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Insights into the molecular mechanisms of regulation and function of
histone crotonylation
Summary
Elena Ignatova Stoyanova

Histone posttranslational modifications (HPTMs) are major regulators of chromatin
dynamics and gene expression. Knowledge about the molecular machineries involved in
the regulation and interpretation of a HPTM is crucial for understanding their functional
significance. Histone crotonylation is a well-conserved PTM, structurally similar, but
functionally distinct to the well-studied acetylation. Its levels are sensitive to changes in
the availability of the physiologically-relevant microbiota-derived short-chain fatty acids
(SCFA). This makes it a candidate that links the microbiome and cellular metabolism to
genome regulation. This link is particularly relevant in the gut, where cells of the
epithelium are in direct contact with a dynamic metabolic environment, including
microbiota-produced metabolites.
In this work, I demonstrate the availability of histone crotonylation in the intestinal
epithelium, suggesting it is a physiologically relevant mark in this tissue. I explore its
dynamics in colon-derived epithelial cells and unravel it is regulated in a cell-cycle
dependent manner by an important family of enzymes with roles in multiple nuclear
processes – the class I histone deacetylases (HDACs). I further characterise how its
genome-wide localisation pattern is influenced by HDAC inhibition and compare it to
acetylation. Pivotal for our understanding of histone crotonylation is the identification of
'reader' molecules, which are able to selectively recognise it and drive specific chromatin
events. Thus far, an extensive screen of crotonyl-binding factors is missing and all known
crotonylation readers were identified using target-based approaches. Therefore, I
performed an unbiased screen for binding factors with specificity for crotonylation using
peptide pull-downs combined with stable isotope labeling with amino acids in cells in
culture (SILAC). This was complemented by a proteome array screen for direct
crotonylation interactors. These two independent assays identified the histone
chaperone DAXX, an important chromatin factor implicated in cancer processes, as a
candidate crotonylated histone binder. Biochemical validations and characterisations of
this interaction were performed in colon-derived epithelial cells, where knocking down
DAXX altered the transcriptional response to crotonate, a SCFA known to promote
histone crotonylation. In addition, DAXX knock-down affected the response of cells to
crotonate by reducing the changes in chromatin-associated lysine crotonylation,
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suggesting a subset of the crotonate-dependent changes in histone crotonylation are
reliant on DAXX.
Altogether, my data support a model for the histone chaperone DAXX as a crotonylation
interacting factor that contributes to its chromatin association. This and further validations
of the functional link between DAXX and genome regulation through histone
crotonylation would elucidate the role of crotonylation in intestinal biology in relation to
gut microbiota and metabolism. Furthermore, they could highlight DAXX as an important
protein mediator between microbiota-derived metabolites and gene control in the
intestinal epithelium. This study is ultimately a valuable contribution to our understanding
of the vast impacts the human commensal microbiome has on development, health and
disease.
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Introduction

1 Introduction

Chromatin organisation of genomic DNA
The large eukaryotic genome, composed of millions to billions of base pairs, has to
confront the challenge of being accommodated into a cell’s nucleus with an average
diameter of a few microns. To overcome this obstacle the DNA molecule undergoes
several levels of careful packaging involving a family of specialised nuclear proteins,
forming chromatin. Despite the tight compaction, this elaborate higher order chromatin
structure must be organised in such a way as to allow essential cellular functions like
transcription, DNA replication and repair to take place. Importantly, chromatin does not
simply organise, but also acts as a key regulator of many of these genomic processes.
Thus, chromatin organisation is of vital importance to a cell’s survival and the principles
and mechanisms of chromatin function have been the focus of extensive molecular
biology research.
1.1.1

Chromatin organisation

1.1.1.1 A historical perspective on chromatin discovery
The hereditary substance of our cells was first isolated in 1869 by the Swiss student
Friedrich Miescher (Miescher, 1897; Deichmann, 2015). He discovered ‘nuclein’ - a
nitrogen and phosphorus-containing nuclear matter from lymphocytes. Soon after that,
he separated nuclein into its constituent molecule types – nucleic acid and protein
(Miescher, 1897; Deichmann, 2015). In 1879, the German biologist Walther Flemming
observed a mitotic nuclear structure that strongly absorbed a cellular dye and, hence,
named it with the Greek word for colour – ‘chroma’ (Deichmann, 2015). He suggested
that chromatin and nuclein might be identical. In the decades following these seminal
discoveries, the search for the hereditary basis of life led the way forward to rapid
developments in molecular genetics research. Scientists were interpreting the
mechanisms of genes and mutation and the contribution of the chromatin context, e.g.
regulatory sequences and chromosomal position, to their phenotype (Muller et al., 1937;
MENDEL, 1950; Keller, 2003; Deichmann, 2015). The years after the breakthrough
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elucidation of the DNA double-helix, were marked by key discoveries on the composition
and structure of the nucleoprotein complex. Chromatin was found to be an assembly of
genomic DNA with its associated RNA and protein molecules and complexes. These
molecules include DNA-associated factors, amongst which the major family of DNAbound proteins – histones, the transcription and replication machineries with their
associated nascent transcripts and newly synthesised DNA (Van Steensel, 2011). These
findings were accompanied by an appreciation of the role of this nuclear structure in
regulating major genomic processes.
1.1.1.2 The nucleosome – composition and structure
1.1.1.2.1 Histones
The condensation of the chromatin fibre begins with its basic structural and functional
component – the nucleosome. The nucleosome is formed by the interaction of DNA with
a repeating unit of eight histones (Thomas and Kornberg, 1975; Klug et al., 1980; Luger,
Mäder, et al., 1997; Luger, Rechsteiner, et al., 1997) . Histones are basic proteins of
small molecular weight and their positive charge is the basis of their strong interaction
with the negatively charged DNA phosphate backbone. There are five canonical histone
proteins termed H1, H2A, H2B, H3 and H4, whose sequences are one of the best
evolutionary conserved across species (Eberharter and Becker, 2002; Malik and
Henikoff, 2003). Despite low sequence similarity between the five histone proteins, all
histones share a similar central core structure. Their globular domain forms a ‘histone
fold’ with a long central α helix and shorter flanking helices and loops that associate with
the DNA (Arents et al., 1991; Arents and Moudrianakis, 1993, 1995). Flanking the
globular domain is a characteristic flexible and relatively unstructured N-terminal ‘tail’ of
the first 15 to 30 amino acids in the polypeptide chain of histone H3, H4, H2A, H2B and
C-terminal tails in H2A and H2B (Böhm and Crane-Robinson, 1984; Walker, 1984; Smith
and Rill, 1989; Luger, Mäder, et al., 1997; Luger and Richmond, 1998b).
1.1.1.2.2 Nucleosomes
Two copies of each of the four core histones, organised as a central (H3-H4)2 tetramer
flanked by two H2A-H2B dimers, wrap around approximately 146 base pairs of DNA to
form the nucleosome particle. The nucleosome’s nuclease digestion resistant part is
referred to as ‘the core particle’ and comprises of 146 base pairs bound to the histone
octamer. The DNA wraps nearly twice around the histone octamer into a left-handed
superhelix (Klug et al., 1980; Arents et al., 1991; Luger, Mäder, et al., 1997). The ‘linker’
DNA region associated with histone H1 stretches between core nucleosomes. This linker
is more susceptible to nuclease degradation and varies in length across species (Noll
and Kornberg, 1977; Beshnova et al., 2014). This first level of packaging of chromosomal
2

Elena Ignatova Stoyanova

Introduction

DNA by nucleosomes leads to an approximate six-fold condensation in length of the DNA
molecule (Van Holde and Zlatanova, 1995; Ramakrishnan, 1997; Alberts et al., 2002;
Mariño-Ramírez et al., 2005). The interaction of the histone proteins with the DNA is
confined to the phosphodiester backbone (Luger and Richmond, 1998a). It involves
hydrogen bonding and electrostatic interactions with the phosphate, nonpolar bonds with
the sugar groups and excludes the nucleobases. The observation that nucleosomes do
not make contacts with the nucleobases is in concord with their capability to package
any DNA sequence.
The histones in the nucleosome octamer associate with each other through the histonefold containing regions (Luger, Mäder, et al., 1997; Luger, Rechsteiner, et al., 1997). The
histone tails protrude out of the nucleosome beyond the gyres of encircling DNA,
exposing their residues for posttranslational modification and recognition. This is a
structural feature of histones with a key function in transcriptional regulation and further
DNA compaction. These tails are rich in lysine and arginine residues and are strongly
positively charged (Annunziato and Hansen, 2000a; Hansen et al., 2006). Many of their
amino acids are the subjects of posttranslational modifications with primary roles in
chromatin function and structure. Some of the best studied histone tail modifications
include phosphorylation, methylation and acetylation and mediate nucleosome
interactions with proteins and DNA (Kouzarides, 2007; Bannister and Kouzarides, 2011).
These modifications are essential for higher order chromatin structures as they modulate
inter-nucleosomal contacts and the condensation of the chromatin fibre (Allan et al.,
1982; Schwarz and Hansen, 1994; Garcia-Ramirez, Rocchini and Ausio, 1995; Zheng
and Hayes, 2003). Altogether, histone posttranslational modifications have important
roles in molecular signalling that regulates chromatin functional states.
1.1.1.3 Higher levels of chromatin organisation
1.1.1.3.1 The chromatin fibre
The compaction of nucleosomal DNA is not enough to account for the full condensation
of the chromosome, indicating there is a higher-order chromatin organisation. The first
observations of chromatin fibres revealed linear nucleosome arrays joined by linker DNA,
which appear as a fibre with a diameter of 10 nm, resembling ‘beads on a string’ (Olins
and Olins, 1974; Woodcock, Safer and Stanchfield, 1976). However, this primary
structure of the nucleosome fibre was thought not to be its favourable conformation in
vivo. Under physiological conditions the 10 nm linear fibre could be observed to fold
further into helical 30 nm secondary structures (Woodcock and Dimitrov, 2001). No
unifying model for a regular structure of the chromatin fibre has been established to date,
partly due to lack of data from direct observations in an undisturbed nucleus.
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Until recently, these structures have only been observed in vitro and different
experimental approaches generated evidence for two distinct models of the fold of the
30 nm fibre. Initially, X-ray crystallography studies suggested a regular solenoid shape
and later electron microscopy analysis proposed a rather zig-zag-oriented helix (Finch
and Klug, 1976; Woodcock, Frado and Rattner, 1984; Bednar et al., 1995; Dorigo et al.,
2004). Despite the uncertainty around the exact helical conformation, these studies
established the role of nucleosome-nucleosome interactions through their histone tail
modifications on chromatin folding and fibre stability (Zhou et al., 2007; Allahverdi et al.,
2011; Yang and Arya, 2011). Furthermore, linker histones and linker DNA length proved
definitive parameters for the fibre configuration (Arya and Schlick, 2006; Robinson et al.,
2006; Perišić, Collepardo-Guevara and Schlick, 2010).
Other studies using fluorescence in-situ hybridisation (FISH) indicated the existence of
a structure with compaction much beyond the 30 nm fibre, possibly achieved through
intra-fibre interactions (Lawrence, Singer and McNeil, 1990; Lawrence and Singer, 1991;
Mahy, Perry and Bickmore, 2002; Hu et al., 2009). On the other hand, independent
approaches involving electron tomography and chromatin conformation capture did not
find evidence for any additional levels of regularly structured condensation beyond the
10 nm fibre (Fussner, Ching and Bazett-Jones, 2011; Razin and Gavrilov, 2014). The
latter studies suggest a model where higher level chromatin compaction is produced by
dense packaging of 10 nm fibres without folding into an organised structure (Eltsov et
al., 2008; Maeshima, Ide and Babokhov, 2019).
If higher order structures of the nucleosome fibre exist, they are likely to be influenced
by a number of factors, such as histone chaperones and the deposition of variant and
posttranslationally modified histones, chromatin remodeling factors and other nonhistone architectural proteins, such as the high mobility group (HMG) proteins (West et
al., 2003; Németh and Längst, 2004; Depken and Schiessel, 2009; Postnikov and Bustin,
2010, 2016; Fyodorov et al., 2018). Even though further research is needed to reveal the
details of chromatin organisation, the existence and function of differentially packaged
genomic structures have been documented and studied extensively for nearly a century
(Saksouk, Simboeck and Déjardin, 2015).
1.1.1.3.2 Euchromatin and heterochromatin
Interphase chromatin exists in two major states depending on its compaction level highly condensed heterochromatin and more loosely packed euchromatin (Strålfors and
Ekwall, 2011; Saksouk, Simboeck and Déjardin, 2015). Euchromatin is generally
associated with gene-rich, transcriptionally active DNA and heterochromatin assembles
at gene-poor, silent regions. The two chromatin states vary in genomic features and
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biological functions. They are marked by the presence and/or absence of characteristic
histone and DNA modifications patterns which reflect and aid their genomic purpose
(Richards and Elgin, 2002; Cheung and Lau, 2005). Heterochromatin’s highly condensed
state acts to protect its contained sequences from protein machineries, including those
involved in transcription and DNA repair (Peng and Karpen, 2008).
Heterochromatin is further subdivided into facultative and constitutive (Saksouk,
Simboeck and Déjardin, 2015). The former is commonly described as a dynamic
structure that forms at developmentally regulated genes and can vary across cell types,
developmental stages and organisms. Constitutive heterochromatin, on the other hand,
is ubiquitously formed at gene-poor sequences with high-density of repetitive DNA
elements, like centromeres and telomeres, and remains condensed throughout the cell
cycle. These regions harbour genotoxic mobile and intrinsically unstable sequences,
including

