcriptional activation. Figure
modified from Platanias 2005.
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Activation of a type I interferon response is associated with the chronic autoimmune
disease, Aicardi-Goutieéres Syndrome (AGS) in humans (Behrendt and Roers, 2014).
The syndrome is caused by mutations in one of several enzymes involved in nucleic
acid metabolism; TREXI, ADARI and SAMHDI (Kassiotis and Stoye 2016).
Information about the pathogenic mechanisms contributing to AGS has been gained
from studies on mouse mutants in these key genes. For instance, TrexI”" mice die
around 6 months of age (Morita et al., 2004). They exhibit upregulation of interferon
stimulated genes which suggested that loss of Trex/ results in a spontaneous activation
of an anti-viral type I IFN response (Morita et al., 2004; Stetson et al., 2008). This
autoimmune response was found to be causative as the IFN response and disease
pathogenesis was lost when crossing Trex/”" mice with mice lacking the type-I IFN
receptor, IFNAR (Stetson et al., 2008). The pathogenic type I IFN response is triggered
by increased levels of endogenous nucleic acids in Trex/” mice (Stetson et al., 2008).
Interestingly, ssDNA fragments from both LINE-1 and LTR retrotransposons were
found to be in the cyotosol of TrexI” cells and were proposed to be endogenous
substrates for TREX1 in the heart (Stetson et al., 2008)(figure 1.5). In general, excess
cytosolic nucleotides are detected by a cytosolic DNA sensing pathway, reliant on
IRF3 and STING (TMEM173). These sensors were deemed to be essential for auto-
immune activation as the Trex/” phenotype was rescued by crossing with mice null
for Irf3 or Sting indicating the phenotype was likely arising due to the increase in

cytosolic DNA (Gall et al., 2012; Stetson et al., 2008).

The association of AGS and retrotransposon de-repression was further confirmed as 7
out of the 8 known SAMHDI mutations in human AGS cause increased L1
retrotransposition when analysed with a GFP reporter screen (Zhao et al., 2013). Along
with TREX1 and SAMHDI1, ADARI1 protein is also associated with AGS, immune
response and retrotransposon activity. The ADAR1 adenosine deaminase proteins bind
dsRNA and convert adenosine to inosine to promote an antiviral response (Kim et al.,
1994). To determine a role for ADARI in retrotransposon repression, transcript
expression of livers null for Adar and the cytoplasmic dsRNA sensing pathway
component, Mavs were compared to Adar” livers (Mannion et al., 2014). This
abrogated the cytoplasmic double-stranded RNA removal common to MAVs and
indicated increased transcripts of the LTR retrotransposon, MMERVK10C (Manion et
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al., 2014). This indicates that ADAR is not only involved in AGS pathogenesis but
also in retrotransposon repression in the absence of a type I interferon response
(Manion et al., 2014). In summary, each of these studies demonstrate retrotransposon
increases which are associated with increased type I interferon response contributing

to disease state.

1.7 Histone Modifications

A fundamental principle of genome regulation is the ability to dynamically manipulate
chromatin state. The first line mechanism of genome regulation is reliant on epigenetic
modifications distinct from DNA methylation; modifications to the histones of the
nucleosome core of DNA. DNA methylation has then been suggested as a secondary
mechanism to ‘lock in’ transcriptional repression of genes and retrotransposons that is

first set up by histone modifications (Cantone and Fisher, 2013).

The nucleosome core has 147 base pairs of DNA periodically wound around a histone
octamer comprised of two H2A — H2B dimers and a tetramer of histone H3-H4
(Bannister and Kouzarides, 2011). This forms a ‘beads-on-a-string’ arrangement
which is folded into more condensed fibres to facilitate packaging of around 2 meters
of DNA into the nucleus of each cell (Bannister and Kouzarides, 2011). Conserved
throughout evolution, histones have a ‘tail” of amino acid residues which are subject
to post translational modifications such as methylation, acetylation, phosphorylation,
ubiquitination, SUMOylation and citrullination which mediate chromatin folding and
histone function (Peterson and Laniel, 2004). Chromatin modifications are generated
and removed by specific ‘writer’ and ‘eraser’ enzymes which can influence chromatin
function by directly altering its structure or by recruiting ‘reader’ proteins that
recognise these modifications. Such modifications play important roles in the
regulation of gene expression, chromosome compaction and organisation, DNA repair
in mitotic cells and transcriptional control of retrotransposons (Bannister and

Kouzarides, 2011).
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1.6.1 Methylation of histones

The most prevalent modification of core histones is methylation, which mainly occurs
in combinations of mono, di or tri-methylation on lysine tails or mono or
demethylation on arginine residues. These methylation marks can be deposited or
removed by groups of enzymes referred to as histone methyltransferases (HMTs) and
histone demethylases (HDMs) respectively. Varying combinations and numbers of
methylated sites can be associated with repression of a gene or retrotransposon due to
the formation of heterochromatin around those repressed loci (table 1.2)(Kouzarides,
2007). Histone methylation itself does not alter chromatin structure, as the charge of
methylated histones is unaltered. Instead histone methylation recruits downstream
protein complexes which recognise methylated residues through chromo-domains
(Kouzarides, 2007). This is unlike acetylation and phosphorylation which alter the
charge of modified histones disrupting their interaction with DNA and therefore the
stability of the local chromatin architecture (Bannister and Kouzarides 2011).
Importantly, histone methylation appears to be the primary mechanism of
retrotransposon repression in ESCs (Goodier 2016). They have been shown to play a
lesser role in differentiated somatic cells where retrotransposon repression is largely
facilitated by DNA methylation, however a few recent examples appear to be
exceptions to this rule (Bulut-Karslioglu et al., 2014; Ecco et al., 2016; Fasching et al.,
2015; Karimi et al., 2011; Mikkelsen et al., 2007; Wolf et al., 2015a).

