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Abstract
The three mammalian Heterochromatin Protein 1 (HP1) proteins are considered hallmarks of
H3K9me3-marked heterochromatin, and are essential for establishing this transcriptionally silent
chromatin state genome-wide. They also have a proposed involvement in regulating H3K9me3
levels, based on their interaction with histone lysine methyltransferases. However, they have
individually been shown to not be integral for silencing of certain classes of endogenous
retroviruses (ERVs). I show that HP1 isoforms in mESCs are functionally redundant and only
upon deletion of all three isoforms is there a loss of ERV silencing. I also show that although
there are some minor effects on H3K9me3 levels genome-wide following HP1 protein depletion,
there are minimal effects on this mark over genes and ERVs, unlike the effects seen on the
H3K9me3- and HP1-dependent mark H4K20me3. I also investigate two reported HP1interacting proteins, AHDC1 and CHAMP1, for their impact on gene regulation and pluripotency
maintenance in mESCs. I identify gene promoters where HP1 isoforms are bound independently
of H3K9me3, and therefore hypothesize that AHDC1 and CHAMP1 are responsible for HP1
protein recruitment to these promoters via their putative DNA-binding motifs. Both AHDC1 and
CHAMP1 have associated severe neurodevelopmental phenotypes when mutated in humans,
which could be caused by disruption of HP1-mediated gene silencing and aberrant stem cell
differentiation patterns. However, I find no significant effect on gene regulation upon disruption
of these two genes in mESCs. I also find no observed effect on cell growth or differentiation
potentials of Ahdc1 and Champ1 KO cells. The observed neurodevelopmental phenotypes in
humans can therefore not be explained by disruption of HP1-mediated gene silencing in mESCs,
although it is still possible they are caused by failure of this mechanism in differentiated cells at
later developmental stages.
iii

Lay Summary
The Heterochromatin Protein 1 family includes three proteins that help package the DNA strands
by tethering together DNA-bound proteins called histones. DNA regions to be compacted are
marked by a chemical modification to a lysine residue on these histones (H3K9me3), which act
as binding sites for HP1 proteins, ultimately preventing transcription of such regions. I used
mouse embryonic stem cells lacking all three HP1 proteins in conjunction, and investigated the
effects on transcription of certain “parasitic” DNA sequences that should remain un-transcribed
in order to protect the DNA from disruptive mutations. I also used CRISPR/Cas9-mediated gene
editing and high throughput sequencing technology to assess if HP1 proteins can influence where
H3K9me3 is deposited. Finally, I studied two proteins interacting with HP1 proteins that could
be responsible for HP1 protein recruitment to regions without H3K9me3, to see if losing these
had effects on gene transcription in stem cells.
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Chapter 1: Introduction
1.1

Functions and organization of the mammalian genome

The information necessary for a cell to develop, differentiate, and sustain itself is encoded in a
sequence of deoxy-ribonucleic acid (DNA) residues strung into a genome. This DNA sequence
encodes all protein-coding genes, which are transcribed to ribonucleic acid (RNA) sequences,
then translated into proteins that carry out cellular functions and homeostasis. Although we still
have much to learn about the genome, in the 20 years since the first human genome was
sequenced, researchers have shown that the dogma of genome function is a lot more complex
than “gene to RNA to protein”. For example, one totipotent cell can differentiate into every cell
type of the adult organism, each carrying the same genome. Each cell must therefore not only
contain the blueprint for each protein needed, but also the instructions for which genes to
express, when and how much protein to produce. In their review, Shapiro and Sternberg (2005)
list functions required of a genome that go beyond encoding proteins:
(1) Regulating timing and extent of coding sequence expression.
(2) Organizing coordinated expression of protein and RNA molecules that function
together.
(3) Packaging DNA appropriately within the cell.
(4) Replicating the genome in synchrony with the cell division cycle.
(5) Transmitting replicated DNA accurately to progeny cells at cell division.
(6) Detecting and repairing errors and damage to the genome.
(7) Restructuring the genome when necessary (as part of the normal life cycle or in
response to a critical selective challenge).
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These functions are, in large part, achieved by complexing DNA strands with other molecules in
the nucleus, e.g. the transcriptional machinery, and histone proteins involved in packaging DNA.

Surprisingly, although proteins carry out most required cellular functions, the complement of
protein coding genes comprises only 1.5% of the mouse genome, and close to 50% of the
mammalian genome is made up of repetitive DNA sequences (Slotkin & Martienssen,
2007).When the genomes of higher eukaryotes were first sequenced, these long stretches of
repetitive, non-genic DNA, mainly consisting of satellite DNAs and transposable elements
(TEs), were labeled ‘junk DNA,’ as they littered the genome with no known function (Ohno,
1972). However, we now know that this interpretation is misleading, and many of the functions
proposed by Shapiro and Sternberg rely heavily on these regions (Shapiro & Sternberg, 2005).
For example, the centromeric regions of chromosomes are made up of repetitive sequences
tightly packaged into protein-DNA structures called heterochromatin, which aids in transmitting
replicated DNA accurately to progeny cells during cell division. Since some repetitive
sequences, like TEs, can be transcriptionally active, they may also act as regulatory sequences
for nearby genes, and thereby organize coordinated gene expression as well as regulate timing
and extent of transcription. Understanding the mechanisms involved in transcriptional silencing
of repetitive sequence can therefore help us understand gene regulation and the process of cell
differentiation and development. The work presented here will focus on how the genome prevents
aberrant transcription of TEs by forming compacted protein-DNA structures around repetitive
sequences, and how, in some cases, this strategy is also utilized to regulate the expression of
genes for proper development and cellular differentiation.

2

1.2

DNA is organized into protein-associated chromatin

Given the size of the mouse genome (~3 billion bases) and its need to fit into the roughly 10µm
wide nucleus, it is necessary to compact and organize the DNA strands. In mice, the 19
autosomal chromosomes and two sex chromosomes are packaged into protein-DNA complexes
called chromatin by wrapping DNA around histone proteins. This forms the nucleosomes, the
basic unit of chromatin, with 146-147 base pairs (bps) wrapped around histone octamers made
up of two copies each of histones H2A, H2B, H3 and H4 (Luger, Mäder, Richmond, Sargent, &
Richmond, 1997) (Figure 1.1).

Figure 1-1 Structure of the nucleosome. 146-1477bp of DNA is wrapped around a core of two copies each of
H2A, H2B, H3 and H4. The histone tails protrude from the nucleosome core and are subject to PTMs. Some
commonly methylated lysine residues on H3 and H4 are highlighted, including H3K9 and H4K20.

Nucleosomes can in turn be bound together to form higher order chromatin structures, with the
highest level of compaction being the X-shaped condensed chromosomes seen during metaphase.
Compaction of DNA into chromosomes is vital for efficiently segregating DNA strands equally
into daughter cells during cell division (Dernburg, Sedat, & Hawley, 1996). Additionally,
chromatin compaction has important implications in the regulation of transcription, since DNA
3

wrapped around histones is largely inaccessible to the transcription machinery (reviewed in
Cutter & Hayes, 2015). Thus, the chromatin structure must be stable and resilient enough to
protect the genome integrity throughout the cell cycle and development, as well as plastic
enough to be easily adapted to changing transcriptional requirements as the cell develops and
differentiates. To that end, some regions, including the long stretches of repetitive DNA in
telomeres and centromeres, are constitutively condensed, whilst genic regions may be densely
packaged in some cell types and at specific developmental times, but de-condensed and open in
other cell types. The differential packaging density of genomic regions have led to two distinct
chromatin classifications; euchromatin – which is gene rich, loosely packaged, and more
available for transcriptional activity, and heterochromatin – the densely packaged and largely
transcriptionally silenced chromatin state.

Although heterochromatin and euchromatin are commonly described as transcriptionally
silenced or active regions, respectively, it is in fact the underlying gene density and sequence that
seem most closely correlated with the transcriptional activity of each chromatin state
(Gilbert, et al., 2004). Furthermore, based on the persistence of the chromatin structure in
different cells and at different developmental stages, heterochromatin can be sub-classified into
two classes, constitutive and facultative. As the name suggests, constitutive heterochromatin is
established early in development and remains condensed throughout life. In contrast, facultative
heterochromatin is more dynamic and can be established and removed in different cell types and
at different developmental stages. Both regions share some structural characteristics, however,
each of these regions can also be distinguished by distinct DNA-interacting proteins, covalent
post-translational modifications (PTMs) of histone tails, and the “readers” of these PTMs.
4

1.3

Post-translational modifications of histone tails

As previously discussed, chromatin state is, in large part, correlated with gene density and the
make-up of the underlying DNA sequence. One key finding shows that each chromatin state is
enriched for distinct PTMs of the N-terminal tail of histones (reviewed in Beisel & Paro, 2011).
Characterized histone PTMs include methylation, phosphorylation, acetylation, ubiquitination
and sumoylation, found at over 60 distinct amino acid residues (reviewed in Bannister &
Kouzarides, 2011). A plethora of enzymes have since been identified that can “write” these
PTMs at specific regions of the genome, generally guided by DNA sequences or factors binding
in a DNA sequence-specific manner. The presence of PTMs in a region can in turn be recognized
and bound by “reader” enzymes that exert various downstream functions. The combination of
these histone PTMs, and the “writers” and “readers” affecting them, make up the Histone Code
(Strahl & Allis, 2000), promoting or inhibiting critical nuclear pathways such as transcription or
DNA repair. Throughout embryonic development and adult life, epigenetic changes – including,
but not limited to, changing histone PTMs, the availability of histone PTM “readers”, and
associated changes in chromatin compaction – are believed to be the key events allowing cells to
maintain their cellular identity, or differentiate.

The most well-characterized histone PTMs are the lysine methyl-marks on the histone H3 tail.
While some PTMs, such as tri-methylation of histone H3 at lysine 4 (H3K4me3) are considered
“active” marks (H3K4me3 is found over actively transcribing gene promoters), other marks such
as H3K9me3 and H3K27me3 are recognized as “repressive” marks, as they are found in
transcriptionally silent regions of the genome (Beisel & Paro, 2011). Some histone tail
5

modifications, such as acetylation, are thought to change the DNA-histone binding affinity,
thereby altering the chromatin compaction and DNA accessibility. Unlike acetylation,
methylation of histone tails does not significantly alter the histone protein charge and DNA
affinity. Rather, these marks are thought to exert their function through recruitment or exclusion
of chromatin-modifying and transcriptional machineries. This thesis will mainly focus on
H3K9me3, proteins that bind to this mark, and the influence of these interactions on
transcription of genes and/or repetitive DNA elements.

1.4

The “writers” of H3K9me3

H3K9me3 is considered a silencing histone mark, and is a hallmark of heterochromatin regions.
In mice, there are many lysine methyl transferases (KMTs), but only 5 are known to “write”
histone lysine 9 methylation; G9A, GLP (G9A-like protein), SUV39H1 (Suppressor of
variegation 39h1), SUV39H2, and SETDB1 (SET domain-containing Box 1). All of these
contain the conserved catalytic SET domain, which facilitates methylation of lysine 9 (Leung &
Lorincz, 2012), and a number of other domains that may be unique or shared among them. While
they differ in where in the genome they “write” this methyl mark, none of these KMTs include
domains that bind to DNA. Rather it is their interactions with other chromatin factors, including
DNA-binding factors which may recognize specific sequence motifs, that likely guides these
epigenetic modifiers to specific genomic regions.

G9A and GLP are closely related KMTs which form a heterodimer to write mono- and dimethylation of lysine 9 (Tachibana, et al., 2002). In embryonic stem cells (ESCs) and somatic
cells, G9A/GLP deposit H3K9me1/2 over large megabase-sized domains predominantly in
6

euchromatic regions (Peters, et al., 2003; Rice, et al., 2003). In contrast, SUV39H1/2 are
paralogs that catalyze H3K9 di- and tri-methylation in the pericentromere to establish
constitutive heterochromatin (Aagaard, Schmid, Warburton, & Jenuwein, 2000; Peters, et al.,
2001). SUV39H1/2 also contain a domain that can recognize H3K9 methylation, and can
therefore act as both a “writer,” and a “reader” to reinforce and help spread this mark (Mozzetta,
Boyarchuk, Pontis, & Ait-Si-Ali, 2015). Finally, SETDB1 can write H3K9 mono-, di- and trimethylation, but predominantly lays down H3K9me3 over specific classes of TEs in euchromatic
regions (Karimi, et al., 2011; Liu, et al., 2014; Matsui, et al., 2010).

1.5

H3K9me3-mediated transcriptional silencing

Due to their targeting of distinct genomic regions, and the differences seen between H3K9me2
and me3 patterns, it is not surprising that disruption of each of these K9 KMTs results in distinct
phenotypes in vivo. G9A/GLP knock-out (KO) mice die from severe growth restrictions by
embryonic day 9.5 (E9.5) (Tachibana, et al., 2002; 2005), while SUV39H1/2 KOs show reduced
viability in utero. Surviving SUV39H1/2 KO embryos show growth retardation at birth (Peters,
et al., 2001). Finally, SETDB1 KO embryos die at the peri-implantation stage, around E3.5-5.5
(Dodge, Kang, Beppu, Lei, & Li, 2004).

In mouse ESCs (mESCs), disruption of the K9 KMTs impacts transcription of distinct genes and
TEs, and the cell’s ability to divide and differentiate. For example, disruption of G9A/GLP leads
to global loss of H3K9me2 in euchromatic regions, up-regulation of a class of genes with
H3K9me2 marks in their promoter, as well as increased expression of one class of TEs, Class III
endogenous retroviruses (ERVs) (Maksakova, et al., 2013; Tachibana, et al., 2005; Yokochi, et
7

al., 2009). In contrast, depletion of SUV39H1/2 leads to loss of H3K9me3 over pericentromeric
heterochromatin, with resulting chromosome instability, disrupted cell division, and increased
transcription of major satellite DNA elements from the pericentromere (Lehnertz, et al., 2003).
As opposed to the up-regulation of class III ERVs in G9a/GLP KOs, depletion of SETDB1
results in a significant up-regulation of class I and II ERVs (Matsui, et al., 2010).

1.5.1

Transposable elements require H3K9me3 for their silencing

As described by Shapiro and Sternberg (2005), the presence of TEs in the mammalian genome
influences many genome functions. Some TEs retain their transcriptional activity following
genome insertion, meaning they contain regulatory elements that can affect transcription of the
TE itself, as well as surrounding sequences, including genes (Brind'Amour, et al., 2018). TEs are
also of interest because of their ability to transpose, i.e. copy themselves, or “jump”, to new
locations in the genome. This can be either detrimental or beneficial to the host genome. Much as
any other mutational event, TE insertion or excision may lead to disruption of coding sequence
or regulatory sequence. In fact, roughly 10% of all germline mutations in mice are caused by
novel TE insertions (Gagnier, Belancio, & Mager, 2019). However, most TE insertions must be
either neutral, or even beneficial to the host, either as a source of new regulatory sequence, or
simply as a provider of mutations to drive evolution and speciation, considering their high
abundance in the mouse and human genomes (Zhang, Romanish, & Mager, 2011) (Thompson,
Macfarlan, & Lorincz, 2016).