simple

repeats,

α

satellites,

transposons

and

retroviruses.

Thus,

heterochromatin plays a crucial role in genome integrity by keeping these regions
transcriptionally inactive (Grewal and Jia, 2007; Allis and Jenuwein, 2016; Wang, Jia and
Jia, 2016). Many of these repetitive sequences have evolved key roles in some of the
most fundamental cellular processes. A leading example are the tandem satellite DNA
repeats of the pericentromeres, the regions of the chromosome immediately surrounding
the centromere. They are essential for accurate chromosome segregation and,
according to a recent study, potentially key to packing all chromosomes into a single
nucleus (Craig, Earnshaw and Vagnarelli, 1999; Saksouk, Simboeck and Déjardin, 2015;
Jagannathan, Cummings and Yamashita, 2018).
The largest heterochromatin domains are located at centromeres and telomeres. The
best characterised heterochromatin marker to date is heterochromatin protein 1 (HP1)
(James and Elgin, 1986; James et al., 1989).In the interphase nucleus heterochromatin
is primarily found at the nuclear periphery in association with the nuclear lamina and is
replicated in late S-phase (Goldman et al., 1984; Hatton et al., 1988). Thus, these
genomic regions have roles in multiple nuclear functions, from nuclear architecture to
genome silencing (Wallrath, 1998).
1.1.1.3.3 3D chromosome conformation
Due to the tight compaction of the genome in the eukaryotic nucleus, the DNA adopts a
complex three-dimensional conformation (Rowley and Corces, 2018). This allows for
direct contacts between sequences that are megabases apart on the linear chromosome
and drives the formation of structures with proposed functions in transcription and
genome regulation. These hierarchical chromosomal arrangements started to become
revealed with genome wide contact maps from chromosome conformation capture (3C)
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techniques showing the associations between all sequences in the genome (de Wit and
de Laat, 2012; Sati and Cavalli, 2017). 3C studies postulated the existence of chromatin
loops between distantly positioned DNA elements, the organisation of the genome in
defined topologically associated domains (TADs) and the broad segregation of DNA into
two types of confined chromosome territories – active A and inactive B compartments
(Rowley and Corces, 2018; Szabo, Bantignies and Cavalli, 2019). All this suggests a
multi-levelled, elegantly coordinated chromosome structure that underlies the complex
functioning of the genome.
1.1.2 Chromatin function
A large part of chromatin’s function is mediated by its basic particle - the nucleosome,
whose role extends far beyond structural organisation of the chromatin fibre. The
nucleosome and nucleosome-binding proteins have a central role for the regulation of
multiple nuclear processes, including replication, transcription, DNA repair and mitosis
(Krude, 1999; Krude and Keller, 2001; Birger et al., 2003, 2005; West, 2004; Tessarz
and Kouzarides, 2014; McKinley and Cheeseman, 2016; Hauer and Gasser, 2017; Lai
and Pugh, 2017). Orchestrating the functional output of the genome in this way without
altering the underlying DNA sequence is termed epigenetics (Allis and Jenuwein, 2016;
Henikoff and Greally, 2016; Cavalli and Heard, 2019).
1.1.2.1 Histone variants
One way to influence the functional properties of nucleosomes is by the incorporation of
histone variants (Talbert and Henikoff, 2017). The four core histones have diversified to
a different extent. H3 and H2A have evolved several paralogs with varying functions,
whilst H4 and H2B lack any functionally distinct variants (Henikoff and Smith, 2015). The
non-canonical histone variants include H3.3, CENP-A, H2A.Z, H2A.X, H2A.B, and
macroH2A. These histone variants are significantly less abundant than their canonical
counterparts (Henikoff and Smith, 2015). One important distinction with a profound
functional consequence is that while canonical histones are expressed exclusively during
S-phase, some variants are synthesised throughout the cell-cycle and are incorporated
into chromatin in a replication-independent manner (Marzluff and Duronio, 2002; Marzluff
et al., 2002). The replication-coupled nucleosome assembly takes place at replication
loci and aims to preserve epigenetic memory. On the other hand, replication-independent
incorporation entails replacement of existing nucleosome or histones with non-canonical
ones and, thus could alter the epigenetic state.
Examples of functionally significant histone variants are the centromere-specific H3
variant CENP-A and the replacement H3.3 variant. CENP-A incorporates in
nucleosomes in the place of H3 and is a marker of centromeres to a greater extent than
6
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the underlying DNA sequence (Palmer, O’Day and Margolis, 1990; Palmer et al., 1991;
Amor, Bentley, et al., 2004). CENP-A homologs are found in virtually all eukaryotes and
are critical for kinetochore formation and chromosome segregation (Amor, Kalitsis, et al.,
2004). This is an exciting example of a chromosome structure defined and functionally
maintained epigenetically through histone variants. Another example of a key variant is
the H3.3 replacement histone. It is deposited by the replication-independent machinery
and targets sites of active transcription or heterochromatin sites of tandem DNA repeats
(Drané et al., 2010; Goldberg et al., 2010; Filipescu, Szenker and Almouzni, 2013). H3.3
differs by only four amino acids from the canonical H3.1 and, nonetheless, their
deposition patters are entirely distinct. The replication coupled incorporation of H3.1 is
mediated by a devoted chaperone CAF-1, in contrast with the DAXX and HIRA –
dependent H3.3 deposition throughout the cell cycle (Philpott, Krude and Laskey, 2000;
Sitbon et al., 2017). Interestingly, in non-cycling cells no canonical histones are
produced, as their expression is tightly linked to S-phase. However, H3.3 accumulates
to high levels in these cells, potentially to ensure the rapid replacement of lost
nucleosomes (Piña and Suau, 1987). The replication-independent nucleosome
assembly pathway is essential in the mammalian germline, where H3.3 is required for
parental genome reprogramming and chromatin domain establishment in the zygote
(Santenard et al., 2010; Akiyama et al., 2011). Such processes are conserved in
C.elegans and Arabidopsis, suggesting H3.3 nucleosome deposition mechanisms have
evolved to govern vital totipotent reprogramming processes (Ooi, Priess and Henikoff,
2006; Ingouff et al., 2007).
1.1.2.2 Histone modifications
Another major factor in epigenetic signalling is histone posttranslational modifications
(HPTMs). The repertoire of histone modifications is vast with a plethora of functionalities
and exploits different amino acid residues and types of modifications - acetylation,
methylation, phosphorylation, ubiquitination and many others (Fig. 1.1) (Bannister and
Kouzarides, 2011). This underlying epigenetic diversity provides immense variation to
the otherwise generic histone structure. These modifications can act singly or in
combination to (i) affect nucleosome stability directly by altering the interaction between
DNA and histones (e.g. by modifying the histone charge), (ii) be recognised by ATPdependent chromatin remodelling factors to reposition nucleosomes by sliding or
transferring them or (iii) act to recruit and serve as docking sites for effector molecules
which can affect gene expression or initiate other chromatin events (Varga-Weisz, 2001;
Musselman et al., 2012; Bowman and Poirier, 2015). Altogether the HPTMs play a
functional part in directing gene expression through nucleosome modulation and

Elena Ignatova Stoyanova

7

Insights into the molecular mechanisms of function and regulation of histone crotonylation

changes in the accessibility of transcription factors to their target sites (Kouzarides, 2007;
Bannister and Kouzarides, 2011).

Fig. 1.1. Major sites of histone tail posttranslational modifications. Schematic representation
of the nucleosome with the core histone proteins – H2A, H2B, H3, H4 and the linker histone H1.
The residues subjected to Acetylation (Ac), Methylation (Me), Phosphorylation (Ph) and
Ubiquitination (Ub) on their N- and C-terminal tails are indicated. Figure is from Tollervey &
Lunyak, 2012.