Chromatin Histone Retrotransposons | Reference
Modification Methyltra nsferase targeted

H3K9mel/2 Transcriptional Specific ERV Maksakova et
repression (MERVL) al., 2013
H3K9me3 Transcriptional SUV39H1, Many LINE-1 Bulut-
repression SUV39H2 subtypes Karslioglu et
al., 2014
H3K9me3 Transcriptional ~ SETDB1,KAP1 (co-  Many ERVs and Karimi et al.,
repression factor), some LINE-1 2011; Matsui
subtypes etal., 2010;
Rowe et al.,
2010

Table 1.2: Repressive histone marks, histone methyltransferases and their
association with retrotransposon repression
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1.6.2 The SUVAR proteins

The first histone methyltransferase detected in mice and humans was of the SUVAR
family of proteins and are homologues of Drosophila Su(var)3-9. This homologue
contained a conserved SET domain known to methylate histones (Rea et al., 2000).
The histone tail residues targeted by mammalian SUVAR proteins were unclear and
in 2000, Rea et al. showed that in somatic cells lysine 9 of histone 3 was tri-methylated
by SUV39H proteins in humans and mice (table 1.2)(Rea et al., 2000). This was
demonstrated by in vitro methylation assays using tagged human and mouse
SUV39H1, free histones and a methyl donor (Rea et al., 2000). Recent genome wide
chromatin immunoprecipitation sequencing experiments (ChIPseq) have revealed
SUV39h proteins and SUV39h dependent H3K9me3 are enriched at many
retrotransposon sequences in the genome (Bulut-Karslioglu et al., 2014). The majority
of intact LINE-1 and some LTR elements are bound by SUV39H and marked for
transcriptional repression by H3K9me3 in mouse embryonic stem cells (mESCs). The
H3K9me3 was determined to be at least partly SUV39H dependent as mESCs null for
SUV39H proteins exhibited reduced SUV39H and H3K9me3 at these loci (Bulut-
Karslioglu et al., 2014). This was accompanied by de-repression of the younger
LIMdA and L1MdT subfamilies of elements and to a far lesser extent some LTR
elements in mESCs (Bulut-Karslioglu et al., 2014). Interestingly, upon differentiation
of Suv39h null mESCs to neural progenitor cells, SUV39H dependent H3K9me3 was
not diminished at LTR or LINE repeats excluding the SUV39H histone
methyltransferases from a role in the regulation of retrotransposons in more committed
cells, which is mainly provided by DNA methylation (Bulut-Karslioglu et al., 2014;
Karimi et al., 2011). Furthermore, the SUV39H proteins play essential roles in
development as double knockout mice lacking Suv39h1 and Suv39h2 are born at sub-
Mendelian ratios with growth retardation of viable pups, sterility and perturbations in
H3K9 methylation at pericentric heterochromatin made up of major satellite repeats
(Peters et al., 2001a). This indicates functional histone methyltransferase activity of

SUVAR proteins in vivo (Peters et al., 2001).
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1.6.3 SETDB1

Another member of the SUV39 family of histone methyl transferase is SET domain,
bifurcated 1 (SETDBI1/ESET) which is related but distinct from SUV39HI1 and
SUV39H2 proteins. SETDBI is involved in many aspects of development and genome
regulation, indicated by its many interacting partners (Kang, 2014). Interactions with
important regulators of chromatin state such as KAP1 and DNMT3A (Li et al., 2006;
Schultz et al., 2002) along with the presence of a catalytic SET domain indicated the
potential importance of SETDBI in genome regulation (Kang, 2014; Schultz et al.,
2002). In initial research aimed to determine the functionality of the SET domain of
SETDBI, Schultz et al performed elegant experiments whereby the SET domain of
SETDBI1 was mutated and was shown to reduce its catalytic histone methyltransferase
activity (Schultz et al., 2002). The methyl transferase activity was shown to be highly
selective for H3K9 when using recombinant SETDBI1 protein, histone tail proteins and
methyl donors. Interestingly, unlike SUV39h, SETDBI can catalyse mono, di or tri
methylation of H3K9 (Schultz et al., 2002). This H3K9 methylation was then shown
to recruit heterochromatin protein 1 (HP1) to facilitate heterochromatin formation and

transcriptional repression (Schultz et al., 2002).

Setdbl is expressed from the blastocyst and is ubiquitous during post implantation
development of the mouse (Dodge et al., 2004). SETDBI is critical in development as
shown by genetic knockout studies which indicated that Setdb”- embryos arrest at the
blastocyst stage of development around E4.5 (Dodge et al., 2004). This is far earlier
than the arrest of other H3K9 methyltransferases such as perinatal death of SUV39H1
knockouts (Peters et al., 2001a) and lethality at E9.5 for GLP and G9A knockouts
(Tachibana et al., 2002, 2005). Each of these HMTs are expressed at the blastocyst
stage, however they fail to compensate for the loss of Setdbl (Cho et al., 2011). This
highlights the significance of SETDBI1 function in early mouse development and
implies non-redundant roles for HMTs throughout gestation. No global alterations in
H3K9me3 were detected in Setdbl” blastocysts by immunostaining and it was
proposed that this was due to a maternal stock of SETDBI rescuing global H3K9me3
(Dodge et al., 2004). Despite this, the role of SETDBI in transcriptional control across
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the genome in mESCs has been characterised using refined ChIPseq and RNAseq
studies (Bilodeau et al., 2009; Maksakova et al., 2006).

Many loci are susceptible to SETDBI1 dependent repression, from genic loci to
retrotransposons. SETDBI is enriched at some subtypes of LTR retrotransposons,
along with H3K9me3 in mESCs (Matsui et al., 2010). This H3K9me3 deposition was
shown to be SETDB1 dependent as it was reduced in conditional Setdb/ null mESCs
resulting in dramatic de-repression of many LTR and LINE-1 retrotransposons (table
1.2)(Karimi et al., 2011; Matsui et al., 2010). The DNA methylation state at these
LINE-1 and LTR loci does not change, suggesting that silencing of most
retrotransposons in ESCs occurs relatively independently of DNA methylation (Leung
and Lorincz, 2012; Matsui et al., 2010). The overlap in SETDB1 and SUV39H binding
and activity at some loci, such as LINE-1 elements, provides redundancy in
retrotransposon repression in ESCs, despite SETDB1 having a far greater repertoire of
retrotransposon targets (Leung and Lorincz, 2012). When the extent of upregulation
of retrotransposons in Setdbl null mESC and Suv39h”~ mESC was compared by
RNAseq, there was a far greater de-repression of LTRs in Setdb1 null mESCs (Bulut-
Karslioglu et al., 2014; Karimi et al., 2011). This indicates the SETDBI repressive
mechanism is far more widespread at LTRs but that LINE-1 is likely co-ordinately
regulated by both proteins (Bulut-Karslioglu et al., 2014). Similarly to Suv39h null
somatic cells, Setdbl null embryonic fibroblasts have only limited de-repression of a
subset of MLV retrotransposons which is likely an indirect effect as no retrotransposon
loci are bound by SETDBI in this cell type, further indicating a lesser role of histone
modifications in differentiated cell types (Hutnick et al., 2010; Matsui et al., 2010).
Interestingly, recent studies are finding direct roles for SETDBI1 in retrotransposon
silencing in somatic cells such as the de-repression of LTRs in Setdb”~ B-lymphocytes

(Collins et al., 2015).