ERVs, also called Long Terminal Repeat (LTR) retrotransposons due to the presence of repeat
sequences at each end of the element, are a class of TEs originating from ancient retroviral
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infection of the host germline genome. Over time, ERV insertions have come to make up over
10% of the total mouse genome (Stocking & Kozak, 2008). To mobilize in the host genome,
retrotransposons employ reverse transcription to generate viral “genomic copies” for
retrotransposition, essentially expanding their numbers in the genome by a “copy-paste”
mechanism. In contrast, non-LTR retrotransposons (long and short interspersed nuclear elements
[LINEs and SINEs]) are the most abundant interspersed repeats in the mouse genome,
constituting 27.4% (Stocking & Kozak, 2008).

Full-length ERVs are autonomous TEs, meaning they contain all the sequences required for their
retrotransposition. These elements are made up of LTRs flanking an open reading frame of viral
genes. However, like the rest of the host genome, TEs will accumulate deleterious mutations
over time, and most ERVs are therefore transcriptionally silent (Mager & Stoye, 2015). Further,
due to the identical repetitive sequences in the 5’ and 3’ LTR regions, ERVs are prone to
homologous recombination, where the LTR sequences align, leading to excision of the viral
genes between them and leaving behind a solo LTR sequence (Mager & Stoye, 2015) (Nellåker,
et al., 2012). These solo LTRs are the most abundant ERV-derived sequence in mammalian
genomes (Belshaw, et al., 2007). Intriguingly, since the LTR region contains transcription factor
(TF) binding sites, solo LTRs can retain their transcriptional potential and may function as cis
regulatory elements of downstream host genes. In fact, the majority of regulatory sequences in
primates are thought to be derived from TEs (Jacques, Jeyakani, & Bourque, 2013), and aberrant
expression from such TEs can influence the expression of nearby genes (Brind'Amour, et al.,
2018). This further highlights the strong need for the genome to control transcription of ERV
sequences even when they are not capable of retrotransposition.
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Since some ERV families retain their transcriptional potential, and a subset of these the ability to
retrotranspose (Stocking & Kozak, 2008), the genome has developed numerous ways to repress
TE expression. These include transcriptional silencing by methylation of cytosine in the DNA
strands (DNA methylation [DNAme]), and/or PTMs, which promote chromatin compaction
(reviewed in (Slotkin & Martienssen, 2007)). DNAme is closely linked to transcriptional
silencing by H3K9 methylation and is important in processes such as genomic imprinting.
Although essential, and much studied, DNAme is beyond the scope of this thesis, and will thus
not be further discussed here. TEs can also be silenced post-transcriptionally by RNA
interference and the PIWI/piRNA pathway in the germline.

H3K9me3 is the major silencing histone PTM responsible for ERV silencing, as specific classes
of ERVs show increased transcriptional activity upon loss of any one of the K9 methyl
transferases (Lehnertz, et al., 2003; Maksakova, et al., 2013; Matsui, et al., 2010; Tachibana, et
al., 2005). In particular, SETDB1-dependent silencing of ERVs, which has been shown to be
dependent on KAP1 (KRAB-associated Protein 1), has been much studied. In mESCs, SETDB1
is believed to interact with KAP1, which is a co-repressor recruited to ERVs by KRAB-ZFPs
(Krüppel-associated box domain-zinc finger proteins) recognizing sequence motifs in specific
classes of ERVs (Rowe, et al., 2010). Although a direct interaction between KAP1 and SETDB1
has been difficult to confirm, KAP1 and SETDB1 are clearly both required for proper silencing
of ERVs in euchromatic regions, since loss of either leads to loss of H3K9me3, and increased
transcriptional activity of overlapping sets of ERVs both in mESCs and in vivo (Liu, et al., 2014;
Matsui, et al., 2010; Rowe, et al., 2010). Since both KAP1 and SETDB1 have been reported to
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interact with HP1 proteins (Hauri, et al., 2016), it is also possible that SETDB1 and KAP1 do not
directly bind each other, but rather that their interaction with HP1 proteins mediates their
recruitment to genomic locations for silencing of ERVs, although this has not yet been
investigated.

1.6

H3K9me3 marks are “read” by HP1 proteins

Since histone tail methylation does not alter the DNA-binding affinity of histones to change
chromatin packaging, H3K9me3 likely affects chromatin packaging and transcription via
proteins binding, or “reading”, this histone mark. The most well characterized K9me3 “readers”
are the HP1 family of proteins, which, alongside H3K9me3, are hallmarks of heterochromatic
regions. Recent work showed that, in vitro, HP1 proteins will dimerize, with one subunit binding
H3K9me3-marks on adjacent histones, essentially forming a bridge between histones and
resulting in chromatin compaction (Machida, et al., 2018). In mice, HP1 proteins and H3K9me3
mark large heterochromatin domains covering the telomere and centromeric regions, but is also
found as smaller domains throughout the euchromatic regions of the genome, such as over some
gene promoters and over specific classes of ERVs (Bickmore & van Steensel, 2013). The
presence of H4K20me3 at such ERVs further implicates HP1 proteins in this silencing process,
since HP1 isoforms are required for the recruitment of the H4K20 methyltransferases
SUV420H1/2 (Schotta, et al., 2004). Previous work in the Lorincz Lab concluded that individual
HP1 isoforms were not required for silencing of class I & II ERV families, and only a moderate
up-regulation of class III ERVs was seen upon HP1 isoform depletion (Maksakova, et al., 2011).
However, the possibility that HP1 isoforms are highly redundant with respect to silencing of
ERVs remained to be addressed. I therefore chose to revisit the link between different HP1
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isoforms and ERV silencing in greater detail, exploiting a recently developed HP1 triple
knockout (TKO) mESC line.

As previously discussed, heterochromatin can also be further subdivided into two categories;
constitutive and facultative heterochromatin. Both categories are transcriptionally silenced, and
show a high degree of chromatin compaction. Constitutive telomeric and centromeric
heterochromatic regions are bound by, predominantly, HP1a and b isoforms and marked by
H3K9me3, and remain condensed throughout the cell cycle and in all investigated cell types. In
contrast, facultative heterochromatin usually targets genes in what is normally considered
euchromatic regions in a subset of cell types, at specific time points in development. While there
is still much discussion over what exactly characterizes facultative heterochromatin, it is clear
that facultative heterochromatin exists in regions both marked by, or lacking H3K9me3. For
example, regions marked by H3K27me3 are, by many, also considered facultative
heterochromatin (Beisel & Paro, 2011). X inactivation, the process in which one X chromosome
is silenced in female somatic cells to regulate gene dosage, relies on H3K27me3, as deposited by
the Polycomb Repressive Complex 2 (PRC2), as well as DNAme and a “coating” of the
chromatin strand by the long non-coding RNA Xist (reviewed in Chow & Heard, 2009).
Facultative heterochromatin can also form in regions lacking both H3K9me3 and H3K27me3,
such as in the promoter of genes marked by the ChAHP complex. ChAHP is a three-protein
complex of the sequence-specific DNA-binding protein ADNP (Activity-dependent
Neuroprotective Protein), HP1g, and the chromatin remodeller CHD4 (Chromodomain Helicase
DNA binding protein 4), which silences genes essential for cell lineage differentiation in mESCs
(Ostapcuk, et al., 2018) (Further discussed below). The work presented here will focus on the
12

role of the readers of H3K9me3, namely HP1 proteins, in establishing facultative
heterochromatin for transcriptional repression of ERVs (Chapter 3), and on transcriptional
repression of genes marked by HP1 isoforms in absence of H3K9me3 (Chapter 4).

1.7

HP1 proteins: structure and conservation

The Heterochromatin Protein 1 family are the canonical “readers” of H3K9me3. While
orthologues of mammalian HP1 proteins were first identified and characterized in Drosophila
melanogaster (Eissenberg, et al., 1990; James & Elgin, 1986), HP1 homologues are found in
species ranging from fission yeast (Saccharomyces pombe) to human, with some species
containing one (S. pombe and Neurospora) or two (C. elegans) isoforms.
Three isoforms; HP1a (aka Cbx5), HP1b (aka Cbx1) and HP1g (aka Cbx3), are encoded in mice
and humans, whilst Drosophila similarly have three isoforms (HP1a, b and c), plus two tissuespecific isoforms (HP1d in ovaries and HP1e in testes). Early studies in Drosophila revealed that
HP1 proteins act as suppressors of position effect variegation (SuVar/SUV), and as an integral
part of the condensed structure of heterochromatin ((Eissenberg, et al., 1990; James & Elgin,
1986)), illustrating the critical role of readers in directing the functional “readout” of histone
PTMs.

The amino acid sequence in mice share ~50% identity with that of Drosophila HP1 isoforms,
and the protein domains and organization is well conserved throughout eukaryotes (Singh, et al.,
1991)(Figure 1.2). The domains and organization are also conserved between isoforms, with
each isoform containing a chromodomain (CHD), a chromoshadow domain (CSD), and a hinge
region connecting the two. The CHD has been shown in vitro to bind directly to histone
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H3K9me2 and me3, with a strong preference for H3K9me3 (Bannister, et al., 2001; Lachner,
O'Carroll, Rea, Mechtler, & Jenuwein, 2001).

Figure 1-2 Comparison of the three isoforms of HP1 in mice. The chromodomain (CHD) is responsible for
recognizing and binding H3K9me3. The Chromoshadow domain (CSD) is involved in protein dimerization and
other protein interactions.

Most of the variation between HP1 isoforms is found in the length and sequence of the hinge
region. In both mice and humans, all three isoforms are approximately 20kDa in mass, only
differing by 18 amino acids from the largest (HP1a) to the smallest (HP1g) isoform. Notably, the
hinge region is subject to post-translational modifications, including phosphorylation, which is
thought to cause isoform-specific localization and protein interactions (Badugu, Yoo, Singh, &
Kellum, 2005; Koike, Maita, Taira, Ariga, & Iguchi-Ariga, 2000; Smothers & Henikoff, 2001;
Zhao, Heyduk, & Eissenberg, 2001).

The chromoshadow (CSD) domain is responsible for the formation of both homo- and HP1
heterodimers, as well as the interaction with a multitude of other proteins with functions
including chromatin modification, DNA replication and repair, and nuclear architecture (Brasher,
et al., 2000; Cowieson, Partridge, Allshire, & McLaughlin, 2000). Many other proteins known to
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bind and regulate chromatin structure also contain a CSD, such as the lysine methyltransferase
Suv39h1. The CSD domain recognizes a short aa motif, P*V*L (where * is any amino acid),
which is found in many HP1-interacting proteins (Thiru, et al., 2004). However, HP1 isoforms
have also been shown to interact with proteins lacking this motif (Nozawa, et al., 2010; Smothers
& Henikoff, 2000), revealing that there are likely multiple sequence features within HP1 proteins
that promote their interactions with other chromatin factors. Indeed, thus far, over 200 HP1interacting proteins have been identified, a subset of which are discussed below.

1.8

HP1 proteins have varied chromatin-associated functions

Due to sequence and domain similarities, HP1 isoforms appear to have many redundant and
overlapping functions (reviewed in Kwon & Workman, 2008). However, deletions of individual
isoforms in the mouse cause unique phenotypes, indicating the isoforms must also have isoformspecific functions. Whilst HP1a KO mice are viable and fertile (Allan, et al., 2012), HP1b KO
mice die from presumed respiratory failure by post-natal day 2 (P2) (Aucott, et al., 2008). HP1g
KO males are infertile due to a failure of spermatogenesis, and infertility has also been reported
in HP1g KO females (See Table 1.1) (Brown, et al., 2010; Takada, et al., 2011). It is not yet
known what confers the isoform-specific functions of HP1 proteins, but their expression patterns
may play a role. As seen in Figure 1.3, HP1a and b show similar temporal and spatial
expression patterns in germ cell- and pre-implantation development, whereas HP1g is the major
isoform expressed following fertilization.
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Table 1-1 Reported phenotypes upon in vivo deletion of HP1 isoforms in mice

Figure 1-3 Germ cell and early embryonic development expression of HP1 isoforms. Isoforms show similar
expression patterns in germ cells, whereas HP1g is the predominant isoform in early development. Data from Dr.
Brind’Amour and DBTMEE.hgc.jp. PGC – primordial germ cell. ESC – embryonic stem cell. MEF – mouse
embryonic fibroblast.
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HP1 isoforms have also been reported to have functions beyond heterochromatin formation for
transcriptional silencing. For example, in Drosophila, HP1 isoforms act as telomere capping
proteins, and HP1 mutant cells show fusion and abnormal chromosome configurations during
metaphase (Fanti, Giovinazzo, Berloco, & Pimpinelli, 1998). Smallwood et al. also postulate that
HP1 isoforms are involved in recruitment of the splicing machinery, to efficiently process
transcribed RNA (2012). In addition, HP1 isoforms has reported functions in DNA replication
and repair, by interactions with the origin recognition complex (ORC) and chromatin assembly
factor 1 (CAF1) respectively (reviewed in Kwon & Workman, 2008). CAF1-association is
believed to help re-establish heterochromatin following the necessary displacement of histones
and their histone marks during DNA replication. There is still much to learn about the role of
HP1 proteins and the multitude of HP1-interacting proteins in these nuclear pathways. Further, it
is of interest to determine whether these activities operate independent of H3K9me3.

1.9

Proteins interacting with HP1 isoforms

Another potential explanation for differences in HP1 isoform function is differences in
interacting partners, which can aid or prevent specific targeting of HP1 isoforms and/or modify
their functions. Several proteomics studies have investigated the interacting partners of HP1
proteins (Nozawa, et al., 2010) and (Hauri, et al., 2016). So far, over 200 distinct proteins have
been reported to interact with one, or more, HP1 isoform (Table 1.2). Intriguingly, many of the
identified HP1 interactors have reported associations with human disease. E.g. POGZ (Pogo
Transposable Element-derived Protein with Zinc Finger Domain) was shown to be associated
with White-Sutton Syndrome, a form of ID and autism spectrum disorder (White, et al., 2016;
Stessman, et al., 2016). In 2010, Nozawa, et al. showed that HP1a interacts with POGZ in
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human cell lines (Nozawa, et al., 2010), an interaction reported to promote de-stabilization of
HP1a binding to chromosome arms during mitosis, allowing its removal and activation of the
kinase Aurora B (AurkB). Nozawa, et al. showed that loss of POGZ resulted in an accumulation
of HP1a on chromosome arms, rather than in centromeric regions, and cells failed to properly
align chromosomes and undergo normal mitosis.