1.1.2.2.1 Histone acetylation
Histone acetylation is one of the most widespread and well-studied modifications. It
occurs on the ε-amino groups of lysines, neutralising lysine’s positive charge and
weakening histone-DNA electrostatic interactions (Strahl and Allis, 2000; Bannister and
Kouzarides, 2011). Thus, acetylation is generally associated with relaxed and active
chromatin and has a key role in transcriptional regulation (Shahbazian and Grunstein,
2007). As a consequence of the altered nucleosomal conformation, the DNA template
becomes more accessible for transcriptional regulators (Lee et al., 1993; Vettese-Dadey
et al., 1996). This suggested a mechanism for the positive correlation between
acetylation of most lysines on histones H3 and H4 and transcription (Mizzen and Allis,
1998; Kurdistani, Tavazoie and Grunstein, 2004; Pokholok et al., 2005). Histone
acetylation regulates multiple essential cellular processes such as nucleosome
assembly, chromatin replication and epigenome maintenance, chromatin folding,
heterochromatin silencing (Garcia-Ramirez, Rocchini and Ausio, 1995; Benson et al.,
2006; Shia, Pattenden and Workman, 2006; Falbo and Shen, 2010; Jasencakova and
Groth, 2010; Kim and Workman, 2010; Watts et al., 2018). Acetylation occurs on a
8
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number of specific, highly conserved lysine residues. Some of the best described
acetylated residues include lysines K5, K8, K12 and K16 on histone H4 and lysines K9,
K14, K18 and K23 on histone H3 (Fig. 1.1) (Annunziato and Hansen, 2000a).
1.1.2.2.2 Histone short-chain lysine acylations
In recent years the repertoire of HPTMs has been largely extended owing to
advancements in highly sensitive and high-throughput proteomics and epigenomics
techniques. Developments in these fields have allowed for the discovery of a whole new
range of histone lysine acylations beyond acetylation. Indeed, a large number of the
newly identified types of histone modifications fall in the class of the short-chain lysine
acylation (Rousseaux and Khochbin, 2015; Sabari et al., 2017). These include
propionylation, butyrylation, 2-hydroxyisobutyrylation, benzoylation, succinylation,
malonylation, glutarylation, formylation, beta-hydroxybutyrylation and crotonylation
(Fig.1.2).

Fig. 1.2. Short-chain lysine acylations. The lysine molecules are in black and the
posttranslational modifications on their amino group are shown in blue. Figure adapted from Lin
et al., 2012.

Histone acylations are structurally similar to the well-characterised acetylation and also
occur on the ε-amino groups of lysines, but exhibit differences in their hydrocarbon chain
length or charge. Most acyl marks occur on lysines that can also get acetylated, but there
are some acylations that can occur on unique histone residues, like lysine crotonylation
(Kcr) (H. Huang et al., 2014; Barnes, English and Cowley, 2019).
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acylations have been found to function independently of acetylation and have been
implicated in important cellular processes, like metabolic sensing, inflammation and
spermatogenesis (Tan et al., 2011; Ruiz-Andres et al., 2016; Xie et al., 2016). Thus,
there is growing evidence that these modifications are not merely structural variations
with redundant functions to acetylation, but have distinct roles in chromatin and gene
regulation (Sabari et al., 2017; Barnes, English and Cowley, 2019).
1.1.2.2.3 Histone crotonylation
One of the recently identified histone short-chain lysine acylations that has gained a lot
of attention is crotonylation. Since its initial discovery in 2011 it has emerged as an
increasingly important epigenetic mark with roles in a multitude of chromatin and cellular
processes. Crotonylation was first reported on histones in a comprehensive histone
modification profiling study by the Zhao lab (Tan et al., 2011). They identified 28
crotonylated lysine sites on all core histone proteins and the linker histone H1. Guided
by the assumption that cells can convert crotonate to crotonyl-CoA and use it to
crotonylate histones, they showed that crotonate supplementation in the culture medium
drastically promoted histone crotonylation in HeLa cells. They were able to further
confirm the existence of crotonylated histones in a range of eukaryotic cells – from yeast
to mouse, suggesting this was an evolutionary conserved modification. A schematic view
of all identified histone residues known to be subjected to crotonylation is presented in
Fig. 1.3.

Fig. 1.3. Histone crotonylation sites. Diagram of all reported core histone lysine sites subjected
to crotonylation. Figures from Wan et al., 2019.
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Compared to the acetyl moiety, the crotonyl group has two extra carbons for a total of
four and a planar double bond with π electron conjugation, unique among the acylations
(Fig. 1.2). This makes it a larger, more hydrophobic modification with increased rigidity
compared to acetylation (Sabari et al., 2017). These structural features of the crotonyllyisne are in concert with what is known about the role of histone crotonylation in
chromatin regulation. The genome-wide association of pan-lysine crotonylation in HeLa
cells and H3K18crotonylation in macrophages were profiled using chromatin
immunoprecipitation sequencing (ChIP-seq) (Tan et al., 2011; Sabari et al., 2015). This
revealed crotonylation marked open chromatin, being particularly enriched on active
promoters and predicted enhancers. Furthermore, crotonylation levels at transcription
start sites (TSS) correlated with gene expression (Tan et al., 2011; Sabari et al., 2015).
In cell free assays crotonylation has been shown to act as a more potent transcriptional
stimulator than acetylation (Sabari et al., 2015). These assays involved chromatinised
DNA template, the presence of acetyl- or crotonyl-CoA and the HAT P300. RNA
synthesis in these reactions is dependent on P300’s utilisation of one of the two
substrates to catalyse either acetylation or crotonylation. Reactions with crotonyl-CoA
generated on average 1.66-fold more transcript than acetyl-CoA-containing reactions,
suggesting crotonylation promoted transcription to a greater degree than acetylation.
1.1.2.2.3.1 Crotonylation on non-histone proteins
Crotonylation is not confined to histones. The ‘crotonylome’ has expanded to a large
number of non-histone proteins involved in a variety of cellular processes. The list of
species that crotonylate their proteins has also been extended to include zebrafish
(Kwon, Kim and Lee, 2018) and plants, like rice, papaya, tobacco (H. Sun et al., 2017;
K. Liu et al., 2018; S. Liu et al., 2018) and bacteria (Yang et al., 2018). Crotonylation in
human cells was reported to mark proteins localised to the nucleus, cytoplasm and
various organelles. They were involved in virtually all cellular processes, particularly
enriched in metabolism, cell cycle, ribosome and RNA associated processes, chromatin
and gene regulation (Wei, Mao, Tang, Zeng, Gao, Liu, et al., 2017; Xu et al., 2017).
1.1.2.2.3.2 Histone crotonylation in health and disease
The general overlap between the mechanism of regulation of crotonylation and
acetylation has prompted questions about the distinct function of crotonylation in
biological processes. A number of studies have investigated the role of histone
crotonylation in physiology and pathology.
Firstly, it was recognised that during particular differentiation stages of spermatogenesis
lysine crotonylation occurs independently of acetylation on a number of sex chromosome
loci and marks genes associated with a haploid-specific expression programs (Tan et
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al., 2011). This alluded that crotonylation’s unique structure and genomic distribution
could have a distinct function in chromatin and gene regulation. Later, Liu and colleagues
validated this observation and demonstrated that crotonylation on promoters of this
subset of genes is regulated by the chromodomain Y-like (CDYL) enzyme. They further
suggest that replacement of histones with protamines during spermatogenesis is
associated with hypercrotonylation (S. Liu et al., 2017). This is in line with a proposed
role of histone acylations beyond acetylation in the process (Goudarzi et al., 2014).
Telomerase activity is required for telomere length maintenance in pluripotent stem cells
(PSC) and telomere length maintenance is a challenge in induced PSC (iPSC) (Huang
et al., 2011; Y. Huang et al., 2014). Interestingly, 5 and 10 mM crotonate induced rapid
expression of telomere regulating genes in mouse embryonic stem cells (mESCs) while
promoting histone crotonylation (Fu et al., 2018). This reduced telomere damage and
promoted PSC induction. Thus, this study postulates a role of histone crotonylation in
telomeric chromatin maintenance.
Viral latency poses a challenge for HIV eradication, as infected cells evade the immune
system (Chun et al., 1997; Siliciano et al., 2003; Bruner, Hosmane and Siliciano, 2015).
HIV latency was found to be epigenetically regulated by histone crotonylation (Jiang et
al., 2018). Crotonylation upregulation through activation of the crotonyl-CoA–producing
enzyme acyl-CoA synthetase short-chain family member 2 (ACSS2) reactivated the
virus. When ACSS2 was induced, histone deacetylase (HDAC) inhibition was much more
efficient at HIV reactivation. This proposed a potential enhanced synergistic mechanism
with a therapeutic potential. In contrast, reducing histone crotonylation through ACSS2
suppression reverted reactivation, which implicated crotonylation in HIV latency
establishment and maintenance (Jiang et al., 2018).
A report of modulated histone crotonylation in the kidney during acute kidney injury (AKI)
link this HPTM to regulation of normal kidney function and disease (Ruiz-Andres et al.,
2016). It found that crotonate affected histone crotonylation in the kidney in vivo and
protected against induced AKI. The authors suggest a mechanism of action where
crotonylation-mediated transcriptional changes results in decreased inflammatory gene
expression and reduced mitochondrial stress (Ruiz-Andres et al., 2016).
Histone crotonylation has also been linked to neurological processes, where it plays a
role in stress-induced depression (Liu et al., 2019). A study looked at crotonylation in the
brains of mice modelling depression-like behaviours and found that crotonylation levels
were reduced in the median prefrontal cortex, a region implicated in depression. The
effect was specific to this part of the brain and to crotonylation, as no other modifications
were perturbed. Insights into the molecular mechanism of this process suggest that
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changes in crotonylation are mediated by the enzyme CDYL. Reduced crotonylation at
promoters of a specific neuroregulatory gene correlated with increased H3K27me and
transcriptional downregulation (Liu et al., 2019).
Crotonylation has also been functionally associated with cancer. Changes in its levels
were detected in a large number of carcinomas. Interestingly, these alterations were not
unidirectional and were dependent on the tumour type (Wan, Liu and Ming, 2019). In
kidney, liver and stomach cancers, lysine crotonylation was reduced, but was
upregulated in colon, lung, oesophagus and thyroid. HDAC inhibition promoted histone
crotonylation and decreased motility and proliferation of hepatocellular carcinoma cells.
Even though the effects of HDAC inhibition on these cells were not pinned down to
crotonylation, the results of this study postulate a complex role for this mark in oncogenic
processes (Wan, Liu and Ming, 2019). Furthermore, we have found enriched
crotonylation on H3K18 in the colon to be associated with increased transcriptional
expression of genes enriched in cancer-related pathways (Fellows et al., 2018).
Despite the growing body of knowledge on the significance of histone crotonylation, its
distinct functional roles have not been fully elucidated. Crotonylation’s molecular readout
and how it differs from those for acetylation is to be comprehensively uncovered.