Recent evidence also indicates that SETDBI1 is required for germline development and
silencing of H3K9me3 marked LTRs in primordial germ cells (Liu et al., 2014b). The
technical challenges associated with genome wide DNA methylation and ChIP
analysis of histone marks during PGC reprogramming have recently been overcome
and has provided extensive knowledge of the extent of SETDB1 mediated repression

at specific genomic loci at E13.5 (Liu et al., 2014). This analysis misses the window
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of lowest histone modifications at E11.5, therefore it is unclear if histone marks are
retained at retrotransposon loci during reprogramming, however it indicates many
retrotransposons from LTR (IAP, MMERVKIOC) to LINE-1 elements (LIMdA,
L1IMdT, L1MdG and L1MdF) are heavily marked by H3K9me3 and H3K27me3 in
E13.5 PGCs of both sexes (Liu et al., 2014). Global decreases in this mark were
detected by refined small sample ChIPseq experiments for H3K9me3 in PGCs with
conditional deletion of Setdb 1. A reduction of this mark was detected at LTR elements
such as IAP, along with some LINE-1 subfamilies (Liu et al., 2014). Interestingly, a
decrease in H3K27me3 was also observed in conditional null Setdb! PGCs suggesting
possible interdependence of SETDB1 and polycomb repressive mechanisms in PGCs
(Liu et al., 2014). SETDB1 mediated repression appeared to be relatively sex specific
as IAP elements are highly de-repressed in male Setdbl null PGCs and whereas
MMERVKI0C was most highly de-repressed in female PGCs, with only modest
changes in AP expression (Liu et al., 2014). The reason for this sex specific nature of
repression remains unclear but may be reflective of the differing reprogramming
dynamics associated with sex specific PGC development. Alternative transcriptional
or post-transcriptional silencing pathways for LINE-1 in PGCs were proposed as
LINE-1 elements exhibited very little reactivation in Setdb I null PGCs despite reduced
H3K9me3 (Liu et al 2014).

1.6.4 KAP1 and KRAB-ZFP mediated retrotransposons repression

The binding of SETDBI1 to retrotransposon loci is largely dependent on the
transcriptional repressive co-factor, KRAB domain-associated protein 1
(KAP1/TRIM28). Potential roles for KAP1 in transcriptional repression were
indicated when KAP1 was demonstrated to have an N-terminal RING finger B boxes
coiled coil motif (RBCC) which facilitates targeting to or assembly of different protein
complexes (Saurin et al., 1996) and a C-terminal region containing a PHD finger and
a bromodomain, which are present in many transcriptional cofactors acting at the
chromatin level (Aasland and Stewart, 1995; Friedman et al., 1996). Further early
analysis indicated that the RBCC domain is necessary and sufficient for KAP1 binding
as a homotrimer to the KRAB repression motif of KRAB-ZNFs (figure 1.4)(Peng et
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al., 2000, 2002) and that the PHD finger and bromodomain are both required to obtain
maximum levels of KAP1 mediated transcriptional repression via targeting to genic
and retrotransposon loci by KRAB-ZFPs (figure 1.7)(Iyengar et al., 2011; Schultz et
al., 2001; Sripathy et al., 2006).

After recruitment to the genome by KRAB-ZFPs, KAP1 induces repressive histone
modifications by recruiting multiprotein chromatin modifying complexes including
SETDB1 which adds the H3K9me3 mark to facilitate transcriptional repression (figure
1.7). SUV39H proteins are not thought to be recruited to retrotransposon loci by KAP1
(Bulut-Karslioglu et al., 2014). The interaction with SETDBI is dependent on the
sumoylation of the KAP1 bromodomain by its PHD domain (figure 1.7)(Ivanov et al.,
2007). Heterochromatin protein 1 (HP1) can bind to the PxVxL motif of KAP1 and to
H3K9me3 at repressed loci, stabilising the bound repressive complex (Schultz et al.,
2002; Sripathy et al., 2006). KAP1 also binds to the NuRD histone deacetylase
complex (HDAC) which removes histone acetylation, an active mark of transcription
as an additional mechanism of repression (Schultz et al., 2001, 2002). Furthermore,
KAP1 has been reported to interact with DNMT3A and DNMT3B and the KRAB-
ZFP:KAP1:SETDBI repressive complex can direct de novo DNA methylation to
LTRs (Li et al., 2008; Quenneville et al., 2011; Rowe et al., 2013a; Zuo et al., 2012).
As KAPI is generally important to the function of each of these interacting partners,
it is unsurprising that removal of KAP1 in many different contexts results in dramatic
developmental phenotypes and extensive transcriptional alterations (Iyengar and

Farnham, 2011).
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Figure 1.7: Schematic diagram of the mechanism of KRAB-ZFP:KAP1:SETDB1
mediated transcriptional repression. KRAB-ZFPs bind to distinct genomic loci in a
sequence dependent manner and recruit KAP1 via binding to its RBCC domain. The
PHD domain of KAP1 sumoylates the Bromodomain to facilitate the interaction
between SETDB1. SETDB1 then trimethylated histone 3 lysine 9 (red pentagons) to
transcriptionally repress the target loci. Interactions of KAP1 with HP1, NuRD or the
DNMT proteins are not shown. Modified from lyengar and Farnham 2011.