Ostapcuk, et al. (2018) also identified HP1 isoforms as an integral part of the ChAHP protein
complex. This complex can recruit HP1 proteins to specific genomic locations in the absence of
H3K9me3. Ostapcuk, et al. showed that the DNA-binding protein ADNP binds HP1g (though it
can also bind HP1b and a isoforms, in preferred order) along with CHD4. ADNP recognizes a
short sequence motif in the promoter region of specific genes in mESCs, and forms the ChAHP
complex to silence transcription of these genes. Loss of either complex subunit, or their
interaction, results in ESCs that spontaneously differentiate into the endoderm cell lineage, so
HP1-mediated silencing is necessary to prevent premature cellular differentiation. In humans,
mutations of ADNP have been implicated as the cause of Helsmoortel – Van der Aa Syndrome, a
rare syndrome causing autism spectrum disorders as well as facial dysmorphia and disruption of
other organ functions (Helsmoortel, et al., 2014).
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Table 1-2 Interactors of HP1a. Interactors of HP1a were identified by immunoprecipitation experiments using
HP1a protein as bait. Categories denote interacting strength and which region of HP1a the protein interacts with.
Adapted from Nozawa, et al. (2010).

Strikingly, the list of proteins interacting with HP1 isoforms contains a large number of proteins
with putative DNA-binding domains, like a number of zinc finger proteins (ZFPs). Many are also
implicated in human diseases similar to the syndrome resulting from ADNP mutations, such as
AHDC1 (AT-hook DNA-binding Motif Containing 1) (Xia et al., 2014), POGZ (Stessman, et al.,
2016) and CHAMP1 (Chromosome Alignment-containing Phosphoprotein 1) (Hempel, et al.,
2015) (Figure 1.4). We therefore hypothesize that HP1 isoforms can use various sequencespecific DNA-binding proteins as recruiters to genic loci for transcriptional repression, similar to
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what is seen in the ADNP-HP1g-CHD4 interaction. Using data from several proteomics studies
of the HP1 protein interactome as a starting point, in Chapter 4, I investigate the function of two
additional HP1-interacting proteins, AHDC1 and CHAMP1. Ahdc1 and Champ1 show similar
phenotypes to that of Adnp when mutated in humans, making them potential co-regulators of
HP1-mediated gene silencing in mESCs.

1.10 Thesis goals
HP1 proteins are known as “readers” of H3K9me3, binding this histone mark and establishing a
transcriptionally silent chromatin state. The deposition of H3K9me3 over ERVs in euchromatic
regions is attributed to a complex of KRAB-ZFPs, KAP1 and SETDB1, with HP1 recognizing
this lysine methylation. However, HP1 isoforms’ role in establishment and maintenance of
H3K9me3 at ERVs and over regions flanking these repeats has not been explored in detail.
Based on the background presented in Chapter 1, I hypothesize that HP1 isoforms, acting
redundantly, are required for transcriptional silencing of specific ERV families in mESCs, and
that their presence aid in reinforcing the silencing histone lysine methylation mark over these
ERVs. In contrast, HP1 has also been shown to regulate expression of specific genes in mESCs,
in an H3K9me3-independent manner. Based on published HP1 protein interactomes, I therefore
hypothesize that HP1 proteins use DNA-binding proteins as interchangeable protein complex
subunits to facilitate their recruitment to gene promoters in absence of H3K9me3. The general
objective of my thesis work was to investigate HP1-mediated transcriptional silencing
mechanisms in mESCs.
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Chapter 2 describes the materials and methods employed in generating the data presented in
Chapters 3 & 4, including cell lines used, and culturing conditions. I also adapted and optimized
a native Chromatin Immunoprecipitation sequencing (ChIP-seq) protocol, performed mESC
growth assays, immunofluorescence cell imaging, and generated KO mESC cell lines through
CRISPR/Cas9-mediated gene editing. Chapter 2 also describes the bioinformatic analyses used
on newly generated RNA- and ChIP-seq datasets, as well as mined publicly available data.

The aim of Chapter 3 was to show that the three HP1 protein family members act redundantly to
silence transcription of specific classes of ERVs. First, I mined publicly available RNA-seq
datasets and discovered that, although HP1a, b and g single KO cells showed only minor upregulation of ERV transcription, HP1 TKO cells showed upregulation of specific Class II ERV
families, indicating high functional redundancy between the HP1 isoforms. The upregulated
ERV families were direct targets of HP1 protein binding, and followed the H3K9m3-HP1
recruitment dogma, as shown by ChIP-seq data. Secondly, I utilized an inducible HP1 TKO
mESC line, generated by our collaborator Dr. Haruhiko Koseki’s lab, to generate H3K9me3
ChIP-seq data, and showed that deposition and maintenance of this mark is not affected by the
loss of HP1 proteins. I also confirmed that H4K20me3 deposition, which was known to depend
on HP1 protein recruitment to H3K9me3, was disrupted in HP1 TKO cells.

In Chapter 4, I aimed to characterize two out of 200+ reported interactors of HP1 proteins,
AHDC1 and CHAMP1, with respect to their HP1-mediated transcriptional silencing potential. I
hypothesized that these proteins were responsible for recruiting HP1 isoforms to some gene
promoters, in absence of H3K9me3. I characterized the resulting growth phenotype and looked
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for gross morphological changes following CRISPR/Cas9-mediated gene deletion, and found
that neither candidate had any adverse effects on growth or cell morphology. Nor did gene
disruption affect either cell lines’ ability to differentiate into embryoid bodies containing all three
germ layers. Transcriptome analysis by RNA-seq also confirmed that neither candidate was
responsible for HP1-mediated transcriptional silencing.

The experimental results in Chapter 3 and 4 are summarized and discussed in Chapter 5.
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Chapter 2: Materials and Methods
2.1

Cell lines

All cell lines generated in the following experiments originated from an HP1 conditional knockout cell line kindly gifted to us by Dr. Haruhiko Koseki. These mESCs carry HP1a/b/gfl/fl;
Rosa26-Cre/Ert2 transgenes. Cre, which recognizes the LoxP sites flanking all HP1 loci, is
sequestered in the cytoplasm and released upon treatment with 4-hydroxytamoxifen (4-OHT) to
induce translocation to the nucleus, where it collapses the LoxP sites and deletes all three HP1
genes.

mESCs were cultured in ES media containing serum and 2i, as described in Ostapcuk, et al.,
(2018). This media contains DMEM High Glucose supplemented with 15% FBS (HyClone
Laboratories, Logan, UT, USA), 1 mM L-glutamine, 1 mM non-essential amino acids, 1mM
sodium pyruvate, 0.1 mM betamercaptoethnol, 100 U/mL penicillin-streptomycin, recombinant
leukemia inhibitory factor (LIF), 3µM GSK (CHIR-99021 HCl, Selleckchem.com, Houston, TX,
USA), and 1µM MSK inhibitors (PD0325901 [Mirdametinib], Selleckchem.com, Houston, TX,
USA). Cells were plated on gelatinized plates and passaged every 2-3 days.

2.2

Generation of CRISPR KO plasmid

Short guide RNA (sgRNA) were designed in silico using the “CRISPR guides” tool on
Benchling.com, against the RefSeq annotation of Ahdc1 and Champ1. Two guides were designed
per gene, one guide on each side of the coding exon (exon 6 for Ahdc1, exon 2 for Champ1).
sgRNA sequences are listed in Table 2.1. The guides were cloned into vectors designed by our
collaborator, Dr. Louis Lefebvre, containing the Cas9 endonuclease and puromycin resistance
23

(Figure 2.1). Vectors were checked for sgRNA insertion by Sanger sequencing. HP1 conditional
TKO cells (not induced with 4-OHT) were transfected using Lipofectamine 3000 (Invitrogen,
Carlsbad, CA, USA) as per the manufacturer’s protocol. Cells were grown under puromycin
selection for 48h, then 42 individual colonies picked and seeded at low density. 10 clones of each
gene KO were genotyped and Sanger sequenced to verify gene deletion. WT control cells were
HP1 conditional TKO cells transfected with vectors lacking the sgRNA sequence, then subjected
to the same puromycin selection and colony picking process as CRISPR KO cells.

Table 2-1 Genomic target sequences for CRISRP/Cas9 sgRNAs. Two sgRNAs were used per gene, flanking the
ORF of each gene to induce NHEJ between the cut sites and deletion of the interstitial exon.

Ahdc1 5’ sgRNA

TGGCAGGTTCTGGTCCCGGC

Ahdc1 3’ sgRNA

CGAGGTTTTGTTCCTGGGTA

Cloning and
CBh-Cas9
Champ1
5’ expression
sgRNA of sgRNA from pPuro2-hU6-gRNA
GCTTACTCTCTATAGCACGT
Here is the structure of our pPuro2-hU6-gRNA CBh-Cas9 vector and the sequence of the cloning
site for new3’
sgRNAs:
Champ1
sgRNA

GGAGGGGCCACCATTACATG
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Figure 2-1 Map of CRISPR/Cas9 vector. The vector was generated by Dr. Louis Lefebvre, and contain the Cas9
protein coding sequence, and a puromycin selectable marker.

2.3

Whole-cell protein extraction and western blot

Protein extraction for western blot was done by lysing 1 million cells in RIPA buffer (50mM Tris
pH 8.0, 150mM NaCl, 1% NP-40, 0.25% deoxycholate, 0.1% SDS), then sonication for 5
minutes, 30 seconds on/30 seconds off. Lysate was centrifuged, and 15µL was boiled for 5
minutes with 5µL NuPAGETM LDS Sample Buffer (4X) (Invitrogen, Carlsbad, CA, USA).

Western blot gels were loaded with 10µL sample, and run time and voltage optimized to fit
target protein size (~15 min at 100V, then 45 min at 120V). Proteins were transferred to a PVDF
membrane overnight at 30V in transfer buffer (25mM Tris, 190mM glycine, 20% methanol, pH
8.3). Membranes were then incubated in blocking buffer (TBS, 3% BSA) for 30 minutes. 1˚
antibody incubation was done in 5mL blocking buffer for 1h at room temperature. 1˚ antibodies
used included Champ1 (AbClonal A11690), HP1a (Cell Signaling #2616), HP1b (Cell Signaling
#2613), and HP1g (Cell Signalling #2619). The membrane was washed briefly in TBS-T, then
incubated with LI-COR IRDye 2˚ antibodies for 1h at room temperature, washed again, then
imaged on an Odyssey Imaging System (LI-COR, Lincoln, NE, USA).

2.4

Immunofluorescence cell imaging

Cells were grown on microscope cover slips for 24h, then fixed for 10 minutes at room
temperature in 4% paraformaldehyde in PBS, pH 7.4. Following three washes in ice cold PBS,
slides were incubated in PBS with 0.2% Triton X-100 for 10 minutes at room temperature, then
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washed again in ice cold PBS. Blocking was done in blocking buffer (3% BSA, 22.52 mg/mL
glycine, 0.1% PBST) for 30 minutes. 1˚ antibody (Novus Bioloicals NBP1-84238) was diluted
in 1% BSA-0.1% PBST and added to slides in a humidified chamber at room temperature for 1h.
Following another wash in ice cold PBS, slides were counter-stained in DAPI as well as
fluorescent 2˚ antibody was added in 3% BSA-0.1% PBST, and slides were incubated for 1h in a
humidified dark chamber. Slides were then mounted on microscope slides and sealed, and
imaged.

2.5

Genomic DNA isolation and genotyping

Genomic DNA was extracted using the HotSHOT method (Truett, et al., 2018). 500k cells were
lysed and boiled in 75µL HotSHOT I alkaline buffer (25mM NaOH, 0.2mM EDTA) for 30
minutes, then neutralized in HotSHOT II buffer (40mM Tris-HCl pH 5.0). 2µL DNA was used
per polymerase chain reaction (PCR) PCR primers against HP1 isoforms were designed by a
previous graduate student in the lab. Primers against Ahdc1 and Champ1 were designed to flank
each of the sgRNA sites (short PCR product), and for the two primers on the outside of the
excised region to be able to produce a PCR product upon CRISPR deletion (long PCR product).
PCR products were verified in WT and KO cells by Sanger sequencing and aligning to the
expected nucleotide sequence in silico (Figure 2.2).
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Figure 2-2 Alignment of sequenced PCR results for CRISPR/Cas9-mediated KO validation – A. PCR products
from the Ahdc1 Long PCR reaction were gel purified and Sanger sequenced, and aligned to the genomic Ahdc1
locus to show successful gene deletion. B. PCR products from the Champ1 Long PCR reaction were gel purified and
Sanger sequenced, and aligned to the genomic Champ1 locus to show successful gene deletion.

2.6

RNA extraction, RT-qPCR, and RNA sequencing

RNA was extracted by TRI-reagent by adding 400µL TRI-reagent to 500,000 cells and mixing
well, then incubated for 5 minutes at room temperature. 80µL chloroform was added, and the
solution mixed and incubated for 3 minutes, then centrifuged at 12,000g at 4˚C for 15 minutes.
Aqueous phase was transferred to a new tube, and 200µL isopropanol added to precipitate RNA.
The sample was incubated for 10 minutes at room temperature, then spun down for 10 minutes at
12,000g in 4˚C. The pellet was washed briefly in 75% ethanol, then centrifuged at 7,500g at 4˚C
for 5 minutes and allowed to dry. RNA was re-suspended in 40µL RNase-free water, incubated
at 55˚C for 10 min, then stored at -70˚C until further use.
To generate cDNA, RNA was converted with SuperScript IV reverse transcriptase, as per
manufacturers recommendation. RNA was converted by mixing 50µM Oligo d(T)20 primer,
10µM dNTP mix and RNA sample in DEPC water. Samples were mixed and centrifuged briefly,
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then incubated at 65˚C for 5 minutes. 5X SSIV buffer, 100mM DTT, Ribolock RNase inhibitor
(Thermo Scientific, Waltham, MA, USA) and SuperScript IV reverse transcriptase (Invitrogen,
Carlsbad, CA, USA) was mixed and added to the annealed RNA template, then incubated at
53˚C for 10 minutes and 80˚C for 10 minutes. qPCR experiments were done using primers of
interest and primers to the Ppia housekeeping gene, with an EvaGreen dye (Biotium) on a
QuantStudio 3 Real-Time PCR system (Thermo Fischer Scientific, Waltham, MA, USA).
Relative expression was calculated by normalization to Ppia expression.

RNA samples were submitted to the UBC BRC sequencing core for sequencing and performed
as per their standard protocol. Sample quality was verified on the Agilent 2100 Bioanalyzer, and
prepped following the standard protocol for the NEBnext Ultra II Stranded mRNA (New
England Biolabs, Ipswich, MA, USA). Sequencing was done on the Illumina NextSeq 500 with
paired-end 42bp x 42bp reads.