Mechanisms of HPTM regulation
1.2.1 Molecular mechanisms of HPTM regulation
Histone modification patterns are regulated by the activities of enzymes that install them,
collectively referred to as ‘writers’, and enzymes that remove them, or ‘erasers’. These
proteins are classified into families based on the modification they regulate and the
reaction they catalyse. A key mechanism through which histone modifications exert their
action on chromatin regulation is by recruiting specific effector proteins, called ‘readers’.
Acetylation is a HPTM with important functions in genome regulation and some of the
best studied epigenetic regulators are the enzymes involved in its regulation. These are
the histone acetyltransferases (HATs), acting as writers, and the erasers – histone
deacetylases (HDACs).
1.2.1.1 Histone acetyltransferases
Histone acetylation is a reversible and highly dynamic mark. It is established by a family
of proteins unified by their acetyltransferase activity. Many of them work in large
complexes to alter gene expression (Gillette and Hill, 2015). Interestingly, in many cases
these proteins had been identified as factors with transcriptional regulatory activity before
being recognised as posttranslationally modifying histones. For instance, the HAT
TAF130/250 is a subunit of one of the general transcription factor complexes – TFIID,
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part of the transcriptional machinery during transcription initiation (Mizzen et al., 1996;
Struhl, 1998). Another example is p300/CBP, which was initially characterised as a
transcriptional co-activator (Bannister and Kouzarides, 1996; Ogryzko et al., 1996).
The first HAT was described in 1996 from Tetrahymena thermophilia when the
transcription factor Gcn5 was found to have an intrinsic histone acetyltransferase activity
(Parthun, Widom and Gottschling, 1996). Despite their large diversity, nuclear HATs or
type A HATs (as opposed to type B HATs found in the cytoplasm) can be classified in at
least three main groups according to their catalytic domains. These groups are the Gcn5
N-acetyltransferases (GNAT), the MYST (Tip60, MOZ, MORF, HBO1, MOF and CLOCK)
and the p300/CBP HAT families (Brownell and Allis, 1996; Doi, Hirayama and SassoneCorsi, 2006; Avvakumov and Côté, 2007; Hodawadekar and Marmorstein, 2007; Lee
and Workman, 2007). Additional proteins with HAT activity have been identified, but as
many of them do not share a conserved acetyltransferase domain, they are not clearly
classified into groups. These “orphan” HATs include the steroid nuclear receptor
coactivators ACTR/AIB and SRC1, as well as the transcription factors TAF250 and ATF2 (Sterner and Berger, 2000; Marmorstein and Roth, 2001) . Curiously, the HAT
superfamily shares very little sequence similarity between subfamilies apart from the
enzymatic core necessary for utilising the common substrate acetyl-CoA (Yuan and
Marmorstein, 2013). This significant divergence is potentially due to distinct substrate
specificities (Hodawadekar and Marmorstein, 2007).
Acetylation occurs on a plethora of nuclear and cytoplasmic proteins and mediates
protein-protein, protein-DNA interactions and impacts protein stability (Kouzarides,
2000). A number of non-histone proteins have also been found to be acetylated by HATs,
such as PCAF and p300/CBP. Many of them are involved in transcription. Non-histone
HAT substrates include DNA-binding proteins, non-nuclear proteins and proteins with
roles in nuclear transport.
1.2.1.2 Histone deacetylases
The activity of the HATs is opposed by the action of the ‘erasers’ of lysine acetylation –
the histone deacetylases (HDACs). There are four classes of HDACs: the homologs of
the yeast Rpd3, Hda1 and Sir2 are class I, II and III, respectively, and class IV contains
HDAC11 as the only member (Yang and Seto, 2007; Verdin and Ott, 2014) . In humans,
class I comprises of HDAC1-3 and HDAC8. Class II HDACs are further subdivided into
IIa (HDAC4, 5, 7 and 9) and IIb (HDAC6 and 10). Class I, II and IV HDACs employ a
similar enzymatic mechanism due to structural homology of their catalytic domains.
Class III HDACs, or the Sirtuins (SIRT1-7), on the other hand, bear similarity to the yeast
Sir2 and differ from the rest by the mechanism of catalysis (Frye, 2000; Gregoretti, Lee
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and Goodson, 2004). A prime distinction is that sirtuins require nicotinamide adenine
dinucleotide in its oxidised form (NAD+), whereas the remaining HDACs need a zinc ion
for catalysis (Imai et al., 2000).
Similarly to the HATs, HDAC’s activity is correlated with gene expression regulation
(Gallinari et al., 2007; Delcuve, Khan and Davie, 2012; Chen, Zhao and Zhao, 2015).
They are largely associated with transcriptional repression, as generally, reduced
histone acetylation at gene regulatory regions, e.g. promoters, is linked to gene
downregulation. Nonetheless, there are examples of HDAC activity required for
activation of genes. For instance, deletion of the yeast histone deacetylases Rpd3 and
Hda1, caused increased acetylation genome-wide together with silencing of telomeric
loci and reduced expression from a promoter fused to the lacZ reporter (Rundlett et al.,
1996). Additionally, Rpd3 recruitment to osmo-stress response gene promoters is
required for their activation on stress induction (De Nadal et al., 2004). Furthermore,
another yeast class I HDAC – Hos2, is required for effective transcription and specifically
associates with highly active genes during transcriptional activation (Wang, Kurdistani
and Grunstein, 2002).
In metazoa, HDACs have also been linked to gene induction. Hazzalin and Mahadevan
show that inhibition of histone acetylation turnover prevents gene activation in mouse
cells, pointing to the importance of balanced activity between HATs and HDACs
(Hazzalin and Mahadevan, 2005). In human colon cancer cells, HDAC inhibition by the
physiologically-relevant metabolite, butyrate, caused the activation and repression of a
similar number of genes (Mariadason, Corner and Augenlicht, 2000). Analogous
observations are made in leukaemia cells on treatment with the clinically important
HDAC inhibitor trichostatin A (TSA) (Chambers et al., 2003). These and other data have
demonstrated the multifaceted roles of HDACs and HATs in gene regulation. This has
led to the recognition of the role of dynamic histone acetylation turnover, as opposed to
its stable incorporation in transcription (Nusinzon and Horvath, 2005; Clayton, Hazzalin
and Mahadevan, 2006).
As HDACs do not possess a DNA-binding capacity themselves, they rely on an
association with transcriptional regulators or other genome-targeting factors for
recruitment. They often participate as subunits in large nuclear regulatory complexes
(Clayton, Hazzalin and Mahadevan, 2006; Shahbazian and Grunstein, 2007). This
dependency on additional factors for gene targeting suggests that HDAC activity is
underlined by nuclear context, cell type and modulated by cell signalling events
(Haberland, Montgomery and Olson, 2009). Moreover, HDAC substrates extend beyond
histones and acetylation of non-histone proteins mediates a myriad of protein functions
(Kouzarides, 2000). As many nuclear factors and transcriptional regulators are subject
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to acetylation and deacetylation, the non-histone enzymatic activities of HDACs and
HATs have to be considered to fully appreciate their role in gene control.
Class I HDACs is comprised of HDAC1, 2, 3 and 8. They share a high sequence
homology in their deacetylase domains (50 – 95 % amino acid similarity) with relatively
short N- and C-terminal extensions (Seto and Yoshida, 2014). The prevalent notion is
that they are universally expressed with activity mainly confined to the nucleus. However,
Seto and Yoshida suggest that there is evidence for their tissue-specific expression, as
well as cytoplasmic and organelle localisation (Seto and Yoshida, 2014). Apart from
sharing a substantial sequence similarity, HDAC1 and HDAC2 also frequently function
together as subunits in the same complex. This is the case with the repressive
complexes NuRD, CoREST and Sin3 for instance (Yang and Seto, 2003). In contrast,
HDAC3 participates in the distinct NCoR-SMRT complex. HDAC8 has not been localised
to a complex yet (Seto and Yoshida, 2014).
Due to a substitution mutation in their catalytic site, class IIa HDACs are able to recognise
acetylated lysines, but possess negligible deacetylase activity (Bradner et al., 2010).
They interact with multiple transcription factors to regulate transcription. Therefore, it has
been suggested that in some cases they may act as adaptors to recruit complexes to
acetylation sites (Bradner et al., 2010). They are subjected to phosphorylation, which
regulates their nucleocytoplasmic shuttling and target gene expression (Parra and
Verdin, 2010). Most HDAC inhibitors are not effective for this class of enzymes (Bradner
et al., 2010). Class IIb HDACs can also move between the nucleus and cytoplasm, but
are mostly localised to the cytoplasm. HDAC6 substrates, therefore, are cytoplasmic
proteins, such as α-tubulin (Li et al., 2011). HDAC6 is an important cancer clinical target
(Aldana-Masangkay and Sakamoto, 2011). The class IV HDAC11 bears sequence
homology to class I and II HDACs, however, its functions have not been well understood
(Delcuve, Khan and Davie, 2012).
HDACs have been recognised as enzymes with multiple essential roles in development
and disease. This is highlighted by the prenatal lethality of mice with global deletions of
HDAC1 and HDAC3 (Lagger et al., 2002; Montgomery et al., 2008) and HDAC2 vital role
in cardiac development (Trivedi et al., 2007). Their involvement in cancer development
and progression has been broadly recognised and extensively studied (Dawson and
Kouzarides, 2012). The development of HDAC inhibitors for use in the clinic as anticancer agents, therefore, is an area of active research (Villagra, Sotomayor and Seto,
2010; Li and Seto, 2016; Romero, 2019).
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1.2.1.3 Histone acetylation readers
Histone acetylation can have a direct impact on chromatin structure and function via
altering the interaction potential of the major nuclear proteins. The discovery of protein
domains that can specifically recognise and interact with modified histones led to the
revolutionary proposal of the ‘histone code’ theory by David Allis and Brian Strahl (Strahl
and Allis, 2000; Jenuwein and Allis, 2001). It postulated that posttranslational
modifications on histones exert their effects on genome regulation by recruiting ‘reader’
molecules to drive downstream chromatin events. Since then, it has become clearer that
matching specific marks to their effectors cannot serve as a sole predictor of the
transcriptional outcome of HPTMs. Instead their ‘readout’ is more intricate and influenced
by the chromatin context, involving a combination of epigenetic modifications. Therefore,
it is said to resemble a rather more complex ‘chromatin language’ (Berger, 2007).
The first identified HPTM – mediated domain interaction was that between the HAT coactivator PCAF (p300/CBP-associated factor) and acetylated histone H4 lysine 8 (H4K8)
peptide (Dhalluin et al., 1999). The discovery was driven by the observation that
bromodomains (BRDs) were present in virtually all nuclear HATs, but absent from the
cytoplasmic HATs. This led to the presumption that BRDs may recognise chromatin
associated histone acetylation. This finding was followed by the uncovering of a number
of HPTM reader domains initially through histone peptide interaction studies and later in
high-throughput microarray screens (Kim et al., 2006; Bua et al., 2009; Yun et al., 2011).
Since then, BRDs have been recognised as chief reader domains recruited by lysine
acetylation. In humans, there are 61 BRDs in 46 proteins (Filippakopoulos et al., 2012).
Bromodomains are found in a plethora of nuclear proteins with various functions.
Typically, these are large proteins with highly conserved multidomain organisation,
where the BRDs are neighbouring other epigenetic reader domains, like the plant
homeodomains

(PHD).