Kapl is expressed ubiquitously and extensive roles for KAP1 have been characterised
throughout development and beyond. The importance of the protein in early
development was demonstrated by Kap!” mice which die at E5.5 (Cammas et al.,
2000). Kapl”~ embryos did not undergo gastrulation and those embryos surviving
longer exhibited severe defects in development of the 3 germ layers (Cammas et al.,
2000). In addition to this important role in embryonic development, KAP1 exhibits
diverse roles across many different aspects of physiology. Roles in cell differentiation,
DNA damage response, virus replication, tumourigenesis and repression of
retrotransposons have been determined in a variety of conditional Kap! knockout
models in numerous cell types and tissues (Cammas et al., 2000; Cheng, 2014;

Friedman et al., 1996; Iyengar and Farnham, 2011).
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As genetic knockout of Kapl has a severe embryonic lethal phenotype the role of
KAPI in transcriptional regulation in ES cells was studied by conditional removal of
Kapl (Rowe et al., 2010). Kapl null ES cells exhibited dramatically increased
expression of many LTR retrotransposons such as IAP and MMERVKI10C but more
modest de-repression of LINE-1 elements (Rowe et al., 2010). To determine if this de-
repression was a consequence of reduced H3K9me3, Rowe et al performed ChIPseq
and indicated dramatic reductions at de-repressed retrotransposons (Rowe et al., 2010).
De-repression of IAP was also detected in ES.5 — E6.5 Kapl”~ embryos and cultured
Kapl depleted blastocysts by in situ hybridisation (ISH) and qRT-PCR (Rowe et al.,
2010). This KAP1 dependent retrotransposon repression appears to be restricted to
pluripotent cells as knockout of Kap/ in murine embryonic fibroblasts (MEFs),
hepatocytes and white blood cells has little effect on the expression of retrotransposons
(Bojkowska et al., 2012; Rowe et al., 2010; Sio et al., 2013). Taken together, it was
thought that the KAP1/SETDB1 mediated repression of retrotransposons in early
embryogenesis leads to irreversible silencing, which is maintained independently of
KAP1/SETDBI1, by DNA methylation following differentiation (Matsui et al., 2010;
Rowe et al., 2010; Wiznerowicz et al., 2007; Wolf et al., 2015a). Recently however,
this hypothesis is being questioned by various studies which indicate roles for
continued KAP1 mediated retrotransposon repression beyond development. For
example, de-repression of IAP and MMERVKI10C elements occurs in conditional
Kap1 null neural progenitor cells, accompanied by decreases in H3K9me3, indicating
that histone mediated repression is more dynamic than previously thought (Fasching
etal., 2015). This dynamic, tissue specific nature of repression is likely due to differing
transcription factors or KRAB-ZFPs in differing tissues (Ecco et al., 2016; Fasching
et al., 2015).

1.6.5 KRAB-ZFPs

The mechanism of KAPI1-KRAB-ZFP mediated transcriptional repression was
investigated by tethering KAP1 to DNA as a Gal4-KAP1 fusion protein (Sripathy et

al., 2006). This facilitated repression of reporter genes only when bound, indicating
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that for KAPI to elicit its repressive capacity it must be bound to DNA (Sripathy et
al., 2006). Furthermore, KRAB-ZFPs were proposed to be auto-regulated by KAP1
and sufficient to direct KAP1 and H3K9me3 to the genome in human cells (Iyengar et
al., 2011; O’Geen et al., 2007). Recent evidence suggests the vastly widespread nature
of this KAP1 dependent mechanism with examples of KRAB-ZFP KAP1 dependent
retrotransposon repression in mouse and human ESCs and even somatic, terminally
differentiated tissues, in a highly cell type specific manner (Castro-Diaz et al., 2014;
Ecco et al., 2016; Wolf et al., 2015a).

Two studies present compelling evidence to suggest that early embryonic control of
LINE-1 in humans and mice is an evolutionarily dynamic process in which the KRAB-
ZFP KAP1 repressive mechanism has evolved alongside LINE-1 elements (Castro-
Diaz et al., 2014; Jacobs et al., 2014). Both indicate, using genome wide chromatin
immunoprecipitation experiments (ChIP), that KAP1 binds to particular subfamilies
of LINE-1 in both human and mESCs. Using a candidate based (Jacobs et al., 2014)
and a more global approach (Castro-Diaz et al., 2014) they further identify the KRAB-
ZFPs responsible for targeting KAP1 and H3K9me3 to particular LINE-1
retrotransposon sequences. Generally the younger LINE-1 elements are regulated by
DNA methylation until a specific KRAB-ZFP has sufficient time to evolve to target it
with the KAP1 mediated H3K9me3 repressive mechanisms, which are mainly active
on the intermediate aged LINE-1 elements (Castro-Diaz et al., 2014; Jacobs et al.,
2014).

The role for KRAB-ZFPs in differentiated cells has, until recently, been unclear. As
mentioned, retrotransposon silencing has been proposed to be established early in
development by KAP1, which induces H3K9me3 repressive chromatin domains,
followed by DNA methylation (Playfoot and Adams, 2016). It was thought that this
silencing could then be maintained independently of KRAB-ZFP and KAP1 function
in differentiated cells, however this analysis was based on low numbers of KRAB-
ZFPs and retrotransposons (Rowe et al., 2010; Wolf et al., 2015). Recently, a targeted
GFP repression-based functional screen of over 200 KRAB-ZFPs in somatic cell lines,
identified KRAB-ZFPs that recognise selected retrotransposon derived sequences in
the mouse somatic cells and are necessary for their repression (Ecco et al. 2016).

Firstly, the retrotransposon repressive capacity of two of these, ZFP932 and its paralog
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Gm15336 were demonstrated in mESCs. They then show that in multiple somatic
contexts, depletion of the specific ZFPs or KAP1 are sufficient to de-repress their
target retrotransposon loci, indicating that for at least some retrotransposons
transcriptional repression in somatic cells is achieved through the persistent
identification by KRAB-ZFPs and the continual recruitment of KAP1 (Ecco et al.,
2016). The evolutionary drive to evolve ZFPs that target rapidly evolving
retrotransposons has been proposed to contribute to the large number of species-

specific ZFPs typically found in mammalian genomes (Wolf et al., 2015b).