2.7

Native Chromatin immunoprecipitation (ChIP)

ChIP-seq was performed using an ultra-low input (ULI-) ChIP sequencing protocol
(Brind’Amour, et al., 2015), adapted for a larger cell number. Cells were harvested at 70%
confluency, and aliquoted into 500,000 cell/sample. Each aliquot was flash frozen in liquid
nitrogen, and stored at -80˚C until further use. Each sample (HP1 TKO and HP1 cTKO [WT])
was thawed and diluted in 20µL 1X PBS. For each sample, 200k cells (8µL) in duplicate was
lysed in 50µL EZ Nuclear lysis buffer (LB) (Sigma-Aldrich, St. Louis, MO, USA) + 1X
proteinase inhibitor cocktail (PIC) (Sigma-Aldrich, St. Louis, MO, USA) and spun down at top
speed for 15 seconds. All but 5µL of the buffer was removed, the pellet resuspended in 20µL of
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fresh LB+PIC. DNA was digested by addition of 20µL MNase master mix (76.5µL ddH2O,
20µL 10X MNase buffer, 1.85µL 200mM DTT, 2µL MNase [New England Biolabs, Ipswich,
MA, USA]) and incubated at 37˚C for 8 min. Digestion was stopped by addition of 4µL 200mM
EDTA and 410µL ChIP buffer (20mM Tris-HCl pH 8.0, 2mM EDTA pH 8.0, 150mM NaCl,
0.1% Triton X-100, 1mM PMSF, 1X PIC). Samples were sonicated on low for 15 seconds to
increase solubility, and topped up with 100µL ChIP buffer. Pre-clearing was done using a mix of
Protein A and G Dynabeads (Life Technologies) for 2.5 hours at 4˚C with rotation. BeadAntibody complexes were generated by washing 150µL Protein A + 150µL Protein G
Dynabeads in 600µL ChIP buffer, then resuspended in 300µL fresh ChIP buffer. 50µL of bead
mix was mixed with 5µL anti-H3K9me3 antibody (Active Motif 39161) or 10µL antiH4K20me3 antibody (Active Motif 39180) and 1000µL ChIP buffer, then aliquoted 210µL per
reaction condition, and incubated for 3h at 4˚C with rotation. 220µL of precleared chromatin was
added to each of the bead-antibody complex samples, as well as 22µL set aside as input samples.
Chromatin + bead-antibody complex was incubated over-night at 4˚C with rotation. The
remaining chromatin was checked for proper MNase digestion on an Agilent TapeStation.
Following over-night incubation, bead-antibody complex samples were washed twice in 200µL
low-salt wash buffer (20mM Tris-HCl pH 8.0, 2mM EDTA pH 8.0, 150mM NaCl, 1% Triton X100, 0.1% SDS, 1X PIC), followed by two washes with 200µL high-salt wash buffer (20mM
Tris-HCl pH 8.0, 2mM EDTA pH 8.0, 500mM NaCl, 1% Triton X-100, 0.1% SDS, 1X PIC).
Protein-DNA complexes were eluted from the magnetic beads by incubation in 25µL elution
buffer (100mM NaHCO3, 1% SDS) and Proteinase K at 55˚C for 20 minutes, then 65˚C for 90
minutes. Prior to library preparation, samples were cleaned up using AMPure XP beads
(Beckman Coulter, Indianapolis, IN, USA).
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2.8

Construction of ChIP sequencing libraries and bioinformatic analysis

Library construction and data processing was performed as by our lab’s standard protocol,
published by (Brind’Amour, et al., 2015). ChIP and Input DNA was end repaired and A-tailed
using NEBNext UltraTM II End Repair/dA-Tailing Module (New England Biolabs, Ipswich, MA,
USA). Adaptors were ligated with Quick T4 DNA ligase (New England Biolabs, Ipswich, MA,
USA). Following adaptor ligation, the libraries were amplified by 14 PCR cycles and size
selected (200-700bp) on a 2% EX Gel (Life Technologies, Thermo Fischer Scientific, Waltham,
MA, USA). Amplified libraries were quantified by QuBit and Agilent Tape station, and
sequenced by the UBC BRC sequencing core, on an Illumina Hi-seq 2000 as per the
recommended protocol. Sequenced reads were aligned to the mm10 genome using the BurrowsWheeler Aligner (BWA) with default parameters, excluding multi-mapped reads and PCR
duplicates from downstream calculations. Genome coverage counts were calculated from BED
files, using a minimum MAPQ of > 5. All subsequent calculation and analyses were done using
VisR software (Younesy, Möller, Lorincz, Karimi, & Jones, 2015).

RNA samples were submitted to the UBC BRC sequencing core for sequencing. Sample quality
was verified on the Agilent 2100 Bioanalyzer, and prepped following the standard protocol for
the NEBnext Ultra II Stranded mRNA (New England Biolabs, Ipswich, MA, USA). Sequencing
was done on the Illumina NextSeq 500 with paired-end 42bp x 42bp reads. Sequenced reads
were aligned to mm10 using the STAR aligner with default parameters, and PCR duplicates and
multi-mapped reads removed from further analysis.
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Transcription levels and histone mark enrichment was quantified by calculating Reads Per
Kilobase per Million mapped reads (RPKM), per the formula
𝑅𝑃𝐾𝑀% = 𝑛 𝐿 × 1,000,000 𝑁%
(n= number of reads aligned to region, L= region length in kilobases, Nx= total number of aligned
reads). To compare two samples, I calculated a Log2(fold change)
log 1 [ 𝑅𝑃𝐾𝑀3 + 1056 ) (𝑅𝑃𝐾𝑀9 + 1056 ],
where RPKMa and RPKMb are values in a region of interest in sample A and B, and a
Log10(mean expression)
log;< [ 𝑅𝑃𝐾𝑀3 + 𝑅𝑃𝐾𝑀9 2 + 1056 ].
Samples were also compared by calculating a Z-score
𝑍 = (𝑅𝑃𝐾𝑀3 − 𝑅𝑃𝐾𝑀9 + 1056 )

(𝑅𝑃𝐾𝑀3 + 𝑅𝑃𝐾𝑀9 + 1056 ).

Publicly available datasets were downloaded and processed in the same way as self-generated
data. I utilized RNA- and ChIP-seq data from Ostapcuk, et al. (2018), available in the GEO
database under accession GSE97045.

2.9

Primer sequences

Dnmt3b-qRT-F

GTT AAT GGG AAC TTC AGT GAC CA

Dnmt3b-qRT-R

CTG CGT GTA ATT CAG AAG GCT

Hoxa1-qRT-F

AGC CAC CAA GAA GCC TGT CGT T

Hoxa1-qRT-R

TTG ACC CAC GTA GCC GTA CTC T

Nes-qRT-F

CTG CAG GCC ACT GAA AAG TT

Nes-qRT-R

TTC CAG GAT CTG AGC GAT CT
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Hand1-qRT-F

TCA AAA AGA CGG ATG GTG GT

Hand1-qRT-R

GCG CCC TTT AAT CCT CTT CT

Gata4-qRT-F

CTG GAA GAC ACC CCA ATC TC

Gata4-qRT-R

CAC AGG CAT TGC ACA GGT AG

HP1a-cKO-F

TTT GTC TCT CCC ATG AAT AGA

HP1a-R

CAT ACA TGC ACA TAC ACA TAC TAA CAA AT

HP1a-KO-F

GTA CTC TCT GTG GTG GAG CAG

HP1b-cKO-F

GCG CAA AGC TGA TTC TGA TTC

HP1b-R

TAT AAG AGC AAG CCC CAA ATC

HP1b-KO-R

TGT TCG AGA ATA GCG GAG TGG

HP1g-cKO-F

TCA GTG CTT CAT TTC TTA CAG

HP1g-cKO-R

CGT AAA ACG TAA TGC TCT TCT

HP1g-KO-F

ACT CAG CTC TCC ATT GTT GTC

HP1g-KO-R

AGT GGT ATT TGC GGT ATT ATC

Ahdc1-del2-F

GGG TCT TCC CAA CCT TCT TC

Ahdc1-del2-R

TAC TTG GGC TCT CGG AGG TA

Ahdc1-short del2-Rev

CCA GCC CTG TTC AGT TTT TC

Ahdc1-short del2-F

GCT GCC CAC TCC TTA GTG AC

Champ1-short del1-F

CTG CAT GGT AAG GAG CAG GT

Champ1-short del1-R

AAG GGC CTT TCT GAG CCT AC

Champ1-short del2-R

CGC CAT TGC AAA CAA CTA GA

Ppia-qRT-F

CGC GTC TCC TTC GAG CTG TTT G

Ppia-qRT-R

TGT AAA GTC ACC ACC CTG GCA CAT
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Chapter 3: HP1 proteins are indispensable for ERV silencing
3.1

Background

Due to their potential for causing insertional mutagenesis, and influencing gene expression
regulation, TEs are a threat to genome integrity and their transcription must therefore be tightly
regulated. ERVs are a type of TE stemming from insertions of viral genomes into the host, and in
mice there are three classes of ERVs based on their reverse transcriptase gene or their similarity
to exogenous retroviruses. Although most copies of ERVs are incapable of transcription and/or
retrotransposition due to the accumulation of inactivating mutations over time, numerous ERVs
in the mouse genome retain their ability to initiate transcription and transpose, and are therefore
considered active TEs that must be silenced to protect genome integrity (reviewed in (Gagnier, et
al., 2019)). Indeed, as many as 10-12% of all germline mutations in mice are due to ERV
insertions, of which 50% are insertions of the Class II Intracisternal A-particle (IAP) group
(Maksakova, et al., 2006). Interestingly, the majority of ERV copies exist as solo LTRs, where
the flanking terminal repeats have undergone homologous recombination, causing deletion of the
interstitial retroviral genes (Belshaw, et al., 2007; Nellåker, et al., 2012). The LTR region
contains the regulatory motifs and transcription initiation sites for the ERV, so solo LTRs can
remain transcriptionally active and act as transcription start sites (TSSs) or putative enhancers
and regulatory sequences, and therefore need to be epigenetically silenced. Such silencing is
achieved, in large part, by H3K9me3 and DNAme, depending on the tissue type (reviewed in
(Leung & Lorincz, 2012)). In mESCs, H3K9me3 is required for silencing of Class I and II
ERVs, and is deposited by the HMT SETDB1, as shown by deletion of Setdb1 in mESCs causing
massive up-regulation of, in particular, two specific Class II ERV families; IAPs and
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ETn/MusDs (Matsui, et al., 2010). In contrast, Class III ERVs lack H3K9me3 and are silenced
mainly by the lysine demethylase KDM1A/LSD1 (Macfarlan, et al., 2011).

Although H3K9me3 is closely associated with transcriptional silencing, especially of repetitive
DNA sequences and ERVs, H3K9 methylation is not the main cause of silencing in and of itself.
Rather, these PTM, like other histone-methyl marks, recruit chromatin-modifying proteins to
compact and silence the methylated region. The most widely studied of the H3K9me3 “readers”
are the HP1 family of proteins. The dogma for HP1-mediated transcriptional silencing is via
binding to H3K9me3, as shown by Bannister, et al., (2001) and Lachner, et al., (2001), and
bridging adjacent nucleosomes to compact the chromatin structure (Machida, et al., 2018). The
ability of HP1 proteins to silence transcription has been shown in various models. In
Schizosaccharomyces pombe, the HP1 homologues CHP2 and SWI6 are both required for
formation of a transcriptionally silent chromatin state (Sadaie, et al., 2008). In Drosophila,
mutating HP1a or HP1c causes up-regulation of two families of transposons (Kwon, et al.,
2010). And in Neurospora, DNA methylation and silencing of transposable elements depend on
HP1 binding to H3K9me3 (Tamaru & Selker, 2001), showing the conserved involvement of HP1
proteins in transcriptional silencing across species.

However, previous studies in the Lorincz lab investigated the impact of individual depletion of
two HP1 isoforms, HP1a and HP1b, on ERV transcription in mESCs (Maksakova, et al., 2011).
This work revealed only a minimal effect on ERV silencing, indicating that HP1 proteins
individually are not critical players in ERV silencing. Although single HP1 isoforms were not
found to affect ERV transcription (Maksakova, et al., 2011), the sequence similarities between
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each HP1 isoform indicates a high level of redundancy in function between all three isoforms.
Additionally, the redundancy of HP1 protein isoforms in silencing of genic transcription further
suggests that one remaining HP1 isoform may functionally compensate for the loss of two other
HP1 homologues in transcriptional silencing of ERVs (Ostapcuk, et al., 2018). I therefore chose
to further investigate the role of HP1 proteins in ERV silencing in mESCs, taking advantage of a
combinatorial HP1 mutant line.

Although HP1 proteins are “readers” of H3K9me3, placing them downstream of HMTs and the
methyl mark in the silencing pathway, proteomics work has also revealed direct interactions
between HP1 isoforms and the three HMTs responsible for writing H3K9me3: G9A/GLP,
SUV39h1/2 and SETDB1 (Hauri, et al., 2016; Nozawa, et al., 2010). Further, tethering of HP1
to pericentromeric heterochromatin in cells lacking H3K9me3 in such regions due to deletion of
SUV39h1/2 promoted re-establishment of this mark (Kourmouli, et al., 2005). HP1 proteins
might therefore be involved in a feedback loop, recruiting further HMTs to sites of H3K9me3 to
help maintain, and possibly spread this histone mark (Kourmouli, et al., 2005). Paradoxically,
HP1 proteins have also been reported to be antagonistic to H3K9me3 deposition. In fission yeast,
an orthologue of HP1 has been shown to constrain H3K9me3 spreading of H3K9me3 across
natural heterochromatin borders (Stunnenberg, et al., 2015). It is still unclear whether such
mechanisms operate in pluripotent mammalian cells, highlighting the need for further
understanding of the role and redundancy of HP1 proteins in silencing of ERVs, and the impact
of HP1 proteins on H3K9me3 dynamics.
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Furthermore, deposition of H4K20me3 genome-wide was shown to depend on H3K9me3 and
HP1 proteins (Schotta, et al., 2004). Schotta, et al. showed that HP1 proteins bind H3K9me3 to
recruit the HMT SUV420h1/2, which “writes” the H4K20me3 mark. H4K20me3 is also a
silencing mark, shown to be antagonistic to the active histone PTM H4K16 acetylation
(Nishioka, et al., 2002). I therefore also wanted to investigate whether loss of HP1 proteins
affects H3K9me3 or H4K20me3 levels over ERVs in mESCs, either by aiding in its deposition
and maintenance, or by regulating its spreading.