BRDs

are

also

often

found

in

multiples

to

form

polybromodomains (Goodwin and Nicolas, 2001). Apart from the histone modifying
protein themselves, like the HATs, among the proteins BRDs are found in are
transcriptional co-activators, ATP-dependent chromatin remodellers, helicases, the
bromodomain and extraterminal (BET) adaptor proteins and many others (Marmorstein
and Zhou, 2014; Verdin and Ott, 2014). For instance, the activity of the major chromatin
remodelling complex SWI/SNF (switching defective/sucrose non-fermenting) is
dependent on bromodomain-containing subunits (Awad and Hassan, 2008). Moreover,
the HATs PCAF, TAF250 and GCN5 recognise acetylated lysines via their
bromodomains (Dhalluin et al., 1999; Jacobson et al., 2000; Owen, 2000).
Despite their large diversity and overall low sequence homology, all bromodomains
share a canonical folded domain (Zeng and Zhou, 2002). They are modules of around
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110 amino acids in size. Four α helices linked by highly variable loop regions define a
conserved fold lining the acetyllysine binding site to determine the binding specificity.
Structural studies of the human PCAF and TAF250 and the yeast Gcn5p bromodomains
bound to peptides have revealed a central hydrophobic pocket. The acetylated lysine is
anchored in there by an interaction with an asparagine residue found in nearly all BRDs
(Dhalluin et al., 1999; Jacobson et al., 2000; Owen, 2000). These reports were
complemented by an extensive investigation of human BRDs by Filipakopolous and
colleagues who crystallised and determined the structures of 33 domains
(Filippakopoulos et al., 2012). Their study clustered the 61 BRDs into 8 phylogenetic
families. They showed that apart from the highly conserved acetyl binding domain, BRDs
are very diverse. They have variable C- and N-termini flanking the fold domain and,
hence, their surface properties differ greatly. The area surrounding the acetyl binding site
ranges widely in electrostatic potential, governing interactions with distinct sequences.
This potentially underlies the differential interaction potential of BRDs for different acetyl
substrates. Generally, BRD bind acetyllysine with low affinity as reported dissociation
constants (KD) range between nano- and millimolar (Barbieri, Cannizzaro and Dawson,
2013). Thus, it is postulated that additional domains may be required for highly specific
interactions in vivo (Filippakopoulos et al., 2012).
Aberrant histone acetylation and bromodomain dysfunction are implicated in a number
of diseases, notably cancer. This makes them important drug targets and inhibitors of
bromodomains binding to acetylation are promising therapeutics (Barbieri, Cannizzaro
and Dawson, 2013).. A stark example are the BET protein family (BRD2, BRD3, BRD4,
BRDT) that regulates key oncogenes and its inhibitors, iBETs, which have been success
stories of epigenetic drug development (Filippakopoulos and Knapp, 2014).
A number of other acetyl-recognising domains have also been identified. The first nonBRD domain found to have acetyl-binding capacity was the BAF chromatin remodelling
complex subunit DPF3 double PHD finger domain (Lange et al., 2008a; Zeng et al.,
2010). Up until then PHD domains were only known to bind methylated histone lysines.
Lange et al. demonstrated that in addition to H3K4me1/2, the DPF3 PHD finger interacts
with six acetylated residues on histones H3 and H4 - H3K14ac, H3K9ac, H4K5ac,
H4K8ac, H4K12ac, H4K16ac (Lange et al., 2008a). These findings were followed by the
identification of the PHD1/2 domains of the HAT subunits MOZ and MORF whose
association with histones is enhanced by acetylation on H3K9 or H3K14 (Ali et al., 2012;
Qiu et al., 2012). More recently the PHD6 domain of MLL4 was reported as an
H4K16acetyl binder (Zhang et al., 2019).
The plant homeodomains are zinc finger domains found in many proteins with roles in
chromatin dynamics and gene regulation (Aasland, Gibson and Stewart, 1995). They
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have emerged as key epigenetic reader modules with more than 100 PHD-containing
proteins found in humans (Musselman and Kutateladze, 2011). They were originally
characterised as readers of unmodified or methylated histone lysines (Li et al., 2006)
and to date most of them are known as such (Jain et al., 2020). Interestingly, many PHD
fingers are found in multiples or with other epigenetic reader domains, like BRDs,
implying combinatorial interaction (Dhar et al., 2012; Ali et al., 2014; Jain et al., 2020).
More recently a third acetyl-recognising domain has also been described, initially by Li
et al., the YEATS domain (Li et al., 2014). The YEATS are 83 amino acid domains found
in a number of chromatin-modifying and transcriptional regulator proteins. They are
named after the first identified members of the family (Yaf9, ENL, AF9, Taf14, Sas5) and
are found in close to 150 proteins across species (Le Masson et al., 2003; Schulze,
Wang and Kobor, 2009). In contrast to the other epigenetic reader domains discussed
here, the YEATS are usually found as single domains in proteins. YEATS-containing
proteins are often found in large multi-subunit complexes and have multiple binding
partners, alluding to their roles in the cell. For instance, GAS41 (YEATS4) is the binding
partner of the nuclear mitotic apparatus protein NuMA, a mitotic spindle factor and
component of the nuclear matrix (Harborth, Weber and Osborn, 2000). This suggests
YEATS domain factors may have a role in nuclear architecture. In humans, YEATS have
been strongly implicated in cancer. AF9 and ENL are two of the most common fusion
partners of the mixed linkage leukemia (MLL) protein (Daser and Rabbitts, 2005). GAS41
(glioma amplified sequence 41) is a subunit of the histone acetyltransferase complex
TIP60 and the co-activator and H2A.Z deposition complex SCRAP. As its name suggests
it is implicated in gliobastomas, where it is frequently amplified (Fischer, Meltzer and
Meese, 1996).
Li et al. reported that the YEATS domain of human AF9, a subunit of the superelongation
complex, mediates interactions with H3K9ac, H3K18ac and H3K27ac and has no affinity
for H3K14ac or acetylated H4 (Li et al., 2014). The YEATS modules of mouse, fly and
yeast AF9 homologues also demonstrated affinity for acetylated H3, suggesting this is a
conserved acetyl-binding domain. Structural and mutagenesis studies of the AF9 YEATS
bound to H3K9ac peptide provided mechanistic insights into this mode of interaction (Fig.
1.4a). They revealed a novel binding mechanism distinct from those of BRDs and the
PHDs. The YEATS domain contains a β-sandwich formed by eight antiparallel β-strands
that form an immunoglobin fold (Fig. 1.4a). The sandwich is capped by two alpha helices
that stabilise the fold via hydrophobic interactions with the β-sandwich’s N-termini. A
surface moulded by loops L4, L6 and L8 on the β-sheets serves as a binding pocket for
the H3K9ac peptide (Fig. 1.4b). A serine aromatic sandwich cage between loops L4 and
L6 is responsible for acettylysine recognition.
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Fig. 1.4. Crystal co-structure of AF9 YEATS domain bound to H3K9ac. (a) AF9 YEATS
domain, depicted as green ribbons, bound to H3K9ac peptide (yellow sticks). Residues in the
YEATS binding pocket important for the acetyllysine interaction are represented as pink sticks.
(b) AF9 YEATS domain topology diagram with β strands in green and α helices in purple. The
H3K9ac peptide is represented as a yellow line. (Figures from Yuanyuan Li et al., 2014).

The highly conserved residues H56, S58 and F59 (loop L4), Y78 and F81 (loop L6) and
F28 (loop L10) form the serine-lined aromatic ‘sandwich’ cage (Li et al., 2014). The
peptide docking site is negatively charged, facilitating interaction with the basic H3
peptide. The acetyl group adds hydrophobicity and extends the side-chain of the lysine.
The YEATS domain employed these features for selective recognition of acetylated, but
not unmodified or methylated lysines. A number of interactions between the acetyl
hydrocarbon chain and the π-electrons of the aromatic residues make the bond
particularly stable. The sequence of the YEATS acetyl binding pocket is highly conserved
among members of the family from yeast to human, implying a shared acetyl recognition
mechanism (Li et al., 2014).
Following AF9, the human ENL, YEATS2 and GAS41 YEATS-containing proteins have
been shown to recognise the acetylated H3 tail. They all bind H3K27ac with varying
affinities. ENL and GAS41 interact additionally with H3K9ac and H3K14ac, respectively
(Mi et al., 2017; Wan et al., 2017; C. C. Hsu et al., 2018; C.-C. Hsu et al., 2018). The
YEATS domain structures of ENL and GAS41 with H3K27ac peptides have also been
solved and confirm their characteristic immunoglobin fold, as well as the aromatic cage
in their acetyl binding pockets (Wan et al., 2017; C.-C. Hsu et al., 2018). The aromatic
residues Y76 and W93 of the GAS41 YEATS binding pocket clamp the acetyl group and
are essential for mediating the interaction, as mutations in these residues abolish GAS41
binding to H3K27ac and H3K14ac. GAS41’s affinity for H3K14ac is higher than that for
H3K27ac and weakest for H3K18ac (C.-C. Hsu et al., 2018).
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In conclusion, the known acetylation readers to date include proteins containing the BRD,
the DPF and the YEATS domains, but there may be more yet uncovered reader proteins
and modules. Taken together, the mechanisms of histone acetylation recognition by
these effector molecules underlie the functions of this modification in genome regulation
and cellular biology, as well as its contribution to disease, notably cancer.
1.2.1.4 Histone crotonylation regulation
Analogously to acetylation, other histone acylations require their respective acyl-CoAs
as substrates for writer enzymes to catalyse the transfer of acyl groups onto histones.
Many acylations have been found to be regulated by similar sets of enzymes (Sabari et
al., 2017). An interesting picture is emerging for the downstream effectors of acylations.
The classic acetylation reader domains – the bromodomains – are inefficient binders of
a number of these modifications, suggesting a functional distinction between their
molecular readout (see below).
There has been significant progress in the identification and characterisation of the
molecular mechanisms behind histone crotonylation regulation. Lysine crotonylation is a
reversible modification and a number of enzymes that regulate acetylation have been
identified to act as crotonyltransferases (writers) and decrotonylases (erasers).
1.2.1.4.1 Histone crotonylation writers
The first reported histone crotonyltransferase (HCT) is the HAT P300, which catalysed
crotonyl transfer onto histones both in vitro and in vivo (Sabari et al., 2015). The MYST
type acetyltransferase MOF (KAT6) was also found to possess HCT activity on a range
of residues on histone H3 (K4, K9, K19, K23) and histone H4 (K8 and K12) (X. Liu et al.,
2017). Nonetheless, the authors show that the major HCT in mammalian cells is p300.
They also identify the MOF homolog Esa1 as the first HCT in yeast and suggest it is
responsible for the bulk crotonylation in this species (X. Liu et al., 2017). Most recently,
the repertoire of HCT has extended to the GNAT family of HATs with the discovery that
the yeast Gcn5 can catalyse crotonylation. The study shows the in vitro and in vivo
crotonyltransferase capacity of two HAT – the Gcn5 and Esa1 (Kollenstart et al., 2019).
Crotonylation on non-histone proteins have also been shown to be mediated by some
HATs – p300, CBP (CREB-binding protein) and MOF and to some extend PCAF
(p300/CBP-associated factor) (X. Liu et al., 2017; Xu et al., 2017; Huang, Wang and
Zhao, 2018).
The crotonyltransferase activities of most identified HATs has been associated with
transcriptional

activation.

P300/CBP-catalysed

histone

crotonylation

induced

transcription directly in cell-free assays (Sabari et al., 2015). Liu and colleagues
generated mutant P300 and CBP variants that are inactive acetyltransferases with
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retained crotonyltransferase activity (X. Liu et al., 2017). They used them to demonstrate
the transcriptional activation potential of histone crotonylation independent of acetylation.
The yeast Gcn5 and Esa1 mediate crotonate-induced transcriptional changes,
associated with promoters marked by crotonylation, but not by acetylation (Kollenstart et
al., 2019). This highlights another key mechanism of histone crotonylation regulation with
implications for gene expression. The capacity of the short-chain fatty acid (SCFA) and
important metabolic intermediate crotonate to induce crotonylation was initially
demonstrated by Tan and colleagues (Tan et al., 2011). Sabari et al. later showed
mechanistically that crotonate promoted histone crotonylation through an increase in the
intracellular crotonyl-CoA pool (Sabari et al., 2015). Crotonyl-CoA is utilised by HCTs,
such as P300 to catalyse histone crotonylation. These data suggest a crotonatemediated transcriptional regulation through histone crotonylation.
All known HCTs to date are summarised in Table 1.1 below.