1.8 Retrotransposons in Genome Regulation

Retrotransposon activation in permissive epigenetic reprogramming phases, along
with retrotransposon de-repression in experimental contexts can pose a mutational
threat to the genome with potentially deleterious consequences. Far from this negative
aspect of retrotransposon biology, recent studies have shown that retrotransposons
have played a prominent role in shaping the regulatory landscape of the mammalian
genome (Thompson et al., 2016). The idea that retrotransposons could participate in
gene regulation was proposed by the founder of transposable elements, Barbara
McClintock over 60 years ago (McClintock, 1950). This was based on studies in maize
whereby transposition resulted in gain of new traits for the recipient crop. Recently
evidence has arisen that cements retrotransposons as drivers of genome regulation by
their co-option as regulatory elements independent of their capacity for
retrotransposition (Thompson et al., 2016). Many studies are now indicating
mechanisms for this repetitive element mediated genome regulation. In normal mouse
development, there is evidence of repeat elements with enhancer function (figure
1.8)(Chuong et al., 2013, 2016), or alternative promoter activities which regulates the
expression of neighbouring genes (figure 1.8)(Peaston et al., 2004; Thompson et al.,
2016). A study by Chuong et al in 2013 showed that LTRs are acting as enhancers for
core factors necessary for defining the trophoblast stem cell (TSC) transcriptional
network. Enhancer associated marks histone H3 lysine 4 monomethylation

(H3K4mel) and histone H3 lysine 27 acetylation (H3K27ac) were enriched at
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particular LTRs in TSCs as determined by ChIPseq and these elements were
functionally capable of driving expression in a rat placental cell line (Chuong et al.,
2013). LTRs can also function as alternative promoters in development (figure 1.8).
An early version of a genome wide expression study from mouse oocytes used a cDNA
library and analysed the amount of repetitive element expressed sequence tags
(Peaston et al., 2004). They identified relatively high expression of the MaLR class of
retrotransposons in full grown oocytes and determined that retrotransposon LTRs were
functioning as primary or alternative promoters contributing to oocyte specific gene
expression by analysis of chimeric transcripts (Peaston et al., 2004). Importantly,
studies to date have indicated that co-opted LTRs are particularly prevalent in early
embryonic development, germ cells and pluripotent stem cells (Thompson et al.,

2016).

Alongside normal roles in development, aberrant de-repression of retrotransposons in
genetic knockout contexts can result in non-developmentally programmed effects on
neighbouring genes (Herquel et al., 2013; Rowe et al., 2013b). Conditional knockout
of the transcriptional co-repressor Kap/ in ES cells results in dramatic de-repression
of LTR retrotransposons and their loss of repressive histone marks due to replacement
with the marks of putative enhancers, H3K4mel and H3K27ac (Rowe et al., 2010,
2013). Aberrantly de-repressed retrotransposon acting as alternative promoters has
also been reported in ES cells lacking Setdbl or Kap1 (Ecco et al., 2016; Karimi et al.,
2011). Despite the wealth of evidence of de-repressed retrotransposons altering genic
transcription in mouse knockout contexts (Ecco et al., 2016; Herquel et al., 2013;
Rowe et al., 2013b), evidence of transcriptional effects on genes with functional
relevance to the disease phenotype is yet to be shown. This presents an interesting
possibility when determining the possible cause of disease phenotypes, correlating

with aberrant retrotransposon de-repression.
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Figure 1.8: Effects of retrotransposons on neighbouring genes. Repression of
retrotransposons (blue ovals) via DNA methylation or histone modifications (black
diamonds) limits their activity (bar arrows). During normal pre-programmed
development or when these epigenetic repressive mechanisms are perturbed,
retrotransposons can become de-repressed, enabling them to gain alternative
promoter activity (corner arrow) or ectopic enhancer function (asterisk) to stimulate
transcription of nearby genes (wavy lines). Figure modified from Playfoot and Adams
2016.

1.9 Methylation Sensitive Genome Defence Genes

Numerous genes involved in supressing retrotransposons in the germline have been
shown to be regulated by DNA methylation (Crichton et al., 2013; Hackett et al.,
2012). Genes such as Mael, Mvh, Zfp42 and Dazl require the de novo methyltransferase
Dnmt3b dependent promoter DNA methylation to silence their expression in the early
embryo (Borgel et al., 2010). Additional methylation sensitive genes were identified
from a study to detect gene expression changes, whose expression is primarily and
causally regulated by promoter DNA methylation in multiple hypomethylatated
somatic cell models (Hackett et al., 2012). Mouse embryonic fibroblasts (MEFs) were
treated with the DNA methyltransferase inhibitor, 5-Aza and allowed to recover of
expression. Genes identified in this screen were then intersected with genes expressed

in MEFs lacking the maintenance methyltransferase, Dnmtl (Hackett et al., 2012).
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This largely identified methylation sensitive germline genes with roles in
spermatogenesis and defence against retrotransposons in the germline such as Tex/9.1,
Mili, Miwi2, Dazl, Aszl and MovIOL among others (Hackett et al., 2012). The
promoters of these genes are not enriched for repressive histone modifications when
repressed in somatic cells indicating why they are highly responsive to DNA

methylation.

In an in vivo developmental setting, the initial passive reduction in DNA methylation
from E8.5 to E9.5 in PGCs correlates with increases in Tex/9.1 and Mili expression,
the early responders to this epigenetic reprogramming (figure 1.9)(Hackett et al.,
2012). Dazl, Aszl and Movi0!l are induced during the proposed active DNA
demethylation in PGCs from E10.5 to E11.5 (figure 1.9)(Hackett et al., 2012).
Expression of both groups of methylation sensitive genes is maintained through germ
cell development and adult oocytes, whilst expression declines in pachytene
spermatocytes and round spermatids (figure 1.9)(Crichton et al., 2014). This induction
of expression of methylation sensitive genome defence genes during the epigenetic
reprogramming of PGCs and into spermatocyte development provides an essential
level of retrotransposon repression when the genome is especially vulnerable to
potentially deleterious retrotransposition events (Crichton et al., 2014; Goodier et al.,
2016).  Surprisingly, the hypomethylated state of the placenta results in the
hypomethylation and expression of only one of the methylation sensitive genome

defence genes, Tex/9.1 (Reichmann et al., 2013).
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Figure 1.9 Germline genome defence gene expression throughout spermatogenesis
and in the placenta and mutant phenotypes. The stages of spermatogenesis from
PGCs to mature sperm are indicated along the top of the diagram. The placenta is at
the farthest right and indicates that Tex19.1 is the only methylation sensitive genome
defence gene expressed in this tissue. Expression patterns of the indicated germline
genome defence genes are indicated by the blue bars, with red crosses indicating the
stages at which mutant mice have defects in progression through spermatogenesis.
Modified from Crichton et al., 2014.