3.2
3.2.1

Results
Loss of HP1 isoforms cause abnormal mESC growth

To investigate the effect of loss of HP1 proteins on overall cell morphology and growth, I
utilized an inducible HP1 TKO cell line generated by our collaborator Dr. Haruhiko Koseki. This
cell line carries LoxP sites, a 34bp nucleotide sequence recognized by the bacteriophage-derived
protein Cre, flanking both loci of all three HP1 genes (see chapter 2 for details). Upon treatment
with 4-OHT, Cre fusion proteins sequestered in the cytoplasm translocate to the nucleus where
Cre causes recombination between the two LoxP sites and excision of the DNA sequence in
between (Feil, et al., 1996) (Zhang, et al., 1996). I first verified the protocol established by Dr.
Koseki’s lab for excision of all three HP1 isoforms by PCR. Induction of HP1 gene excision by
800nm 4-OHT for 48h was sufficient to achieve complete loss of all three HP1 genes and protein
(Figure 3.1 A & B). Upon HP1 protein depletion, mESCs showed signs of impeded cell division
and growth rate, and increased cell death, as seen by brightfield microscopy of the cell cultures
(Figure 3.1 C). In one experiment, the TKO cells failed to re-attach to the culture dish following
passaging. Overall, the HP1 TKO cells showed reduced growth rates and a high incidence of cell
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death, although the cells could be propagated for up to one week after withdrawal of 4-OHT.
Since mESCs lacking one or two HP1 isoforms do not show such severe effects on cell growth
(Maksakova, et al., 2011), the presence of at least one HP1 isoform is sufficient and necessary
for proper ESC growth and proliferation, indicating a high level of redundancy in function
between the HP1 proteins.
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Figure 3-1 Validation of deletion of HP1 genes in mESCs – A. Gel image of PCR samples from a time course of
4-OHT treated cells shows that 48h of 4-OHT treatment is sufficient for homozygous deletion of all three HP1
genes. Only results for the HP1a locus are shown. PCR primers were previously designed to distinguish loci with
and without LoxP sites. KO primers only amplified a product upon successful Cre-mediated excision. B. Western
blot of protein extracts from HP1 TKO cells treated with 4-OHT for 48h showed complete depletion of HP1
proteins. C. Brightfield microscopy images of HP1 TKO mESCs following 48h of 4-OHT diluted in 100% EtOH
showed abnormal cell growth and colony morphology, and increased cell death rates compared to WT cells treated
with an equal volume 100% EtOH.

3.2.2

HP1 proteins act redundantly to silence ERVs in mESCs

To investigate whether HP1 proteins can functionally replace each other to enforce
transcriptional silencing of ERVs, I mined publicly available RNA-seq data from HP1a KO,
HP1b KO, HP1g KO and an independently generated HP1 TKO line (Ostapcuk, et al., 2018),
and compared ERV expression in the single versus TKO lines. Since we hypothesized HP1mediated silencing is a major regulator of ERV transcription on a genome-wide scale, I assessed
the expression of aggregated ERV families, rather than individual elements. I also limited the
analysis to ERV families with >100 copies in the mouse genome, since families with fewer
copies genome-wide are more sensitive to outliers artificially inflating the magnitude of
transcription level change. Expression of ERVs was not significantly increased in HP1a or b KO
cells, as previously reported by Maksakova, et al. (2011), nor in HP1g KOs (Figure 3.2 A, B &
C). However, specific ERV families, in particular Class II and Class III families, were upregulated upon deletion of all three HP1 isoforms in conjunction (Figure 3.2 D). This shows that
HP1 isoforms do indeed silence transcription of specific ERV families in mESCs, and that the
isoforms play a redundant role in such silencing.
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Figure 3-2 Expression of ERV families in HP1 protein-depleted mESCs – A. Expression analysis of RNA-seq
data from HP1a KO cells. Each data point represents the average expression of one ERV family. B. Expression analysis of
RNA-seq data from HP1b KO cells. C. Expression analysis of RNA-seq data from HP1g KO cells. D. Expression
analysis of RNA-seq data from HP1 TKO cells. Deletion of individual HP1 isoforms caused only minimal upregulation of ERV families. In contrast, expression of ERV families such as the Class II IAP and RLTR families was
significantly up-regulated in absence of all three HP1 isoforms in conjunction.
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To further link HP1 isoforms to the observed transcriptional up-regulation of ERV families, I
utilized published ChIP-seq data from mESCs of endogenously FLAG-tagged HP1 isoforms as
well as H3K9me3 (Ostapcuk, et al., 2018). As expected, the up-regulated MERVK10C, IAP and
RLTR families show strong enrichment for H3K9me3 and all three HP1 isoforms (Figure 3.3),
indicating that they are likely direct targets of HP1-mediated transcriptional silencing. These
ERV families are also significantly up-regulated in SETDB1 KO ESCs (Karimi, et al., 2011;
Maksakova, et al., 2011), indicating that H3K9me3 is required for their silencing. Thus,
transcriptional regulation of specific Class II ERV families is HP1-mediated, requiring
H3K9me3 and at least one isoform of HP1 for successful silencing. Paradoxically, the most
highly up-regulated families, including Class III MT2_Mm/MERVL and MER89 families, show
relatively low levels of enrichment of both H3K9me3 and HP1 isoforms (Figure 3.3). Their
dysregulation is therefore likely due to indirect effects rather than resulting from failure of HP1mediated transcriptional silencing in absence of HP1 proteins.

3.2.3

H3K9me3 levels are not affected by loss of HP1 proteins

To study the impact of HP1 proteins on H3K9me3 levels in mESCs, I generated ChIP-seq data
of H3K9me3 in HP1 WT and TKO cells. I investigated the H4K20me3 mark, since H4K20me3
deposition is reported to be dependent on HP1 proteins binding H3K9me3 and recruiting the
H4K20 methyltransferases SUV420h1/2 (Schotta, et al., 2004). HP1 TKO cells were harvested
following 48h of induction in 800nM 4-OHT in 100% EtOH. HP1 WT cells were treated with an
equal volume 100% EtOH for the same amount of time. ChIP was done using a modified version
of the ULI-ChIP protocol (Brind’Amour, et al., 2015), with antibodies specific for H3K9me3
(ActiveMotif 39161) and H4K20me3 (AcitveMotif 39180).
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Figure 3-3 RNA- and ChIP-seq analysis of ERV families in HP1 TKO cells – A. Expression analysis of
aggregated ERV families in HP1 TKO coloured by the level of H3K9me3 ChIP-seq enrichment. Each data point
represents the average expression of one ERV family. Most up-regulated ERV families are enriched for the H3K9
methyl mark, except the Class III families MERVL, MER89 and MT2_Mm. H3K9me3 RPKM was calculated as
ChIP signal – input signal, and the colouring was clamped at 3 RPKM to reveal differences in H3K9 methylation on
a smaller scale. RNA-seq and ChIP-seq data from Ostapcuk, et al. (2018). B. Expression analysis of ERV families in
HP1 TKO cells, coloured by the ChIP-seq enrichment of any HP1 isoform (value of highest isoform shown). Upregulated families are modestly enriched for HP1 isoforms. HP1 RPKM was calculated as ChIP signal – input
signal, and the colouring was clamped at 1 RPKM. RNA-seq and ChIP-seq data from Ostapcuk, et al. (2018).

As expected, H4K20me3 deposition required the presence of at least one HP1 isoform, as shown
by the significant loss of H4K20me3 genome-wide in the HP1 TKO cell line (Figure 3.4 A). A
similar reduction in H4K20me3 was also observed over genes (+/- 1kb of the TSS), and over
aggregated ERV families (Figure 3.4 B & C).
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In contrast, ChIP-seq analysis revealed only modest changes of H3K9me3 following HP1 protein
ablation, with a slight trend towards loss of H3K9me3 observed in 2kb genome-wide bins
(Figure 3.5 A). Out of ~59,000 2kb bins on a randomly selected chromosome, approximately
3,000 bins showed a loss of H3K9me3 after filtering steps, compared to 1500 gaining H3K9me3.
These results suggest that HP1 proteins may perform different functions in distinct genomic
regions, helping to reinforce the methyl mark in some regions, while preventing its aberrant
spreading in others. However, when investigating H3K9 methylation over gene promoters, or
over aggregated ERVs families, no significant loss of H3K9me3 was observed (Figure 3.5 B &
C). Additionally, the scale of change of H3K9me3 in genome-wide bins was minimal in
comparison to that of H4K20me3. It is therefore unlikely that HP1 proteins play a significant
role in regulating H3K9me3 levels over genes or ERVs for the purpose of transcriptional
regulation. The loss of the H4K20me3 silencing mark over genes and ERVs suggests some
increase in transcription of these regions. However, the genes and ERV families showing loss of
H4K20me3 do not overlap with the regions showing increased transcription in the HP1 TKOs
cells, suggesting that H4K20me3 is just one layer of a set of redundant transcriptional silencing
mechanisms acting on these regions.
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Figure 3-4 Differential ChIP-seq analysis of H4K20me3 in HP1 WT and TKO cells - A. Change in ChIP-seq
enrichment of H4K20me3 over 2kb genomic bins in HP1 WT and TKO cells. Bins on a randomly chosen
chromosome are shown (Chr 14). B. Change in H4K20me3 ChIP-seq enrichment over all TSS +/- 1kb. C. Change in
H4K20me3 ChIP-seq enrichment over aggregated ERV families also show reduced levels of H4K20me3 upon loss
of all three HP1 isoforms. D. Transcriptional and differential ChIP-seq analysis of aggregated ERV families in HP1
TKO and WT cells. Dot colour corresponds to change in enrichment (z-score) of H4K20me3 upon HP1 protein
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depletion. Darker dots have the greatest loss of H4K20me3, and show that ERV families up-regulated in HP1 TKO
cells do not see a significant loss of H4K20me3 upon HP1 protein depletion.

Figure 3-5 Differential ChIP-seq analysis of H3K9me3 in HP1 WT and TKO cells – A. Change in H3K9me3
ChIP-seq enrichment over 2kb genome-wide bins upon deletion of all HP1 proteins in mESCs. Graph shows bins on
a randomly selected chromosome. There was no clear trend towards loss or gain of H3K9me3 over 2kb bins. B.
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Change in H3K9me3 levels over gene promoters (TSS +/- 1kb) following loss of HP1 proteins. Only 4 and 11 genes
show a z-score of above or below 0.75 and -0.75 respectively. C. Change in H3K9me3 ChIP-seq enrichment in HP1
TKO versus WT cells over aggregated ERV families. HP1 TKO cause only minimal change in H3K9me3
enrichment, with no families reaching a z-score above or below 0.75 or -0.75. D. Transcriptional and differential
ChIP-seq analysis of H3K9me3 over aggregated ERV families in HP1 TKO and WT cells. Dot colour corresponds
to change in enrichment (z-score) of H3K9me3 upon HP1 protein depletion. Darker pink dots show a gain in
H3K9me3-enrichment upon HP1 protein depletion.

3.3

Discussion

The results presented here show that the presence of at least one functional HP1 isoform is
essential for growth and transcriptional regulation in mESCs. Upon loss of all three HP1 proteins
in conjunction, mESCs showed abnormal cell growth and colony morphologies, and increased
cell death. It is likely that this observed phenotype is due to an amalgamation of failed
chromatin-associated processes, considering the many reported mechanisms where HP1 proteins
are involved. For example, loss of HP1 proteins could cause abnormal cell growth through
increased expression of lineage-specifying genes such as Gata4 or Sox17 (Ostapcuk, et al.,
2018). Similarly, HP1 proteins are essential for pericentromeric heterochromatin formation,
which have important structural roles in chromosome segregation during the cell cycle as well as
in silencing of transcription from repetitive DNA (Peters, et al., 2001). Future work should
investigate cell differentiation and chromosome segregation during the cell cycle to fully
characterize the HP1 TKO mESC phenotype, for example by checking the ploidy of HP1 TKO
cells at high passaging numbers. Understanding the full complexity of the HP1 TKO phenotype
will eventually aid in teasing apart the many distinct and overlapping functions of the HP1
protein isoforms.
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Contrary to previous reports that individual HP1 isoforms were dispensable for silencing of
ERVs (Maksakova, et al., 2011), the work presented here showed the need for at least one HP1
isoform for proper ERV silencing. Specifically, certain Class II ERV families are subject to HP1mediated transcriptional silencing, and are direct targets of HP1 protein binding via the
H3K9me3 histone PTM. Only upon loss of all three HP1 paralogues is there a significant loss in
ERV silencing, further establishing that HP1 proteins have high functional redundancy between
the three isoforms. However, although the magnitude of the ERV up-regulation in the HP1 TKO
cells is significant, the effects seen can only be said to be modest in comparison to the degree of
ERV dysregulation observed upon loss of H3K9me3 following deletion of Setdb1 (Maksakova,
et al., 2011; Matsui, et al., 2010). Whereas HP1 isoforms are reported to bind exclusively to the
histone PTM H3K9me3, there are several other H3K9me3 readers in the genome, including
CBX2, CBX7, CDYL2, and MPP8 (Bernstein, et al., 2006; Fischle, Franz, Jacobs, Allis, &
Khorasanizadeh, 2008; Kokura, Sun, Bedford, & Fang, 2010). The relatively higher
dysregulation of ERVs seen in the SETDB1 KOs compared to the HP1 TKOs may therefore be
explained by H3K9me3 being involved in additional silencing pathways independent of HP1
proteins. Investigations of the roles of the remaining H3K9me3 readers in transcriptional
silencing are necessary to further understand what causes the difference in dysregulation of
ERVs between Setdb1 KOs and HP1 TKOs. Maksakova, et al. (2011) also proposed that
H3K9me3 may be antagonistic to binding of the transcription initiation machinery or prohibitive
of the establishment of other epigenetic marks needed for transcriptional activation, so further
investigations could focus on the inherent transcription-preventing properties of H3K9me3 itself.
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Although several studies report an interaction between HP1 proteins and HMT “writers” of
H3K9me3, I find no significant effect of loss of HP1 proteins on H3K9me3 enrichment levels
genome-wide. Contrary to the proposed hypothesis (Kourmouli, et al., 2005; Maison &
Almouzni, 2004), there appears to be no feedback loop of HP1 proteins binding H3K9me3 and
recruiting HMTs to maintain and help spread this histone mark in mESCs. However, it is still
possible that H3K9me3 levels change in regions not investigated here, such as over
pericentromeric heterochromatin boundaries, as reported in fission yeast (Stunnenberg, et al.,
2015). It is also possible that loss of H3K9me3 occurs at individual ERVs, but this change is
masked when analyzing high throughput sequencing data at the level of aggregated ERV
families. An investigation of smaller scale regions, as opposed to the 2kb genomic bins
investigated here, and of individual ERV elements should be conducted before concluding HP1
proteins have no impact on H3K9me3 deposition and maintenance.

RNA- and ChIP-seq data revealed that the most highly dysregulated ERV families in the HP1
TKO cell line are not highly enriched for HP1 proteins, nor H3K9me3. Their up-regulation is
therefore likely due to indirect effects of HP1 protein depletion. One possible explanation is that
loss of HP1 skews the ratio of 2 cell-like cells to inner cell mass-like cells in the “mESC” pool. 2
cell-like cells were first identified as a transient cell population in mESC cultures by Macfarlan,
et al. (2012). Macfarlan, et al. showed that some mESCs lack expression of the blastocyst cell
markers Oct4, Sox2 and Nanog, and have increased expression of 2 cell-specific transcripts.
These cells also show activation of MERVL/MT2_Mm ERV families, as seen in the HP1 TKO
cell lines. However, Oct4 and Sox2 are not dysregulated in the HP1 TKO cells (z-score of 0.6
and -0.1 respectively), though Nanog expression is significantly decreased (z-score of -3.3).
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Single-cell RNA-seq analysis, or the generation of a MERVL-reporter line, would help to further
characterize any heterogeneity in cellular differentiation states in the HP1 TKO cells, and would
confirm or refute whether the increase in MERVL/MT2_Mm expression is due to moderate upregulation in all cells or a dramatic up-regulation restricted to a small number of 2 cell-like cells.