Protein

Organism

Reference

P300

Human

(Sabari et al., 2015)

CBP

Human

(Sabari et al., 2015; Xu et al., 2017)

MOF

Human

(X. Liu et al., 2017; Xu et al., 2017)

PCAF

Human

(Xu et al., 2017)

Gcn5

Yeast

(Kollenstart et al., 2019)

Esa1

Yeast

(Kollenstart et al., 2019)

Table 1.1. Histone crotonylation writers. A list of all identified histone crotonyltransferases.

1.2.1.4.2 Histone crotonylation erasers
The reported crotonylation erasers are all known HDACs. When crotonylation was first
identified, the set of HDAC1-6 were tested for histone decrotonylation (HDCT) in a
fluorimetric assay (Tan et al., 2011). Very little HDCT activity was detected in comparison
to deacetylation activity and the authors concluded decrotonylation relies on a different
enzymatic machinery. Nonetheless, since then a number of HDACs have been shown
to catalyse the removal of crotonyl groups from substrates. First, the HDAC3-NCoR1
complex was shown to possess a decrotonylase activity in vitro (Madsen and Olsen,
2012). HeLa cell nuclear extracts were also efficient in decrotonylation, suggesting HeLa
nuclei contain enzymes that can carry out the reaction in vivo. Soon after this, the class
III Sirtuin HDACs - SIRT1 and SIRT2, demonstrated capacity to remove crotonyl groups
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from H3K9 peptides (Feldman, Baeza and Denu, 2013). The list of Sirtuins with
decrotonylation activity was expanded by Bao and colleagues who showed that SIRT1,
2 and 3 are active decrotonylases of H3K4 in vitro and SIRT3 regulates lysine
crotonylation and transcription in cells (Bao et al., 2014).
Contrary to previous studies that had disregarded the possibility that class I and II
HDACs could also be HDCT, another investigation used an in vivo approach to detect
decrotonylation by all class I HDACs and SIRT1 (Wei, Liu, et al., 2017). Candidate
HDACs were transiently overexpressed in HeLa cells and lysine crotonylation (Kcr)
levels were measured using immunofluorescence (IF). In the same assay, class II and
class IV HDACs, as well as the remaining SIRTs, failed to exhibit enzymatic activity
against lysine crotonylation. The authors further demonstrate that class I HDACs are
responsible for the bulk of histone decrotonylation in cells. A direct link between
transcription and decrotonylation was uncovered when overexpression of HDAC1 with
impaired deacetylation and retained decrotonylation activity, reduced gene expression
globally. Importantly, the decrotonylation activity of HDAC1 induced changes in promoter
crotonylation associated with differentially expressed genes. Decrotonylation was
sufficient to induce the vast majority of transcriptional changes caused by the wild-type
enzyme (Wei, Liu, et al., 2017). HDAC1 was effective in decrotonylating a range of
histone lysine residues tested, including H3K4cr, H3K9cr, H3K23cr, H4K8cr and
H4K12cr (Wei, Liu, et al., 2017).
A summary of the known HDCTs is shown in Table 1.2 below.

Protein

Organism

HDAC1

Human

HDAC2

Human

HDAC3

Human

HDAC8

Human

SIRT1

Human

SIRT2

Human
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SIRT3

Human

(Bao et al., 2014)

Table 1.2. Histone crotonylation erasers. A list of all identified histone decrotonylases.

To date, no proteins other than the HATs and HDACs have been shown to directly
regulate crotonylation through enzymatic addition or removal of crotonyl-CoA. However,
chromatin Y-like transcription corepressor CDYL can catalyse crotonyl-CoA hydrolysis
and, thus, negatively regulates crotonylation (S. Liu et al., 2017).
1.2.1.4.3 Histone crotonylation readers
Crotonylation can act as an epigenetic signal to recruit effector proteins. When 49 out of
the 61 human bromodomains were screened against a panel of acylations, the majority
would only recognise acetylated and propionylated histone peptides (Flynn et al., 2015).
This revealed they were capable of binding groups up to one carbon larger than acetyl,
namely propionyl. An exception made a subset of BRDs that recognised butyryl and
crotonyl marks. These were BRD9, CECR2, which demonstrated a high affinity for
butyryllysine, and the second bromodomains of TAF1 (TAF1(2)) and TAF1L (TAF1L(2)),
which robustly bound crotonylated peptides (Flynn et al., 2015). Such findings suggested
that the BRDs are not the principal crotonyl-interacting factors in the cell.
Intriguingly, studies of other acetyl-binding domains revealed that the YEATS domain
had selectivity for acyl groups, most notably for crotonyl. The YEATS domain of AF9 was
reported to prefer acyls bulkier than acetyl and isothermal titration calorimetry (ITC)
determined a 2.5 times lower KD for H3K9crotonyl (H3K9cr) (2.1 µM) compared to
H3K9ac (H3K9ac) (5.0 µM) (Li, Sabari, et al., 2016). There was also a significant binding
preference for crotonylation compared to acetylation at H3K18 and H3K27 with 2- and
2.7-fold enhancement, respectively. Importantly, the YEATS preferred crotonyl over a
range of short-chain acylations beyond acetylation. The crotonyllysine affinity of the
YEATS domains was conserved in human ENL and in yeast Yaf9 and Taf14.
A structural study of the interaction between the AF9 YEATS and H3K9cr uncovered that
the crotonyl group was inserted in the same binding pocket as the acetyl and adopted a
very similar conformation (Fig. 1.5) (Li, Sabari, et al., 2016). A few characteristic
differences in the interaction with the aromatic lining of the pocket were underlining the
preference for the longer planar crotonyl structure. The extended carbon chain made by
π-aromatic contact with F59 increased the stability of the interaction. Additionally, πaromatic interactions at Y78 and F28 caused altered binding conformation compared to
acetyl, contributing to specificity (Fig. 1.5a,c). The authors point out the importance of
the YEATS loops L1, L4 and L6, which wrap tightly around its substrate through
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hydrogen bonding ) (Li, Sabari, et al., 2016). The AF9 YEATS interaction with H3K18cr
essentially shared these features. Mutagenesis of the binding pocket amino acids
determined residues F28, H56, S58, F59, G77, and Y78 were key for the interaction. The
largest drop in binding affinity was when F59 was mutated to alanine.
Structural studies of other YEATS domains as crotonylation readers include the yeast
Taf14 binding H3K9cr and the human YEATS2 recognising H3K27cr (Andrews et al.,
2016; Zhao et al., 2016) (Fig. 1.5b). The remaining human YEATS-containing proteins
ENL and GAS41 (YEATS4) have been reported to interact with crotonylated peptides,
but no detailed characterisation of the interactions have been pursued (Andrews et al.,
2016; Li, Sabari, et al., 2016). Notably, this highlights a central difference between the
BRD and YEATS–mediated acyl interactions (Fig. 1.5b). It appears that in the basis of
their differential acyl preference is that most of the BRD binding pockets are closed at
the end and have only limited space to accommodate larger acyls (Li, Sabari, et al.,
2016). Therefore, the crotonyllysine causes a steric clash that disrupts the interaction
(Fig. 1.5b). TAF1(1) and TAF1L(2) are exceptions with wider pockets that can tolerate
the longer crotonyl moiety (Flynn et al., 2015). The YEATS, however, have an open
ended cavity that can hold longer groups (Fig. 1.5b) (Li, Sabari, et al., 2016).
A functional link between histone crotonylation and the YEATS was unveiled when AF9
was found to co-localise with H3K18cr genome-wide, suggestive of an in vivo interaction
between the two (Li, Sabari, et al., 2016). Moreover, transcriptional changes due to
increased chromatin lysine crotonylation were dependent on AF9. The YEATS have,
therefore, emerged as a principal histone crotonylation reader domains. The molecular
functions of the crotonyl readers shed light on the roles of histone crotonylation in
chromatin biology.
The YEATS proteins take part in nuclear complexes involved in chromatin remodelling,
histone variant deposition, transcription elongation, histone modification (D. Zhao et al.,
2017). AF9 is part of the Super Elongation Complex (SEC) and the DOT1L complex,
where its YEATS domains links acetylation recognition to H3K79me and gene
expression (Li et al., 2014). AF9 regulates Hox genes, essential for normal
embryogenesis and lipopolysaccharide (LPS)-stimulated transcription of inflammatory
genes (Collins et al., 2002; Li, Sabari, et al., 2016). ENL is another subunit of SEC and
is a crucial factor in transcription elongation (He et al., 2011). GAS41 is part of the
SCRAP complex that deposits the histone variant H2A.Z and the TIP60 acetyltransferase
complex. As mentioned in section 1.2.1.3, the YEATS family proteins are implicated in a
number of oncogenic processes, namely leukaemia (ENL and AF9) and glioblastoma
(GAS41). They also interact and regulate the expression of important tumorigenic genes,
like Myc (D. Zhao et al., 2017).
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Fig. 1.5. Mode of crotonyllysine recognition by its reader domains. (a) Superimposition of
YEATS domains bound to crotonylated histone H3 peptides: human AF9-H3K9cr, yeast Taf14 –
H3K9cr and human YEATS2-H3K27cr. YEATS proteins and H3 peptides are depicted as
cartoons and sidechains of crotonyllysine shown as sticks. The characteristic aromatic π-stacking
between crotonyllysine (Kcr) and YEATS binding pocket is depicted in the lower right corner. (b)
Crotonyllysine binding mode by different reader domains. Left panel: H3K9cr is inserted in AF9
YEATS ‘end-open’ pocket. Middle panel: H3K18cr insertion in BRD3 ‘side-open’ pocket causes
a steric clash. A modelled K18cr is shown on BRD3-H3K18ac. Right panel: H3K14cr bound to
MOZ DPF ‘dead end’ pocket. The histone peptide is shown as yellow ribbon, with the side-chain
of acyllysine depicted in stick mode, and the green color in side-chain highlights two extended
hydrocarbon group of crotonyl. (c) Crotonyllysine binding pockets of the YEATS domains of AF9,
Taf14 and YEATS2. Residues of the aromatic pocket are shown as sticks. Figures from D. Zhao
et al., 2017.

The YEATS are not the only modules found to selectively recognise crotonyllysine. The
members of another family of acetylation readers, the double PHD finger (DPF) domains
of MOZ and DPF2 were shown to prefer crotonyl over acetyl and other acyl groups (Xiong
et al., 2016). MOZ is a histone acetyltransferase and DPF2 is a subunit of the BAF
remodelling complex. When tested on a panel of crotonylated H3 peptides, they
demonstrated a markedly increased affinity for H3K14, implying a site-specific selectivity
of these readers. The co-crystal structure of the MOZ DPF bound to H3K14cr revealed
the deep insertion of the crotonyl group in the binding pocket the first PHD module
(PHD1) (Fig. 1.5b). This pocket was situated next to a β2 strand with a glycine residue
in position 237. In most histone binding PHDs this glycine is substituted with a larger
tyrosine or phenylanine, blocking crotonyl insertion. MOZ DPF’s binding cavity is
hydrophobic and tightly encapsulates the crotonyl moiety. A number of hydrophobic and
hydrogen bonds are mediated by residues S210, N235, C259 and I260-E261. This mode
of recognition differs from the aromatic sandwiching interaction of the YEATS (Fig. 1.5b).
The authors suggest the high selectivity of the DPF for crotonyl over other acyls is due
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to its size restrictive binding pocket. Association between MOZ and H3K14cr in cells and
their co-localisation at MOZ target genes implied a functional link between the two (Xiong
et al., 2016).
A summary of all known crotonyllysine readers is presented in Table 1.3.