Experimental removal of each of these defence genes in mice results in de-repression
of particular retrotransposons in germ cells and defects in progression through meiosis
leading to sterility, alongside placental defects in Tex/9.17 animals. Tex19.17
pachytene spermatocytes have increased MMERVKIOC RNA, whereas Mael, Mili,
Miwi, Mov10!l and AszI individual knockout mice have increases in LINE-1 expression
and in some cases, IAP (Carmell et al., 2007; De Fazio et al., 2011; Ma et al., 2009;
Ollinger et al., 2008; Soper et al., 2008; Zheng et al., 2010). The latter genes are all
core components of the PIWI-piRNA mechanism which direct DNA methylation to
retrotransposon loci for silencing in spermatocytes. MILI and MIWI physically
interact with PIWI-interacting RNAs (piRNAs) from retrotransposons and piRNA

clusters and facilitate retrotransposon silencing predominantly in the germline via
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ping-pong amplification of piIRNA. An antisense piRNA directs the cleavage of a
complimentary mRNA from a piRNA cluster or retrotransposon sequence, generating
sense piRNAs to further increase the amount of cleavage of complimentary mRNA.
This then directs de novo DNA methylation to target loci for repression (figure
1.10)(Crichton et al., 2014). Male mice null for any one of these genes largely results
in arrest at pachytene of meiosis I. Some mutant animals also exhibit defects earlier,
in spermatogonial stem cell divisions (Crichton et al., 2014). Mutations in PIWI-
piRNA genes result in defects largely restricted to spermatogenesis, with little effect

on post-pachytene progression of oocytes (Crichton et al., 2014).

Together, these methylation sensitive germline defence genes are critical for germ cell
development and the repression of retrotransposons at a time when active
retrotransposition would have potentially deleterious consequences for future

generations.
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Figure 1.10: The piRNA ping-pong amplification loop. The primary processing
pathway generates primary piRNAs from the long transposon transcript by nuclease
cleavage in either sense or antisense directions (red and blue lines). piRNAs associate
with PIWI proteins (green ovals) such as MILI and MIWI and guide PIWI proteins to
complementary sequences on antisense transcripts from the same retrotransposon
or piRNA cluster and use their slicer activity to cleave the transcript to generate new
5" ends ready for association with another PIWI protein. (Figure modified from
Meister, 2013).
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1.10 Spermatogenesis

1.9.1 The spermatogenic cycle

PGCs are one of the main globally identified hypomethylated cell types which
eventually give rise to all subsequent germ cells throughout spermatogenesis. In this
section I will describe the development of spermatocytes arising from these
hypomethylated PGCs. Spermatogenic lineage development occurs in a complex but
orderly, synchronised manner within seminiferous tubules and is referred to as the
spermatogenic cycle (Clermont, 1963). Germ cells at all stages of development are
closely supported by somatic sertoli cells, the ‘nurse’ cells of spermatogenesis (figure
1.11B). These have both structural and hormonal secretory roles to facilitate germ cell
development (Griswold, 1998). In mouse there are 12 stages of spermatogenesis,
characterised by a combination of spermatogonia, spermatocytes and spermatids in
different stages of their respective development or cell divisions (figure 1.11B). The
duration of each stage is precisely timed with a complete spermatogenic cycle lasting

around 35 days in mice and 75 days in humans (Clermont 1963; Oakberg 1956).

Spermatogenic lineage development occurs when PGCs undergo sex specification at
E11.5-E12.5 in response to signals that depend on Sertoli cells in the developing male
gonad (Adams and McLaren, 2002). Sertoli cells are induced to differentiate along a
male pathway by expression of the Y-encoded Sry gene in gonadal somatic cells
(Palmer and Burgoyne, 1991) and by around E12.5 the male-committed
prospermatogonia are surrounded by clusters of Sertoli cells which have organised into
cord structures which later differentiate into seminiferous tubules. After a period of
quiescence, the prospermatogonia resume proliferation a few days after birth and give
rise to both mitotic spermatogonia and spermatogonial stem cells (SSCs). The process
of self-renewal of SSCs provide the basis for all subsequent spermatogonia and germ
cells necessary for spermatogenesis throughout the majority of a males lifespan (De

Rooij and Russell, 2000; Yoshida et al., 2006).
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1.9.2 Spermatogonial differentiation

Individual diploid SSCs called Asingle (As) cells undergo mitotic division to form either
two new diploid As spermatogonia or two clones called Ap connected by an
intercellular cytoplasmic bridge to facilitate exchange of gene products allowing for
synchronised development (figure 1.11A)(Kato et al., 2004; Weber and Russell, 1987).
Each Ap: spermatogonia will undergo mitosis to form spermatogonial clones of
increasing length from 4, 8 and 16 Auiigned cells connected by these bridges (figure
1.11A). Each of these cells are negative for the marker of differentiation of
spermatogonia C-Kit and positive for undifferentiated spermatogonia specific genes
such as Plzf and are therefore considered undifferentiated (Costoya et al., 2004;
Nakagawa et al., 2006). C-kit begins to be expressed when Aaligned Spermatogonia
undergo cellular transformation to Al differentiated spermatogonia (figure
1.11A)(Schrans-Stassen et al., 2001). This is followed by rounds of mitosis and the
formation of A>, A3 and A4 spermatogonia (figure 1.11A)(De Rooij and Russell, 2000).
A4 spermatogonia number around 128 cells originating from the initial As
undifferentiated spermatogonia and give rise to more mature intermediate
spermatogonia (In) which further divide to form around 500 type B spermatogonia
ready to undergo a final mitotic division, before entering meiotic prophase as pre-

leptotene spermatocytes (figure 1.11A)(Oatley and Brinster, 2008).
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Figure 1.11 Spermatogenesis in murine testes. (A) As represents spermatogonial
stem cells which give rise to all subsequent germ cells via Apr spermatogonia which
mitotically divide to give rise to Aas) spermatogonia followed by Aaig) and Aai(is)
connected via cytoplasmic bridges. More mitotic division occur finally giving rise to
type B spermatogonia. These enter meiosis and give rise to haploid spermatids which
will undergo spermiogenesis to produce mature spermatozoa. Figure from Oatley
and Brinster 2008. (B) Schematic cross section through a seminiferous tubule in the
murine testis. Spermatogenesis occurs in a synchronous wave from the basal
membrane to the lumen of the tubule supported by Sertoli cells. Type A
spermatogonia are adjacent to the basal membrane. Cells undergoing the first round
of meiosis are called primary spermatocytes whereas during meiosis Il they are
known as secondary spermatocytes. This final reductional division results in haploid
elongated spermatids (figure was taken from de Rooij and Mizrak, 2008)