Altogether, the results reported in this chapter help refine our understanding of HP1 protein
function and their relationship with the H3K9me3 histone mark, highlighting the high level of
redundancy in function between HP1 isoforms, and providing further evidence for the
importance of HP1 proteins in protecting the genomic integrity of embryonic stem cells from the
potentially detrimental effect of ERV transcription.
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Chapter 4: HP1 proteins and their interactors in gene regulation
4.1

Background

HP1 proteins are widely recognized as hallmarks of transcriptionally silent heterochromatin.
Founded on numerous studies in model organisms, the current dogma of HP1 protein function
implicates an essential role for recruitment to the histone PTM H3K9me3, where binding causes
compaction of the chromatin structure and in turn prevents transcription. However, as explored
in the previous chapters, the last decade of research has revealed that this is not the full story. For
example, HP1 proteins have functions in DNA replication via interaction with ORC (Auth,
Kunkel, & Grummt, 2006), and postulated involvement in splicing and processing of transcribed
RNA (Smallwood, et al., 2012). More recently, Ostapcuk, et al. (2018) showed that HP1g can be
recruited to gene promoters by binding the sequence-specific DNA-binding protein ADNP
(further discussed below), in the absence of H3K9me3. This novel mechanism for HP1 protein
recruitment to DNA suggests that there is still more to be learned about how HP1 isoforms
function, and specifically how they are targeted to chromatin to exert their silencing function
independent of H3K9me3.

Protein recruitment to chromatin can be achieved in several ways: via binding directly to histone
PTMs, e.g. HP1 protein binding to H3K9me3; by direct, sequence-specific binding to DNA
motifs; or by indirect recruitment via interactions with other DNA- or histone PTM-binding
proteins. To date, HP1 proteins have not been shown to bind directly to DNA, and do not contain
any recognized DNA-binding domains. Furthermore, in vitro studies of HP1 isoforms reveal that
they bind no histone PTMs other than H3K9 methylation (Bannister, et al., 2001). The most
likely mechanism for HP1 recruitment in the absence of H3K9me3 is therefore through
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interaction with other chromatin-interacting proteins, either DNA-binding factors or histone
PTM-binding proteins. Of note, proteomics studies have identified more than 200 proteins that
interact with one or more of the HP1 isoforms, many of which have putative DNA-binding
domains (Hauri, et al., 2016; Nozawa, et al., 2010; Ostapcuk, et al., 2018) (Figure 4.1). Nozawa
and colleagues classified putative HP1a interactors based on their binding mechanism (Nozawa,
et al., 2010). Most interactors contain P*V*L motifs (where * is any amino acid), which are
recognized by the CSD of HP1. In contrast, associations of some HP1a interactors are disrupted
following mutation of the H3K9me3-binding CHD. Still other proteins require both the CSD and
the hinge region for their stable protein interaction with HP1 proteins, or do not contain the
P*V*L motif but lose HP1 interaction upon CSD disruption alone.
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Figure 4-1 Interactomes of HP1 proteins - A. Nozawa, et al. (2010) identified and classified interactors of HP1a,
based on the which parts of HP1a they appear to interact with. Class I proteins lose their HP1 interaction upon
disruption of the CSD. Class II proteins are sensitive to disruption of the H3K9me3-binding CD. Class III proteins
require both the CSD and the hinge region of HP1a for their proper HP1 interaction, whilst Class IV proteins bind
the CSD but do not have P*V*L motifs. B. Hauri, et al. (2016) identified interactors of all three HP1 isoforms. Only
a randomly selected subset of HP1 interactors are shown, including a number of putative and known DNA-binding
proteins. Proteins in blue share no identifiable traits, whilst proteins in yellow are known zinc finger-containing
proteins. Genes chosen for CRISPR/Cas9-mediated deletion are highlighted in both panels.

Notably, proteins containing zinc fingers (ZFPs in mice, ZNFs in human) are enriched in the
class of HP1 interactors that contain P*V*L motifs. ZFPs are putative DNA-binding proteins,
and were first discovered and characterized by Diakun, et al. (1986). Zinc finger domains are
also a common component of DNA-binding domains of many eukaryotic transcription factors
(Porteus & Carroll, 2005). The most common type of zinc fingers are strings of 30 amino acids
(aa) containing a Cys2/His2 (C2H2) motif that coordinates one zinc molecule, which aids in
binding to three distinct nucleotides in the target DNA (Porteus & Carroll, 2005). Considering
the numerous ZFPs and other DNA-binding HP1-interacting proteins identified by (Hauri, et al.,
2016; Nozawa, et al., 2010), we hypothesize that HP1 proteins are recruited to DNA by specific
DNA-binding interactors in a sequence-specific manner, and in turn regulate transcription in cis.

One HP1-interacting protein, the P*V*L motif-containing ADNP, was studied in depth by Dr.
Mark Bühler and colleagues for its role in transcriptional regulation (Ostapcuk, et al., 2018).
Mutation of ADNP has been implicated as a cause of the neurodevelopmental syndrome
Helsmoortel – van der Aa Syndrome, with phenotypes including intellectual disability, autism
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spectrum disorder, facial dysmorphias, and failure to thrive (Helsmoortel, et al., 2014). Ostapcuk
and colleagues went on to show that ADNP recognizes DNA sequence motifs in some gene
promoters in mESCs, and in turn recruits HP1g as well as the chromatin remodeller CHD4 in a
complex the authors named ChAHP (Ostapcuk, et al., 2018). ADNP is responsible for this
complex binding to gene promoters. This recruitment promotes formation of a condensed region
specifically over the proximal gene promoter, inhibiting transcription. ChAHP appears to silence
the expression of genes important in the endodermal cell lineage, and cells spontaneously
differentiate into the endodermal lineage upon loss of ADNP in ESCs. Presumably, because
these cells show aberrant expression of endoderm lineage markers, they cannot be induced
towards a neural progenitor cell lineage, providing a potential explanation for the
neurodevelopmental phenotype observed in patients with ADNP mutations (Ostapcuk, et al.,
2018). The authors also investigated gene dysregulation in an HP1 TKO cell line, and found that
ChAHP-bound genes are up-regulated in the absence of HP1 isoforms and connecting this
protein complex with HP1-mediated transcriptional silencing. This suggests that HP1-mediated
silencing, in the absence of H3K9me3, is essential for preventing aberrant endoderm-specific
gene expression, and protecting ESCs from premature differentiation during development.

Considering that ADNP is only one in a long list of proteins with putative DNA-binding domains
that interact with HP1 isoforms, I hypothesized that HP1 recruitment by a DNA sequencespecific binding protein like ADNP is not a unique pathway, but rather one of many ways HP1
can impart silencing on various groups of genes by interacting with distinct DNA binding
factors. By mining HP1 TKO and ADNP KO RNA-seq data, and HP1 isoform ChIP sequencing
(ChIP-seq) data (Ostapcuk, et al., 2018), I found that recruitment of HP1 proteins to gene
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promoters cannot be entirely explained by ADNP binding to TSSs lacking H3K9me3 in mESCs
(Figure 4.2). Indeed, there are a significant number of genes with HP1 binding in their promoter
region that lack H3K9me3 and ADNP binding yet are nevertheless dysregulated upon HP1
depletion. Combining the results from 2 proteomics studies of HP1-interacting proteins (Hauri, et
al., 2016; Nozawa, et al., 2010), I generated a list of proteins with putative DNA-binding activity
that were independently identified as interactors with one, or more HP1 isoform. From this
curated list, I selected two candidates for further investigation, based on a thorough literature
search of each gene (Figure 4.1). The candidates I selected, AHDC1 and CHAMP1, have not
previously been associated with transcriptional silencing in mESCs, but both have been
implicated in human neurodevelopmental syndromes, like that observed for ADNP mutations.
Using a CRISPR/Cas9-mediated gene deletion approach in mESCs, I investigated the generegulatory potential of Ahdc1 and Champ1 and describe the effects observed on gene
transcription as well as cell growth and differentiation potential.
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Figure 4-2 HP1 isoforms bind genes independent of H3K9me3 - A. Expression analysis of genes in mESCs
lacking “writers” of H3K9me3 compared to HP1 TKO and ADNP KO cells. Genes dysregulated in HP1 TKO ESCs
do not correspond to those dysregulated in KOs of H3K9me3 “writers.” HP1 TKO ESCs also show unique genes
dysregulated compared to ADNP KOs, indicating an unknown mechanism for HP1 protein recruitment to gene
promoters. Gene lists were filtered for genes longer than 1,000bp. Only genes with an RPKM > 1 in at least one
sample (KO or WT) were investigated. A z-score above 0.75 was considered up-regulated. RNA-seq and ChIP-seq
data from Chen, et al., (2018), Karimi, et al., (2011) and Ostapcuk, et al., (2018). B. Scatter plots of H3K9me3
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ChIP-seq data and HP1 isoform ChIP-seq reveal that not all HP1 isoforms co-localize with H3K9me3. A significant
number of 2kb genome-wide bins show enrichment of at least one HP1 isoform in absence of H3K9me3. C. HP1
isoforms can also bind in 2kb bins centered on TSSs, in absence of H3K9me3.

4.1.1

HP1-interacting candidate #1: AHDC1

Ahdc1 (AT-hook DNA-binding domain containing 1) is a 7-exon gene on mouse chromosome 4,
with its entire ORF encoded in exon 6 (Figure 4.3 A). Ahdc1 is expressed at the highest levels in
adult adrenal tissues, as well as the ovary and testes (Yue, et al., 2014). The gene produces a
1594 aa protein, with orthologues found in the superclass Tetrapoda, including humans, mice,
rats, chickens and frogs (Bult, et al., 2019). Protein alignments show that AHDC1 contains two
conserved regions, with two AT-hook motifs in conserved region 1 (N-terminal end) (Figure 4.3
B)(Xia, et al., 2014). The AT-hook domains can recognize and bind AT-rich DNA sequences,
although no specific target sequence motif has been identified. AHDC1 also contains two P*V*L
motifs, located at aa 120, ~200 aa N-terminal of Conserved region 1, and at aa 1132, at the Nterminal end of Conserved region 2. These motifs are recognized and bound by the
chromoshadow domain present in all three mammalian HP1 proteins. Conserved region 2 of
AHDC1 contains a putative PDZ binding domain, believed to be involved in interactions with
other proteins (Xia, et al., 2014).

In humans, mutations in AHDC1 were identified as causative for Xia-Gibbs Syndrome, a rare
neurodevelopmental syndrome associated with intellectual disability (ID) (Xia, et al., 2014;
Yang, et al., 2015). Interestingly, patients with Xia-Gibbs Syndrome share many similarities in
phenotype with those suffering from Helsmoortel-Van der Aa Syndrome, caused by mutations in
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ADNP, including ID and global developmental delay, failure to thrive, and distinct facial
features. Xia, et al. and Yang, et al. identified 9 truncating mutations in AHDC1 in Xia-Gibbs
patients. 7 of these do not disrupt the AT-hook domains but do disrupt parts of conserved region
1 and/or all of conserved region 2, and the remaining two mutations were found at the Nterminal end, disrupting most of Conserved Region 1, including one or both of the AT-hook
domains (Yang, et al., 2015). The first P*V*L motif is not disrupted in any of the identified
mutations, as opposed to the second P*V*L motif which is disrupted in all but one patient. The
authors hypothesized that the severe phenotype is due to loss of protein interactions essential for
neuron and brain development (Yang, et al., 2015), but the role of AHDC1 in gene regulation or
chromatin function has not been addressed.
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Figure 4-3 The Ahdc1 locus and deletion strategy - A. The mouse Ahdc1 locus has 7 exons, with the entire coding
sequence contained in exon 6. Two CRISPR/Cas9 sgRNAs were designed flanking the ORF, and PCR primers were
designed around the sgRNA target sites. B. The AHDC1 protein have two conserved regions (light blue). The two
A-T hook domains give the protein DNA-binding capabilities, and the PDZ domain is involved in protein
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interactions. Yellow bars denote the site of mutations reported in humans with Xia-Gibbs syndrome (Xia, et al.,
2014) (Yang, et al., 2015). C. Verification of successful gene and protein deletion by CRISPR/Cas9-mediated gene
editing. PCR experiments confirmed two clones as homozygous Ahdc1 KOs. IF shows loss of AHDC1 protein
following gene deletion. RNA-seq data shows no reads aligning to the Ahdc1 exon 6.

4.1.2

HP1-interacting candidate #2: CHAMP1

Based on its recurrent presence in HP1 interactome studies (Hauri, et al., 2016; Nozawa, et al.,
2010; Ostapcuk, et al., 2018), its putative DNA-binding domain, and its similarities to Adnp and
Ahdc1, I also chose to study the role of Chromosome Alignment-maintaining Phosphoprotein 1
(CHAMP1) (aka ZFP828) in HP1-mediated transcriptional silencing. In mice, Champ1 has two
exons, with the ORF contained in exon 2 and encoding an 802 aa protein (812 aa in humans)
(Figure 4.4 A). CHAMP1 has five C2H2 zinc-finger domains, two and three in the N- and Cterminus of the protein, respectively. The gene is conserved throughout vertebrates (Itoh, et al.,
2011), and amongst the conserved regions are three distinct repeat motifs: the FPE motifs, WK
motifs and SPE motifs (Figure 4.4 B). Itoh, et al. showed that the FPE-containing region and the
C-terminal end of the protein are responsible for protein localization to spindle fibers during
mitosis, whilst the C-terminus is also involved in chromosome localization (Itoh, et al., 2011).
HP1 interaction was also shown to be mediated by the C-terminal region of CHAMP1 (Isidor, et
al., 2016). The FPE region on its own binds the kinetochore. The SPE region contains 22 serine
residues, and was shown to be involved in functional regulation via phosphorylation of these
residues (Itoh, et al., 2011). The WK motifs are involved in CHAMP1’s interaction with
MAD2L2, which is an important component of the spindle assembly checkpoint. Of note, in
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interphase, CHAMP1 localizes to constitutive heterochromatin regions, a localization that is
believed to be due to its interaction with HP1 proteins (Isidor, et al., 2016).