Domain

Protein

Organism

Histone residues

Reference

BRD

TAF1
TAF1L

Human
Human

(Flynn et al., 2015)

AF9

Human

H4K5, H4K8
H4K5, H4K9
H3K9,
H3K18,
H3K12

ENL

Human

H3K9, H3K27

YEATS2

Human

H3K27

Human

H3K9, H3K27

Yeast
Human

H3K9
H3K14

Human

H3K14

YEATS

GAS41
(YEATS4)
Taf14
DPF2
DPF

MOZ

(Li, Sabari, et al., 2016)
(Andrews et al., 2016; Li,
Sabari, et al., 2016)
(Zhao et al., 2016)
(Andrews et al., 2016)

(Xiong et al., 2016)

Table 1.3. Histone crotonylation readers. A list of the identified crotonyllysine binding proteins
by reader domain.

The place of histone lysine acylations in chromatin regulation is still not fully recognised.
One possibility is that they have evolved largely redundant functions in mediating
chromatin decompaction and transcriptional activation. Another hypothesis is that they
act to outcompete acetylation and prevent its interpretation by effector proteins. A third
exciting possibility is that they have distinct functional readouts to allow for the fine-tuning
of the transcriptional responses to various environmental stimuli. Dissecting the
molecular pathways involved in their recognition and downstream signalling could shed
light on this question (Khan, Bridgers and Strahl, 2017).
1.2.1.5 Roles of HPTMs in chromatin replication
Histone modification patterns and reversible histone modifications, in particular, have
fundamental functions in genome regulation beyond gene expression regulation. They
are involved in DNA replication and DNA damage response and repair, as well as
heterochromatin maintenance and chromosome segregation during mitosis (Taddei et
al., 1999; Wang and Higgins, 2013; Ramachandran and Henikoff, 2015; Saksouk,
Simboeck and Déjardin, 2015; Clouaire et al., 2018; Reverón-Gómez et al., 2018). A
characteristic acetylation pattern of newly synthesised histones was identified for the first
time in the protozoan organism Tetrahymena during replication-coupled nucleosome
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assembly (Chicoine et al., 1986). The nascent H4 histones were marked by specific
diacetylation of lysine residues 4 and 11. This pattern corresponds to diacetylation of
histone H4 lysines 5 and 12 in most other organisms, including human, and is extremely
well conserved in eukaryotes (Sobel et al., 1995). Since then, replication-associated
acetylation patterns have been identified on another core histone – H3, even though
these seem to be more highly variable between species. Some studies have identified a
small fraction of the newly synthesised human H3 proteins to be marked by acetylation
on lysines 9, 14 and 23 (Sobel et al., 1995; Kuo et al., 1996).
The process of chromatin replication has to ensure the faithful passage of not simply the
genetic information, but of all associated epigenetic features, including nucleosomes and
their posttranslational modifications. Hence, restoration of chromatin post-replication
combines recycling of evicted histones and incorporation of newly synthesised ones.
This involves de novo nucleosome assembly and deposition onto DNA (Jackson and
Chalkley, 1981; Jackson, Marshall and Chalkley, 1981). Newly synthesised histones H3
and H4, carrying their nucleosome-assembly acetylation patterns, are deposited onto
DNA after replication first. Around 70 % of all soluble H3-H4 dimers are marked by
diacetylation on lysines 5 and 12 on H4 (Loyola et al., 2006). This is followed by the
deposition of H2A/H2B dimers (Almouzni et al., 1990; Smith and Stillman, 1991). The
nascent acetylation marks on H3 and H4 are gradually being removed within the first 60
min after deposition during chromatin ‘maturation’ (Annunziato and Hansen, 2000a). The
native dynamics of chromatin replication are perturbed in the presence of histone
deacetylase (HDAC) inhibitors. Chromatin does not reach its full maturation, as the newly
synthesised histones fail to get deacetylated and retain their nascent characteristics. This
highlights the essential function of histone deacetylases in the process of chromatin
replication and its subsequent restoration (Annunziato and Seale, 1983; Shimamura and
Worcel, 1989).
Histone modification patterns can also define chromosome domains. A key feature of
heterochromatin is that it is characterised by hypoacetylated histones. The proper
regulation of this hypoacetylated state is important in transcriptional silencing of repetitive
sequences, maintenance of chromosomal structures, like centromeres and telomeres,
and chromosome segregation during mitosis. The deacetylated state of all core histones
is recognised to contribute for heterochromatin silencing and stability (Belyaev, Keohane
and Turner, 1996a, 1996b; Suka et al., 2001; Taddei et al., 2001). Again, histone
deacetylases play a crucial part in this process by removing replication-coupled
acetylation to restore deacetylated heterochromatin. This is why HDAC inhibition causes
major chromosome segregation defects due to hyperacetylation of centromeric
heterochromatin (Taddei et al., 2001). All of this underscores the importance of
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coordinating histone acetylation regulation with replication to maintain chromatin
integrity.
1.2.2 Metabolic regulation of HPTMs
1.2.2.1 Metabolism regulates epigenetics
Cellular metabolism significantly impacts epigenetic pathways. A prime example of the
interplay between metabolism and epigenetics are chromatin-modifying enzymes whose
activity requires intermediary metabolites as co-factors or donor groups. These include
enzymes involved in histone acetylation regulation. Classic examples are the HATs that
use acetyl-CoA to acetylate proteins and the Sirtuin family of HDACs that requires NAD+
as a co-factor, where both acetyl-CoA and NAD+ are key metabolic molecules
(Etchegaray and Mostoslavsky, 2016).
The substrate for crotonylation is crotonyl-CoA and, similarly, it is an important and
abundant intermediate in the metabolism of the short-chain fatty acid, butyrate (Schulz,
1991). The primary fatty acid metabolism pathway is mitochondrial beta-oxidation. Betaoxidation is the prime energy-producing pathway in some organs, such as the liver and
kidney. Moreover, when glucose is limited during starvation, a metabolic switch from
glycolysis to beta-oxidation is key for energy homeostasis. Fatty acid break down is
preceded by their conversion to coenzyme (CoA) thioesters by acyl-CoA synthetases.
These acyl-CoAs become the substrates for beta-oxidation. For butyrate, this is a fourstep cyclic process where in each cycle the substrate is shortened by two carbons that
are released in the form of acetyl-CoA. In the first step of butyrate metabolism the
enzyme Short Chain Acyl-CoA Dehydrogenase (ACAD, also called SCAD) converts
butyryl-CoA to crotonyl-CoA (Schulz, 1991; Houten and Wanders, 2010).
Intracellular crotonyl-CoA levels are promoted by the closely related SCFA, crotonate
(Sabari et al., 2015). The main enzyme implicated in this chemical conversation is acetylCoA synthetase 2 (ACSS2), which also converts acetate to acetyl-CoA (Sabari et al.,
2015). An alternative source of crotonyl-CoA in cells is amino acid metabolism.
Breakdown of L-lysine, L-tryptophan and hydroxyl-L-lysine produces glutaryl-CoA, which
is further metabolised to crotonyl-CoA by glutaryl-CoA dehydrogenase (Besrat, Polan
and Henderson, 1969; Goodman et al., 1975). As most of the described pathways are
mitochondrial, it is not entirely clear how non-acetyl acyl-CoAs reach the nucleus.
Intriguingly, ACSS2 has been found to translocate to the nucleus, where it can directly
use acetate from acetylation turnover to produce acetyl-CoA (Li et al., 2017).
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1.2.2.2 Metabolic regulation of histone acylations
As discussed in section 1.2.1.4, the enzymes that catalyse the addition of a number of
different acyl groups to histone tails all belong to the HATs. This in combination with
evidence that changes in the acyl-CoA intracellular concentration affect histone
acylations, supports a model whereby differential acylation states are defined by
competition between the different acyl-CoAs for the HATs (Sabari et al., 2017). This is
an exciting prospect, as the acyl-CoA pool is sensitive to shifts in the metabolic state of
the cell. In support for this theory, when the major enzyme responsible for acetyl-CoA
production, ATP citrate lyase (ACL) is depleted, lysine acetylation is downregulated in
favour for crotonylation (Wellen et al., 2009; Sabari et al., 2017). Furthermore, the
responsiveness of these pathways to changes in the extracellular metabolite
composition is demonstrated by experiments where acetate and crotonate directly
stimulate histone acetylation and crotonylation, respectively (Sabari et al., 2015). The
main source of citrate for acetyl-CoA production by ACL comes from glucose metabolism
during glycolysis. Crotonyl-CoA, on the other hand, is generated by the oxidation of the
fatty acid, butyrate, and the breakdown of crotonate via ACSS2 (Schulz, 1991; Sabari et
al., 2015). This suggests that a shift from a glucose-rich environment to a ketogenic one
would favour histone acylations other than acetylation (Fig. 1.6). Moreover, it indicates
that histone acylations, including crotonylation, can be regulated metabolically via shortchain fatty acids (SCFA).

Fig. 1.6. Metabolic regulation of histone acylations. SCFA shift the cellular metabolism to
increase beta-oxidation for fatty acid break down. This increases the pool of the corresponding
acyl-CoA (R-CoA) over acetyl-CoA, derived mainly from glycolysis. These R-CoAs are used by
HPTM writers to install the respective acylation onto histone tails. Cr is crotonylation, Suc –
succinylation, Pr – propionylation, Hib – hydrohybutyrylation, and Bu – butyrylation.
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Similarly to the HATs, many HDACs have been shown to remove several different acyl
moieties (Sabari et al., 2017; Barnes, English and Cowley, 2019)a. Importantly, the
promiscuity of the writer and eraser enzymes highlights an intriguing prospect about the
function of different acylations. That is, on their own, the mechanisms of histone acylation
establishment and removal could not produce selectivity in genome regulation provided
by the large diversity of acylations. Hence, functionally diverse outcomes are likely to be
achieved through the activity of selective reader proteins. They can allow for the finetuning of metabolic responses of a cell to environmental stimuli. This is supported by the
fact that most bromodomains are poor binders of acyl groups bulkier than acetyl,
including crotonyl (Flynn et al., 2015). The differential affinity of many acyl reader
domains for groups with various lengths and properties further highlights their
evolutionary distinction. The model of metabolic regulation of histone acylation is
particularly relevant to the intestinal epithelium whose cells are in direct contact with
microbiota-derived SCFA.