69



1.9.3 Meiosis and spermatogenesis

Meiosis is a specialised cell division involving a single round of DNA replication
followed by two rounds of chromosome segregation. The first reductional division
involves an extended prophase, whereby various meiosis specific events occur to
ensure exchange of genetic material can occur between homologous chromosomes
from the mother and father (Crichton et al., 2014). The initiation of meiosis begins
with pre-leptotene where DNA replication occurs. During leptotene, individual
chromosomes condense and become visible. Zygotene follows, with synapsis of
homologous chomosomes and the formation of a proteinaceous scaffold between
homologous pairs named the synapotenamal complex. At pachytene this synapsis is
complete, with homologues joined by the synaptonemal complex (Crichton et al.,
2014). The synaptonemal complex is then lost at diplotene with homologous
chromosomes being held by physical crossovers (chiasmata). Diakinesis sees
homologous chromosomes shorten and condense whilst preparing to align at the
metaphase plate (Ollinger et al., 2010). Cells then undergo metaphase I, anaphase I
and telophase I to produce two diploid daughter nuclei. A further round of meiosis
called meiosis II results in four haploid nuclei which then undergo spermiogenesis and
extensive chromatin remodelling to form elongated spermatozoa that are released into

the lumen of the seminiferous tubule and released upon ejaculation (O’Donnell, 2015).

1.11 Placentation

1.10.1 Placental development

The cell divisions occurring shortly after fertilisation are arguably the most
fundamental decisions in development. Fertilised gametes form a totipotent zygote
which is able to differentiate into all of the tissues necessary for development of the
fetus (Li et al., 2013). The zygote undergoes a series of cleavage divisions leading to
the early preimplantation blastocyst and the first definitive differentiation event occurs

around the 32 cell stage at E3 (Li et al., 2013). This leads to the establishment of the
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hypomethylated, extraembryonic trophoblast cells, the specialised precursor to part of
the placenta (figure 1.12). The remaining inner cells of the blastocyst eventually form
the epiblast, which gives rise to the embryo proper, extraembryonic mesoderm, and
the primitive endoderm, which contributes to the yolk sac (figure 1.12)(Cockburn and
Rossant, 2010; Copp, 1978). Evidently, establishing a physical connection between
embryo and the mother is one of the first priorities in development and maintenance

of a healthy placenta is essential throughout gestation.

The outer trophectoderm monolayer of the blastocyst gives rise to many specialised
hypomethylated trophoblast structures necessary for the complex molecular
interactions occurring between the embryo and the uterus during implantation
(Cockburn and Rossant, 2010). At E4.5 the blastocyst hatches from the surrounding
protective zona pellucida matrix to implant into the uterine wall (Cockburn and
Rossant 2010). Endoreduplication of outer trophoblast cells, distal from the ICM, form
highly polyploid primary trophoblast giant cells (TGCs) which facilitate a process of
active invasion into the maternal uterine stroma necessary for implantation (figure
1.12)(Ain et al., 2003; Hu and Cross, 2010). These cells are the first to achieve terminal
differentiation during rodent embryogenesis and are the endocrine cells of the placenta
responsible for hormone production. This is necessary to regulate the maternal immune
and endocrine systems, whilst promoting maternal blood flow to the implantation site
(Hu and Cross, 2010; Simmons et al., 2007). The polar trophectoderm cells nearby the
ICM continue to proliferate forming both the extraembryonic ectoderm and the
implanted ectoplacental cone surrounded by secondary TGCs at E6 (figure
1.12)(Rossant and Cross, 2001). The extraembryonic ectoderm then expands to form
the chorion, a membrane which contacts with the allantois at the posterior end of the
embryo at E8.5 to form the umbilical cord, a process called chorioallantoic fusion
(Rossant and Cross, 2001). After chorioallantoic fusion feto-placental blood vessels
develop inwards to the placenta from the allantois to form the fetal component of the
torturously branched, complex vascular network of the placenta (figure 1.12). This
area is called the labyrinth and is comprised of syncytial trophoblast cells called the
syncytiotrophoblast, two layers of which line fetal blood vessels to facilitate feto-
maternal nutrient and gas exchange (Rossant and Cross 2001). Overall there are five

TGC subtypes in the mature placenta, Blood vessels are in apposition to sinusoidal-
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TGCs formed around E10.5 (Simmons et al., 2007). In mid gestation maternal blood
canal associated TGCs are found in the canal bringing maternal blood to the base of
the labyrinth and spiral artery TGCs are associated with remodelling uterine spiral
arteries to regulate blood flow to the placenta (Hu and Cross 2010). Additionally,
channel-TGCs lining the channels that drain the deoxygenated blood from the
labyrinth have been recently identified (Rai and Cross, 2014). Following implantation,
parietal TGCs border the ectoplacental cone and invade the uterus via remodelling the
uterine extracellular matrix and phagocytosis of uterine cells (Cross et al., 1994). The
different TGC subtypes are defined based on localisation, cell morphologies and
differential gene expression analyses (Simmons et al., 2007). In the mid-gestation
placenta, secondary P-TGCs border the decidua and the junctional zone which is
comprised of two distinct trophoblast populations; spongiotrophoblast cells and

glycogen trophoblast cells (GlyT)(figure 1.12).