Itoh and colleagues first identified CHAMP1 in a human cell line in 2011, as a regulator of
kinetochore-microtubule attachment (Itoh, et al., 2011), and like ADNP and AHDC1, it has also
been implicated in human disease. In 2015, Hempel and colleagues, utilizing whole exome
sequencing data, identified five patients with de novo frameshift or nonsense mutations in
CHAMP1 (Hempel, et al., 2015). A further 11 cases were identified by Isidor, et al. (2016) and
Tanaka, et al. (2016) the following year, all with similar reported phenotypes, including general
developmental delays, intellectual disability, speech impediment, and subtle facial dysmorphias.
Importantly, all identified mutations in humans cause truncated proteins lacking, at minimum,
the three C-terminal zinc fingers (Figure 4.4 B) (Hempel, et al., 2015; Isidor, et al., 2016),
indicating that the HP1 interaction may be essential for proper CHAMP1 function. Although the
molecular mechanism for how mutations in CHAMP1 cause the observed disease phenotype has
not yet been elucidated, it is speculated that loss of CHAMP1 leads to failure of proper neuronal
differentiation during embryogenesis.
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Figure 4-4 The Champ1 locus and deletion strategy - A. Champ1 is a two-exon gene with the entire ORF
embedded in exon 2. CRISPR/Cas9 sgRNAs were designed to flank the ORF, and PCR primers were designed
verify gene excision. B. CHAMP1 contains five zinc finger motifs with putative DNA-binding ability, as well as a
number of SPE, WK, and FPE repeat motifs involved in various protein functions. Reported mutations with a human
disease phenotype are reported in yellow bars (Hempel, et al., 2015) (Isidor, et al., 2016). C. Successful
CRISPR/Cas9-mediated gene editing was confirmed by PCR and Western blot. Two clones showed gene deletion,
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whilst only one clone showed successful protein ablation. Some RNA-seq reads aligned to the Champ1 exon 2, but
there were no splicing events from exon 1, indicating no gene transcripts.

4.2
4.2.1

Results
mESCs harboring a deletion of Ahdc1 show a normal growth phenotype

To investigate the role of AHDC1 in transcriptional regulation, I derived Ahdc1 KO mESC lines
using a CRISPR/Cas9-mediated deletion approach. Cas9-mediated deletion was targeted to exon
6 to induce non-homologous end joining (NHEJ) and excision of the entire Ahdc1 coding
sequence (Figure 4.3 A). I verified the deletion using PCR followed by Sanger sequencing, and
confirmed protein depletion by immunofluorescence (Figure 4.3 C), with a total of 2 KO clones
validated. Cells were allowed to recover under normal growth conditions for at least two weeks
following gene deletion. Based on the adverse effects from mutations in vivo, and Ahdc1’s
similarities with Adnp, I expected adverse effects on cell growth upon deletion. Surprisingly,
Ahdc1 KO cells did not show altered growth rates compared to WT controls (Figure 4.5).
Indeed, the cells appeared normal and healthy, indicating that AHDC1 does not play a significant
role in regulating processes affecting mES cell growth.
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Figure 4-5 Growth curves of Ahdc1 WT and KO mESCs. Growth curve of two Ahdc1 KO ESCs lines show no
altered growth rate compared to that of Ahdc1 WT cells. 100k WT and KO cells were grown in standard growth
conditions for 48h, then counted and re-seeded at the starting density. Generation doublings were calculated as
log2(cell count/seeding cell count).

4.2.2

Deletion of Ahdc1 does not significantly affect gene expression

To investigate the transcriptional profile of cells depleted for AHDC1, I harvested cells from one
Ahdc1 KO clone, and performed RNA-seq. I first confirmed gene deletion using RNA-seq data,
by verifying the absence of sequencing reads over the deleted exon (Figure 4.4 C). Comparing
the RPKM values of the Ahdc1 KO cell line to the profile of the WT control revealed only
modest dysregulation of genes in the KO cells (Figure 4.6 A). After filtering, only 409 genes
had a Z-score above 0.75. Of these, only 46 had a log2(fold change) above 1 (Figure 4.6 B).
Intersecting this list with the list of genes upregulated in HP1 TKOs revealed only 5 genes in
common between the two (Figure 4.6 B). Gene ontology (GO) analysis of the 46 upregulated
genes using the DAVID Functional Annotation Tool (Huang, Sherman, & Lempicki, 2009a;
2009b) showed no significant enrichment of any GO term associated with cell differentiation or
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neuronal development, which might explain the observed clinical phenotype resulting from
AHDC1 mutations in vivo. Interestingly, some imprinted genes were amongst the genes
dysregulated. However, GO analysis did not identify imprinted genes as enriched in the list of
dysregulated genes. Furthermore, analysis of ChIP-seq data for HP1 isoforms as well as
H3K9me3 (Ostapcuk, et al., 2018) revealed that none of the dysregulated genes, imprinted or
not, were bound by HP1 proteins or enriched for H3K9me3, indicating that such upregulated
genes are unlikely to be direct targets of HP1-mediated transcriptional silencing (Figure 4.7).
Similarly, 32 genes showed a Z-score below -0.75 and a log2(fold change) below -1 (Figure 4.6
B). Only two downregulated genes in Ahdc1 KOs were also down-regulated in HP1 TKOs, none
of which were enriched for H3K9me3 or HP1 isoform binding (Figure 4.7). Again, the DAVID
Functional Annotation Tool returned no significantly enriched GO terms. Taken together, these
data indicate no significant transcriptional changes indicative of an altered differentiation
program, or gene sets that could explain the observed human phenotype upon loss of functional
AHDC1.
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Figure 4-6 Gene expression analysis of Ahdc1 KO mESCs - A. Scatter plots of gene expression in Ahdc1 KO
versus Ahdc1 WT mESCs reveal only a limited number of genes with a log2(fc) above 1 in Ahdc1 KO mESCs. In
comparison, HP1 TKO mESCs show a large number of genes with a log2(fc) above 1. B. Venn diagrams of genes
up- or down-regulated in Ahdc1 KO and HP1 TKO mESCs revealed only 7 genes dysregulated in both cell lines,
indicating AHDC1 is not a co-repressor of transcription along HP1 isoforms. Up- or down-regulation was called by
filtering for genes longer than 1,000bp, with a log2(fc) larger than +/- 1 and a z-score larger than +/- 0.75.
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Figure 4-7 Expression and ChIP-seq analysis of genes in Ahdc1 KO mESCs – A. H3K9me3 ChIP-seq and HP1
TKO RNA-seq data (Ostapcuk, et al., 2018) show that genes dysregulated in Ahdc1 KOs are not marked by
H3K9me3 in ESCs. B. HP1 isoform ChIP-seq and HP1 TKO RNA-seq data (Ostapcuk, et al., 2018) show that genes
dysregulated in Ahdc1 KO cells are not bound by an HP1 isoform, as would be expected if they were subject to
HP1-mediated transcriptional silencing.

4.2.3

Ahdc1 KO mESCs have a normal differentiation potential

The phenotype observed in patients with mutations in AHDC1 is likely reflective of a failure of
proper neuronal development. I therefore hypothesized that loss of AHDC1 might affect the
differentiation potential of ESCs. To investigate this, I cultured Ahdc1 KO and WT mESCs in
the absence of 2i and LIF to allow embryoid body (EB) differentiation. EBs were passaged and
sub-sampled at 7 days following removal of 2i/LIF, and imaged and harvested at 14 days. I
found no observable differences in size or morphology between Ahdc1 KO and WT EBs
following differentiation (Figure 4.8 A), indicating overtly normal EB differentiation in the
absence of AHDC1.
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Figure 4-8 Analysis of differentiation potential following Ahdc1 KO in mESCs - A. Brightfield microscopy
images of day 14 Ahdc1 KO and WT EBs. Ahdc1 KO mESCs were differentiated by withdrawal of 2i and LIF from
the growth media for up to 14 days. Resulting EBs showed no observable differences in size or morphology
compared to WT cells. B. RT-qPCR of cDNA from Ahdc1 KO and WT EBs. EBs were passaged and sub-sampled at
7 days, and harvested at 14 days, for RNA extraction. RT-qPCR of specific cell lineage marker genes revealed no
change in their expression, indicating no change in differentiation potential upon loss of Ahdc1.

Differentiation of ESCs into EBs yields colonies that consist of many different differentiated
cells types. It is therefore possible that although the EBs look similar under a microscope, they
might be structurally different, made up of different ratios of germ layers. To investigate whether
the EBs contained the expected complement of differentiated cells, I performed RT-qPCR on day
7 and day 14 EBs using a panel of lineage-specific gene amplicons, including Dnmt3b (Epiblast),
Hoxa1 (early somatic cells), Nes (Ectoderm), Hand1 (Mesoderm), and Gata4 (Endoderm).
Ahdc1 KO EBs showed the same expression pattern of these lineage-specific genes as WT cells
(Figure 4.8 B), indicating that all major differentiation programs are activated as normal. I
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therefore conclude that AHDC1 does not play a significant role in regulation of lineagespecifying genes in ESCs.

4.2.4

mESCs harboring a deletion of Champ1 show a normal growth phenotype

To investigate whether CHAMP1 can regulate gene transcription and ESC differentiation, I
derived several Champ1 KO ESC clonal lines, using the same approach as for deletion of Ahdc1.
Champ1 also has its entire ORF encoded in a single exon, so I designed CRISPR/Cas9 guide
RNAs flanking this exon to induce excision of the exon by NHEJ. Clones were screened for
deletion by PCR and Sanger sequencing (Figure 4.4), and CHAMP1 depletion confirmed by
Western blot in 1 clone (Figure 4.4). Cells were allowed to recover for two weeks before being
assessed for growth rate. The KO cells retained their normal ESC morphology, and did not show
any changes in growth rate compared to WT controls (Figure 4.9), indicating no adverse effects
on cell division or growth upon loss of Champ1.
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Figure 4-9 Growth curve of Champ1 WT and KO mESCs. Growth curves of two technical replicates of a
Champ1 KO clone showed no altered growth potential of mESCs upon loss of Champ1. 100k cells were seeded and
grown under normal growth conditions for 48h, then sampled and re-seeded at the initial seeding density.
Generation doublings were calculated as log2(cell count / seeding cell count).

4.2.5

Deletion of Champ1 does not significantly affect gene expression

To determine if any genes are aberrantly expressed in the absence of CHAMP1, I extracted RNA
from Champ1 KO and control WT ESCs and performed RNA-seq. Sequenced reads were
aligned, normalized to library depth and gene length, and compared to the same WT control line
as for Ahdc1 KO cells (Figure 4.10 A). After filtering, 1,379 genes had a z-score above 0.75 and
419 of these had a log2(fc) above 1 (Figure 4.10 B). 38 genes upregulated in Champ1 KOs were
also upregulated in HP1 TKOs, but none were enriched for H3K9me3 or HP1 binding following
intersection with ChIPseq datasets (Figure 4.11). GO analysis showed no enrichment for terms
involved in nervous system development or cell differentiation. Similarly, 1,343 genes had a zscore below -0.75, and 168 of these had a log2(fc) below -1 (Figure 4.10 B). 25 genes
68

downregulated in Champ1 KOs showed an overlap with those downregulated in HP1 TKOs, but
none of these showed H3K9me3 binding or HP1 protein enrichment (Figure 4.11), indicating
that they are not direct targets of HP1-mediated silencing. GO functional annotation clustering of
the 168 down-regulated genes identified no GO terms involved in maintaining mESC
pluripotency, nor genes involved in differentiation of mESCs to specific cell lineages, such as
neuronal precursors. As for Ahdc1 KO mESCs, Champ1 KOs showed dysregulation of some
imprinted genes. However, these were also not enriched for HP1 protein binding, indicating they
are not subject to HP1-mediated silencing mechanisms. Gene dysregulation due to loss of
Champ1 function in ESCs can therefore not be exploited to gain insight into the
neurodevelopmental phenotype observed in patients with mutations in this gene.
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Figure 4-10 Gene expression analysis of Champ1 KO mESCs - A. Scatter plots of RNA-seq data of Champ1 KO
mESCs reveal only a limited number of genes dysregulated upon loss of Champ1 in comparison to loss of all three
HP1 isoforms. B. Venn diagrams of genes dysregulated in Champ1 KO and HP1 TKO mESCs reveal that only a
minority of the genes dysregulated in Champ1 KOs are also dysregulated in HP1 TKOs, indicating that most are not
subject to HP1-mediated transcriptional silencing. Up- or down-regulation was called by filtering for genes longer
than 1,000bp, with a FC larger than +/- 1 and a z-score larger than +/- 0.75.
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Figure 4-11 Expression and ChIP-seq analysis of genes in Champ1 KO mESCs – A. Integrating RNA-seq data
with publicly available ChIP-seq data of H3K9me3 and HP1 isoforms in ESCs (Ostapcuk, et al., 2018) revealed that
genes dysregulated in Ahdc1 KO mESCs are not bound by H3K9me3. B. Genes dysregulated in Champ1 KO cells
are not bound by HP1 isoforms, indicating they are not direct targets of HP1-mediated transcriptional silencing
mechanisms.

4.2.6

Champ1 KO mESCs have a normal differentiation potential

To test whether loss of Champ1 affects the ability of mESCs to properly differentiate, I grew
Champ1 KO and WT cells in the absence of 2i and LIF for 14 days to allow for EB
differentiation. Cells were passaged and subsampled at day 7. As for Ahdc1 KO cells, I did not
observe any overt morphological differences between Champ1 KO and WT EBs at day 14
(Figure 4.12 A). RT-qPCR of KO and WT EBs at days 7 and 14 showed no changes in
expression of lineage-specific markers upon loss of CHAMP1 (Figure 4.12 B). Therefore, loss
of CHAMP1 does not seem to affect the differentiation potential of ESCs.
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Figure 4-12 Analysis of differentiation potential following Champ1 KO in mESCs - A. Brightfield microscopy
of day 14 EBs differentiated from Champ1 KO mESCs show EBs that appear normal in size and morphology. B.
RT-qPCR of cDNA from day 14 Champ1 WT and KO EBs. Cells were harvested at days 7 and 14 during EB
differentiation for RNA extraction and RT-qPCR. RT-qPCR of Champ1 KO EBs show regulation of cell lineagespecific genes comparable to that of WT EBs, indicating no change in differentiation potential upon Champ1 loss.

4.3

Discussion

I hypothesized that HP1 exerts gene silencing functions in ESCs by interacting with various
DNA-binding proteins for sequence-specific recruitment. I therefore chose two such DNAbinding proteins, Ahdc1 and Champ1, and investigated their effect on genic transcription in stem
cells, and subsequent effects on cell differentiation. Upon loss of either protein, I observed no
morphological changes to the cell population, nor did I see any effects on the differentiation
potential of ESCs. It is still possible that these proteins play a role in HP1-mediated gene
regulation, however, these functions might be exerted in differentiated cells, further along in
embryonic development. For example, Champ1 is highly expressed in the central nervous system
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from E11.5 onward (Yue, et al., 2014), so further experiments should investigate the role of
CHAMP1 and HP1 isoforms specifically in neuronal progenitor cells, at mid to late embryonic
development.