As with TGCs, the spongiotrophoblast is responsible for the secretion of hormones,
angiogenic promoting factors, vascular endothelial growth factor and tissue
remodelling factors (Rossant and Cross, 2001). GlyT cells harbour stores of glycogen
thought to provide energy for placental processes (Coan et al., 2006).
Spongiotrophoblast and glyT cells have distinct behaviours with spongiotrophoblast
cells being nonmigratory and having a modest four-fold increase in number from
E12.5 to E16.5 (Coan et al., 2006). Conversely, glyT cells with extensive glycogen
stores are barely detectable at E12.5 but have an 80 fold increase in number to E14.5
and invade through the P-TGC barrier into the maternal decidua (Coan et al., 2006).
From E16.5 to E18.5 there is a 50% drop in glyT numbers across the whole placenta
which is thought to contribute to the decreased junctional zone volume at E18.5,
possibly as a result of continued use of glycogen stores, alongside the migration of
glyT cells into the maternal decidua (Coan et al., 2004, 2006). This is combined with
continued expansion of the labyrinth (Coan et al., 2004, 2006). Maternal blood passes
through the spongiotrophoblast via arterial sinuses towards the labyrinth where it
bathes the fetal trophoblast lined blood sinusoids to facilitate nutrient and gas

exchange.
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Figure 1.12: Murine placental development from the blastocyst to the placenta. (A)
Diagram demonstrating the development of the murine placenta from the pre-
implantation blastocyst to the ectoplacental cone and the placenta with all three
established layers. Blue shading denotes the hypomethylated, trophoblast derived
tissues whereas orange indicates normally methylated embryonic derived tissue
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(Figure modified from Rossant and Cross 2001). (B) Histological haematoxylin and
eosin (H+E) stained PFA sections of E14.5 placenta in | and semi-thin plastic, toluidine
blue stained insets (J-L). The dashed line represents the boundary between the
maternal decidua and the junctional zone. Dec, decidua; GlyT, glycogen trophoblast;
SpT, spongiotrophoblast; Lab, labyrinth; TGC, trophoblast giant cell; m, maternal
blood sinusoid space; f, fetal capillary space. (Figure taken from Simmons and Cross,
2005)

1.10.2 Differences between mouse and human placentas

It is important to note the similarities and differences between the mouse and human
placenta when extrapolating findings from mice to humans. Both species have a
haemochorial placenta, whereby the trophoblast layer is in direct contact with maternal
blood (Schmidt et al., 2015). This is distinct from other species, such as dogs which
possess endotheliochorial placentas, where the maternal blood vessels are enclosed in
fetal epithelium, and pigs, which have epitheliochorial placentas where the chorion is
next to the uterine lining with no uterine invasion (Schmidt et al., 2015). Both mouse
and human placentas develop three distinct regions called the labyrinth, junctional
zone and maternal decidua in mice which correlate to the fetal placenta, basal plate
and maternal decidua in humans. The decidua of both species is largely analogous,
based on their spatial location and the extent of trophoblast invasion into the maternal
uterus (Georgiades et al., 2002). In contrast, the structure of the labyrinth and fetal
placenta are relatively distinct between mice and humans. The chorionic projections
within the murine labyrinth form a maze like, interconnected network, whereas the
human fetal placenta has villous projections from the chorion, with extensive
branching. In both, syncytiotrophoblasts are bathed in maternal and fetal blood
allowing nutrient, gas and waste exchange, however this is performed by a monolayer
of multinuclear syncytiotrophoblast in humans and two layers of multinuclear
syncytiotrophoblast and a mononuclear layer in mice (Georgiades et al., 2002). In both
species the junctional zone and basal plate is devoid of fetal blood and is thought to
have an endocrine function, however the precise roles for this layer are unclear. Each
is comprised of two types of cytotrophoblasts, one resembling glycogen cells and the
other, endovascular trophoblasts, proposed to be analogous to mouse

spongiotrophoblasts (Georgiades et al., 2002). The arrangement of this layer is distinct
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from murine placenta as is loosely arranged proximal to column cytotrophoblasts
associated with the villus. Despite the structural and cell composition differences
between mice and human placentas, studies of the analogous roles of the labyrinth and
related cell types throughout the placenta have led to many discoveries applicable to
both normal and abnormal human placentation, leading to an understanding of the
molecular basis of disorders such as intrauterine growth restriction (Rossant and Cross

2001).

1.10.3 Defects in placentation

Targeted genetic mutations in the mouse genome have provided insights into the role
of different genes, structures, trophoblast cell types and essential signalling processes
throughout development of the placenta. Interestingly, imprinted genes appear to play
an important role in controlling placental and fetal growth (Tunster et al., 2013).
Imprinted genes can be described as genes exhibiting monoallelic expression in a
parent of origin dependent manner, with silencing of one parental allele brought about
by DNA methylation (Reik and Walter, 2001). The evolution of genomic imprinting
has been proposed to be due to “parental conflict”, whereby asymmetry between
parental contributions to the fetus during development is regulated by imprinted genes
(Haig and Graham, 1991). This theory arose due to studies of the imprinted gene Igf2
and its receptor Igr2r. Igr2 is expressed from the paternal allele and imprinted on the
maternal allele, with the converse being true for /gf2r (Barlow et al., 1991; DeChiara
et al., 1991). Offspring receiving a disrupted Igf2 allele from their father are smaller
than if it is inherited from the mother, indicating the paternally expressed Igf2 is
responsible for enhanced growth of the embryo (DeChiara et al., 1991). By promoting
embryonic growth the fathers genes gain fitness through the greater success of larger
offspring, at the expense of the mother (Haig, 2000). Deletion of numerous imprinted
genes can lead to a variety of placental defects in different trophoblast cell subtypes or
placental layers, resulting in intrauterine growth restriction (IUGR) of mouse embryos

or embryonic lethality (Tunster et al., 2016).
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IUGR is defined as the failure of the fetus to reach its genetic growth potential and
generally applies to babies born in the lowest 10™ percentile of birthweights (Monk
and Moore, 2004). IUGR in humans is associated with neonatal problems such as
perinatal asphyxia, hypoglycaemia and premature death whereas problems into
adulthood extend to growth retardation, neurodevelopmental defects and enhanced
susceptibility to adult onset disease such as type II diabetes, ischemic heart disease and
neurological disorders such as depression (Sharma et al., 2016). Mice have provided a
good system to model human IUGR, whereby aberrant expression of evolutionary
conserved genes in both species contributes to growth restriction. For example,
deletion of the paternally expressed /gf2 gene throughout placenta and 