RNA-seq revealed several imprinted genes dysregulated in both the Ahdc1 and Champ1 KO cell
lines, although these were not marked by HP1 isoforms or H3K9me3, as shown by ChIP-seq
data. Imprinted genes are transcribed from only a single allele, based on whether that allele was
inherited from the maternal or paternal germline. Silenced alleles are generally marked with
DNA methylation, which encompasses a regulatory region called the imprinting control region,
creating a differentially methylated region between the two alleles. The connection between
AHDC1, CHAMP1, HP1 isoforms, and these imprinted regions is not immediately obvious,
although it seems unlikely that both proteins somehow affects expression of imprinted genes.
Comparing genes up-regulated in both Ahdc1 and Champ1 KO cells, only one imprinted gene,
Grb10, is shared between the two cell lines. It is therefore more likely that stochastic changes to
imprinted gene expression occurred due to the cell culturing conditions, or the process of
CRISPR/Cas9-mediated deletion and clonal selection. Following transfection with CRISPR/Cas9
plasmids, both WT and KO cell lines were grown in puromycin for selection of cells containing
the plasmid, and individual colonies were picked and seeded at a low density, creating a
bottleneck effect. Either the KO cell lines, or the WT cell line that the KO expression was
compared to, could therefore have undergone loss of imprinting, frequently reported as a random
event in in vitro cell culture of ESCs (Humpherys, et al., 2001) (Dean, et al., 1998). Further
studies are required to conclusively determine whether AHDC1 and/or CHAMP1 are involved in
regulation of imprinted genes in ESCs.
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With the experiments performed here, I was also unable to verify whether the dysregulated genes
were direct targets of AHDC1 or CHAMP1, or simply indirect effects. To establish a direct link
between the dysregulated genes, AHDC1 or CHAMP1, and HP1, it would be necessary to
perform ChIP-seq experiments for both AHDC1 and CHAMP1, either by developing ChIPoptimized primary antibodies, or by endogenously tagging each protein and using already
developed antibodies recognizing the protein tag. Considering the only minor effects seen on
gene transcription following loss of AHDC1 and CHAMP1, and the lack of any gross
morphological changes in the KO cell lines, it is hard to justify performing these experiments for
AHDC1 and CHAMP1 in ESCs. However, use of a neuronal differentiation approach might be
informative in this regard.

Further, the transcriptional analysis performed here only investigated the expression in one
replicate of each KO cell line. We chose to sequence one replicate as a first pass experiment, and
to sequence further replicates only if the initial analysis indicated disruption of HP1-mediated
transcriptional silencing upon gene KO, which it did not. Although the transcriptional analysis of
only one RNA-seq replicate cannot determine unequivocally that Ahdc1 and Champ1 do not
cause statistically significant changes in gene regulation upon gene deletion, we believe it is
sufficient evidence to conclude that these genes do not play a major role in HP1-mediated
silencing. The observed gene dysregulation may instead be explained by disruption of other
functions of the investigated proteins. For example, human AHDC1 was shown to interact with
CBX6, a component of the Polycomb Repressive Complex 1 (PRC1) which silences the
transcription of many developmentally important genes, including members of Hox clusters
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(Vandamme, Völkel, Rosnoblet, Le Faou, & Angrand, 2011). Intersecting the list of genes upregulated in Ahdc1 KO cells with those up-regulated in a Ring1A/B dKOs, which are essential
components of PRC1, shows some overlap between the two (12 out of 46 genes up-regulated in
Ahdc1 KO cells are up-regulated in Ring1A/B dKOs). However, loss of CBX6 severely impacts
stem cell differentiation (Santanach, et al., 2017), unlike what I observed for Ahdc1 KO cells,
suggesting that dysregulation of CBX6 targets is not occurring to a significant degree in Ahdc1
KO mESCs. Similarly, CHAMP1 also have other reported functions that could affect gene
expression, as it was first identified as a regulator of kinetochore-microtubule attachment and
proper chromosome segregation during mitosis (Itoh, et al., 2011). CHAMP1 also interacts with
the mitotic control protein MAD2L2 and aids in its localization to mitotic spindles (Hempel, et
al., 2015). Disruption of these processes could very well lead to the gene dysregulation observed
in my KO clones. That said, the data presented here of gross Champ1 KO cell morphology and
differentiation potential does not indicate any disruption of mitosis.

Taken together, these results show that AHDC1 and CHAMP1 are not involved in HP1-mediated
gene silencing for the purpose of preventing premature or aberrant cellular differentiation of
ESCs, and Ahdc1 and Champ1 are not essential genes for ESC survival and growth. Further
work should be done trying to connect AHDC1 and CHAMP1 function in differentiated cells,
such as neuronal progenitors, to the molecular mechanisms of the observed human phenotype
upon mutations in these genes. Future studies should also examine some of the other 200 +
identified HP1-interacting proteins that can be screened for involvement in HP1-mediated gene
silencing. In this study, I chose HP1-interacting candidates based on reported clinical
phenotypes, and similarities with the already well-studied HP1 protein interactor Adnp.
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However, there is no reason why HP1-mediated transcriptional silencing should result in a
similar phenotype following disruption of distinct HP1 interacting proteins, so future studies
should refine the candidate search criteria to include other potential detrimental effects due to
loss of HP1-mediated silencing.
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Chapter 5: Concluding remarks and future directions
The main objectives of this thesis, as laid out in Chapter 1, were to investigate three functions of
HP1 proteins: their involvement in silencing of endogenous retroviruses, their role in regulating
H3K9me3 levels, and their gene regulatory functions, as mediated by two binding partners with
putative DNA-interacting domains.

In Chapter 2, I detailed the experimental protocols employed to answer these questions. Assays
I employed ranged from classical molecular biology techniques (PCR, Western blots) to
emerging high-throughput sequencing experiments (RNA-seq & ChIP-seq) followed by
bioinformatic analysis of resulting data integrated with publicly available data.

5.1

Major findings

In Chapter 3, my analysis of publicly available RNA-seq data of HP1 TKO cells, as well as
publicly available and self-generated ChIP-seq data of HP1 isoforms, H3K9me3 and
H4K20me3, revealed that transcriptional silencing of Class II ERVs, specifically the highly
abundant RLTR and IAP families, is dependent upon HP1 proteins. The three isoforms act
redundantly, and can functionally replace each other to enforce this silencing. These Class II
ERVs were direct targets of HP1 binding, and their silencing is consistent with the dogma that
HP1 proteins play a role in chromatin compaction, in particular when recruited to H3K9me3
marked regions. The observation that deletion of all three HP1 proteins leads to ERV
upregulation stands in contrast to the previous observation that depletion of individual HP1
isoforms does not lead to upregulation of ERV expression (Maksakova, et al., 2011). While
Maksakova, et al. did not address the possibility of redundancy between HP1 isoforms, I show
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that HP1 isoforms can functionally replace each other, and only upon the loss of all three
isoforms is ERV silencing disrupted. This redundancy in function is not surprising considering
the potential detrimental effects of ERV transcription (Maksakova, et al., 2006; Babaian &
Mager, 2016; Gagnier, et al., 2019), and highlights the essential role of HP1 proteins in
H3K9me3-mediated ERV silencing.

While several reports have shown that HP1 proteins can regulated H3K9me3 levels, either by
reinforcing the deposition of this mark through recruitment of further HMTs (Maison &
Almouzni, 2004), or by limiting the spreading of H3K9me3 across heterochromatin boundaries
(Stunnenberg, et al., 2015), I found only minor effects on H3K9me3 levels following HP1
protein ablation. Indeed, my ChIP-seq data revealed minimal changes in H3K9me3 enrichment
over genes and ERVs in HP1 TKO cells, and changes in only a small number of genomic bins,
unlike the effects seen for the H3K9me3- and HP1 protein-dependent H4K20me3 mark. A
caveat to these findings is that they were generated by focusing on a “coarse” scale, studying
ERVs only as aggregated families, and investigating relatively large genomic bins (2kb each), so
it is possible that HP1 proteins may still regulate H3K9me3 on scale smaller than 2kb, for
example over a few hundred base pairs at the flanks of heterochromatin regions, or over
individual TEs. Regardless, HP1 proteins do not appear to be a major player in H3K9me3
dynamics regulation genome-wide.

To measure HP1 proteins’ roles in the regulation of euchromatic gene promoters, as presented in
Chapter 4, I used CRISPR/Cas9-mediated gene editing in mESCs to delete Ahdc1 and Champ1,
two reported interactors of HP1. Transcriptional analysis of KO lines showed that these two
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proteins are not responsible for HP1-mediated transcriptional silencing of genes, in contrast to
what was shown for ADNP, another HP1 protein interactor. I hypothesized that these interactors
were co-factors of HP1 proteins in gene silencing due to their putative DNA-binding domains
and reported disease phenotypes upon mutations in vivo. However, only a few genes were
dysregulated upon deletion of either Ahdc1 or Champ1, and these dysregulated genes were not
bound by HP1 isoforms, as identified by ChIP-seq data. Deletion of Ahdc1 and Champ1 also did
not affect cell growth or differentiation potential of mESCs. Though Ahdc1 and Champ1 KO did
not show any effect in mESCs, it is still possible that they play a role in HP1-mediated
transcriptional silencing in differentiated cells, such as neuronal progenitor cells, which could
help explain their association with neurodevelopmental syndromes upon mutation in humans.

5.2

Relevance of studying HP1 mediated transcriptional silencing

Firstly, the work presented here helps in our understanding of how endogenous retroviruses are
silenced, shedding light on how organisms have evolved to protect genome integrity by limiting
the mutational burden due to transcription and transposition. Further, since ERVs can also be coopted to act as enhancers and regulatory sequence for gene expression (a process called
exaptation, reviewed in (Maksakova, et al., 2006)), elucidating their regulation helps in our
understanding of how organisms’ regulatory networks evolve. Characterizing retrovirus
regulation can also help us understand human disease conditions, since their transcription is often
associated with cancers (Babaian & Mager, 2016). In mice, failed silencing, and subsequent
transposition of an IAP element to a region adjacent to the granulocyte-macrophage colonystimulating factor (GM-CSF) gene cause upregulation of this proto-oncogene, and resulted in
myelomonocytic leukemia (Leslie, Lee, & Schrader, 1991). Similarly, de-repression of THE1
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ERVs, a human-specific sub-family of Class III ERVs, causes aberrant expression of CSF1R
(Colony-stimulating Factor 1 Receptor), which is involved in cancer cell survival in Hodgkin’s
lymphoma (Lamprecht, et al., 2010). Therefore, understanding the factors regulating ERV
expression, such as HP1 proteins, and the dynamics of H3K9me3, may contribute to the
development of treatments for specific cancers and human disease (Cuellar, et al., 2017;
Muratani, et al., 2014; Nagarajan, et al., 2014; Thorsen, et al., 2011).

Secondly, understanding the full spectrum of HP1-mediated transcriptional silencing, not only of
ERVs, but also of genes, can shed light on human disease. As demonstrated by (Ostapcuk, et al.,
2018), HP1 proteins are essential in protecting stem cell pluripotency, and failure of HP1mediated transcriptional silencing due to loss of HP1 interacting partners can have severe effects
in vivo. The work in this thesis aids in our understanding of HP1 protein function by
characterization of two interacting partners of HP1 proteins, and sets a framework for further
studies of additional HP1-interacting proteins and their involvement in HP1-mediated
transcriptional regulation.

5.3

Future directions and outstanding questions

The results in Chapter 3 highlighted a major difficulty in studying HP1 proteins: functional
redundancy between the three isoforms. Determining HP1 protein function is confounded by the
three isoforms having both distinct and overlapping functions, and being involved in as widely
different cellular processes as DNA damage repair, chromosome segregation in mitosis, and
transcriptional silencing. With the availability of the HP1 TKO cell line, the challenge then
becomes teasing apart which observed phenotype is due to disruption of what HP1 function.
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Future work should focus on determining and characterizing the resulting phenotype from HP1
TKO in mESCs. For example, cells should be investigated for any cell cycle defects or
chromosome abnormalities. It is necessary to know the cause of the growth phenotype and cell
death in detail before evaluating the exact role of HP1 proteins in these processes. Ultimately,
deletion of all three HP1 proteins should be conducted in in vivo systems to investigate the role
of these proteins at later developmental stages, though it is necessary for such experiments to be
done as conditional tissue-specific deletions, e.g. in neuron lineages, due to the lethality of the
HP1b KO observed in mice (Aucott, et al., 2008).

The data presented in Chapter 4 demonstrated that there are numerous regions bound by an HP1
isoform without the presence of H3K9me3. Interestingly, these regions encompass many gene
promoters, making it likely that these chromatin proteins also have a non-canonical function in
gene regulation. Future work should be focused on identifying hallmarks of such regions, for
example whether they share specific DNA sequence motifs potentially recognized by an
interactor of HP1 proteins. Regions lacking H3K9me3 are also likely missing the redundancy in
silencing afforded by H3K9me3 and its many “readers”, so it would also be interesting to know
whether these regions are more or less likely to show altered levels of transcription compared to
H3K9me3-marked regions upon loss of HP1 proteins. As the necessary RNA- and ChIP-seq data
for such analyses are already at hand, only bioinformatic reanalysis are required to address this.

Many questions remain regarding HP1 isoforms and the breadth of their reported interacting
proteins. What is the importance of the remaining 200+ HP1 protein interactors identified by
proteomics studies? What are the recruiting factors responsible for HP1 protein localization to
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regions lacking H3K9me3? And why does HP1 interact directly with all identified H3K9 methyl
transferases, if not to reinforce this epigenetic mark over HP1-bound regions? To address these
questions, future studies should continue with a large-scale genetic screen of HP1 protein
interactors and their effect on transcriptional silencing in mESCs. KO studies employing
CRISPR/Cas9 technology and homologous recombination to incorporate a reporter like GFP
(Green Fluorescent Protein) and/or a FLAG tag in place of the deleted gene would allow for
more rapid identification of true KO cells, and the ability to study a greater number of HP1
protein interactors. Utilizing the framework of experiments performed in this thesis for genomic
characterization of KO cell lines will help standardize the data for easy comparison of the results.
ChIP-seq of these proteins would further elucidate their function and involvement with HP1mediated silencing mechanisms by uncovering potential genomic binding sites, and any colocalization with HP1 isoforms. Since many of the reported HP1-interacting proteins do not, as
of yet, have antibodies raised against them, such an approach would benefit from an endogenous
tagging strategy to allow for the use of antibodies against the protein tag rather than relying on
antibodies raised against the protein itself.

Additionally, the two HP1 protein interactors identified in this study, AHDC1 and CHAMP1,
should be investigated in differentiated cells such as neuronal progenitors, and ultimately in an in
vivo system, to establish a mechanism for their involvement in the reported human
neurodevelopmental syndromes. It is possible that although these genes do not affect gene
regulation in mESCs, they could impact the ability of cells to differentiate properly into specific
neuronal lineages later in mouse and human development. These proposed experiments will
show the involvement of HP1-interacting proteins in gene regulation in both ESCs and
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differentiated cells, highlight any implication of HP1 proteins in such mechanisms, and
potentially connect HP1-mediated mechanisms to human disease states.

5.4

Conclusion

HP1 proteins have been the subject of over 1900 studies (PubMed, 2020), and implicated in a
wide variety of cellular processes, yet remain rather enigmatic factors. The work presented in
this thesis has refined our knowledge of HP1 proteins as transcriptional silencers, and explored
the functions of 2 of their over 200 reported interacting partners. Further elucidating H3K9me3independent mechanisms of HP1 proteins, especially HP1-mediated gene silencing mechanisms
in conjunction with HP1-interacing proteins, may ultimately lead to a better understanding of
human disease states and developmental syndromes.
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