Intestinal structure and microbiota
1.3.1 Intestinal architecture and structure
The intestinal epithelium is characterised by distinct morphology, corresponding to
diversified functions along its length. The small intestine is patterned by protrusions (villi)
and invaginations (crypts) (Clevers and Batlle, 2013). These specialised structures are
optimised for nutrient absorption. The colon is only marked by crypts. Importantly, the
intestinal epithelium is formed of specialised cells organised in three compartments in a
defined succession along the crypt axis (Fig. 1.7) (Clevers and Batlle, 2013). The pool
of intestinal stem cells is found at the bottom of the crypt and is followed by a population
of transient-amplifying cells. The top of the crypts to the villi is occupied by differentiated
cells. There are six types of differentiated intestinal epithelial cells. As all differentiated
cells are relatively short-lived, constant renewal of the epithelium is sustained by the
stem cells. When they replicate, they get rapidly amplified in the transient amplifying
compartment and make their way up the crypt to become committed to a certain lineage.
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Fig. 1.7. Intestinal crypt structure. The crypts are intestinal invaginations that store the pool of
intestinal epithelial stem cells. The crypt base columnar (CBC) cells divide continuously and are
positioned in-between Paneth cells for protection and nourishment. Upon lineage commitment
CBC cells migrate up the base of the crypt into the transit amplifying (TA) zone, where they divide
rapidly, and move out of the crypt and up towards the villus to become differentiated cells. Figure
adapted from Fujii & Sato, 2014.

The cells of the gastrointestinal epithelium are protected from the intestinal contents and
the large amounts of microorganisms by a mucus layer. The mucus is produced by goblet
cells, a subtype of the differentiated epithelial cells. It is composed of mucin proteins
which polymerise into a big gel-like structure (Johansson, Holmén Larsson and Hansson,
2011). The colon is covered by a two-layer mucus, whereby the inner part is firmly
attached to the epithelium. The mucus layer of the small intestine, on the other hand, is
composed of only one layer that is more permeable to bacteria (Hansson, 2012). The
microbial density and diversity, however, is much lower in the small intestine compared
to the colon (Johansson, Holmén Larsson and Hansson, 2011). The colon’s mild acidity
and slower flow rates favours more extensive microbial colonization (Flint et al., 2012).
1.3.1.1 Intestinal microbiota and SCFA
The human body is populated by astounding numbers of commensal microorganisms,
including bacterial, archeal, eukaryotic and viral species. They are collectively referred
to as the ‘human microbiome’. Bacteria represent the largest fraction of the microbial
community by several orders of magnitude. Thus, the microbiome is often synonymous
with the commensal bacteria. The overwhelming amounts of individual microbes are
estimated to be at least as many as our own cells and represent a huge diversity of
species (Savage, 1977; Qin et al., 2010; Wang et al., 2010; Yatsunenko et al., 2012).
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The largest and perhaps most complex microbial composition is found along
gastrointestinal tract, where the colon is the most densely inhabited part, followed by the
oral cavity (Flint et al., 2012). In the colon, there are at least 1000 different bacterial
species, whose genomes altogether encode for around 150 times more genes than there
are in humans (Qin et al., 2010). These gut microbes have symbiotically evolved to
regulate a range host functions, including digestion, signalling, immunity and metabolism
(Flint et al., 2012; Brestoff and Artis, 2013). Extraordinarily, they perform functions that
we have not yet developed ourselves, thus, evolving into an extra human ‘organ’. As we
lack the gut enzymes necessary to degrade plant polysaccharides, these otherwise nondigestible dietary fibre and starches, travel down the colon where they get anaerobically
fermented by bacteria (Nicholson et al., 2012). Dietary fermentation produces a range
different of metabolites, with the short-chain fatty acids (SCFA) being a major one of
them (Roy et al., 2006).
The SCFA are saturated carboxylic acids with a characteristic aliphatic tail of two to six
carbons. The liver can naturally produce SCFA, but the major source of these
metabolites in the body are colonic bacteria (J. Tan et al., 2014). This has been
demonstrated by the absence of SCFA in germ-free mice (Hoverstad and Midtvedt,
1986). The most abundant fermentation products are acetate (C2), propionate (C3) and
butyrate (C4), which account for about 95 % of the SCFA in the body (Cook and Sellin,
1998). They are found in millimolar quantities along the gut and their relative proportional
representation by molar ratio in the colon is 60:20:20(Cummings et al., 1987; Hijova and
Chmelarova, 2007; Tazoe et al., 2008; Binder, 2010). These ratios, as well as their
absolute molar quantities of each SCFA are defined by a number of factors. These
include microbial composition, site of fermentation, and perhaps most notably, diet. Their
concentration decreases along the proximodistal colon axis. The main site of SCFA
production is the proximal colon, where they range between 70 and 140 mM and as get
absorbed further down the colon their concentration drops to 20 – 70 mM (Topping and
Clifton, 2001; Wong et al., 2006). Almost all produced SCFA are utilised and less than 5
% is excreted (Ruppin et al., 1980; Rechkemmer, Rönnau and Engelhardt, 1988). The
epithelial cells of the colon, the colonocytes uptake most of the butyrate, whilst
propionate and acetate are transported to the liver via the portal vein (J. Tan et al., 2014).
SCFA, and more specifically butyrate, is produced by bacteria of the Bacteroidetes and
Firmicutes phyla (Louis and Flint, 2009). The SCFA, crotonate (C4), may also exist in
the intestinal lumen, even though its abundance there has not been well-established.
One report suggested its concentration in dog’s faeces was around three-fold lower than
that of butyrate, which could make it a physiologically important molecule (Igarashi et al.,
2017). Moreover, some colonic bacteria have been found to reduce crotonate, implying
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this SCFA may be an energy source occurring naturally in their environment (Bader et
al., 1980; Guccione et al., 2010).
The intestinal microbiota has a vast impact on gut and overall human health. Many of
the effects it has on host physiology are mediated by microbial metabolites, including
SCFA. Firstly, butyrate is the major energy source for colonocytes and is essential for
intestinal cell differentiation and maintenance (Suzuki, Yoshida and Hara, 2008).
Butyrate can influence nutrient uptake, intestinal lumen acidity, digestion, inflammation
and oncogenesis (Mariadason, Corner and Augenlicht, 2000; Tazoe et al., 2008; Chang
et al., 2014). Additionally, it has been suggested that butyrate can modulate host
response to pathogens and intestinal stem cell maintenance (Kelly et al., 2015; Kaiko et
al., 2016; Fachi et al., 2019). SCFA have been recognised as molecules with antiinflammatory potential as they can regulate reactive oxygen species, cytokines
production and immune cell chemotaxis (J. Tan et al., 2014). They regulate host
physiology in one of two ways – through HDAC inhibition or signalling via G-protein
coupled receptors (GPCRs) (Le Poul et al., 2003; J. Tan et al., 2014). The SCFA with
the most potent HDAC inhibition activity is butyrate, followed by propionate (Boffa et al.,
1978; Candido, Reeves and Davie, 1978). HDAC inhibition is a key mechanism of
transcriptional regulation through modulation of histone and non-histone PTMs, mostly
acylations. A third way SCFA can directly influence chromatin regulation through protein
modifications is via their intracellular conversion into acyl-CoA substrates for protein
modifying enzymes (Su, Wellen and Rabinowitz, 2016; Carrer et al., 2017). This
highlights the intriguing possibility that diet and microbiota influence human biology
through SCFA-mediated chromatin modulation in the intestinal epithelium.
Fig. 1.8 describes a model of how the histone crotonylation could be metabolically
regulated in the gut. SCFA from microbial degradation of fibre are used by the cells of
the epithelium to promote histone crotonylation through increased availability of the
precursor crotonyl-CoA. Selective readers are recruited to sites of histone crotonylation
and initiate downstream molecular pathways.
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Fig. 1.8. Model of regulation of histone crotonylation in the intestinal epithelium. Shortchain fatty acids (SCFA), including butyrate and, presumably, crotonate are produced in the
colonic lumen from the bacterial fermentation of dietary fibre. Cells of the epithelium uptake these
metabolites and the enzyme acyl-CoA synthetase short-chain family member 2 (ACSS2) converts
crotonate to crotonyl-CoA. This process helps to promote histone crotonylation and recruit
specific crotonyl-interacting factors to trigger downstream chromatin events. Images are from
Servier Medical Art (SMART) - https://smart.servier.com/.

The ability of SCFA to affect epigenetics is consistent with findings that microbiome –
diet interactions define the chromatin landscape, including histone acetylation and
methylation, in several host tissues (Krautkramer et al., 2016). Changes in the nutrient
composition rewired epigenetic signalling and transcription via microbiota-derived
metabolites. Interestingly, SCFA restored the epigenetic profiles of germ-free mice,
mimicking re-colonisation. This implements SCFA as the major bacterial metabolites
involved in these processes. Another study showed obesity-driven sex-dependent
alterations in gut microbiome and SCFA compositions (Qin et al., 2018). Qin at al.
identified that concomitantly obesogenic diet modulates enhancer histone marks
(H3K4me1 and H3K27ac) and gene expression in the colon epithelium. Such studies
emphasize the importance of diet for microbiome equilibrium and for epigeneticmediated multiple tissue homeostasis.
Unsurprisingly, the gut microbiome and its products have been implicated in a variety of
metabolic processes. They have been recognised as important factors for metabolic and
inflammatory disorders (Brestoff and Artis, 2013). These include fat storage, cancer
prevention, protection from pathogens and gut motility (Bäckhed et al., 2004; Flint et al.,
2012). Clinically-relevant conditions include metabolic disorder, Crohn’s disease, irritable
bowel syndrome (IBS), cardiovascular conditions and cancer (Flint et al., 2012).
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Aims and hypotheses
My project aims to elucidate the molecular processes underpinning histone crotonylation
regulation and the downstream chromatin events that are initiated by this modification. If
SCFA can affect the cellular concentrations of different acyl-CoAs, including crotonylCoA, then crotonylation’s abundance in vivo could be determined by the extracellular
metabolite availability. The potential metabolic origin of histone crotonylation is
particularly relevant to the gastrointestinal tract, parts of which are populated by SCFAproducing commensal bacteria. The above hypothesis makes histone crotonylation a
strong candidate for a mediator between diet, microbiome and epigenetics in the colon
epithelium, whose cells are in contact with the dynamic metabolic environment in the
colonic lumen. As SCFA are major products of bacterial fermentation of fibre, how they
affect host tissue epigenetics through HPTMs is important for instestinal epithelium
homeostasis. Thus, I aim to find evidence for the existence of histone crotonylation in
the intestinal epithelium and pinpoint mechanisms that could influence crotonylation
abundance and genome distribution. This would be a key step in validating the biological
significance of crotonylation in the gut.
The molecular mechanisms that ‘interpret’ histone crotonylation and relay it to
downstream genomic information are another fundamental facet to the role of
crotonylation in this metabolism-epigenetics interplay. I intend to investigate how
crotonylation, owing to its origin, regulation and structure, distinctly affects the interaction
of histones with other proteins, particularly histone crotonylation readers. Here,
uncovering effector molecules and complexes selectively recruited by crotonylation
woud be pivotal. This study is important as an extensive screen for crotonyl-interacting
factors is missing to date and all known crotonylation readers are identified using
targeted approaches. Discovery of crotonyl binding factors is central to appreciating the
role of crotonylation in genome regulation, as this could functionally differentiate it from
other acylations, including acetylation. This knowledge could also provide the molecular
tools for studying this HPTM in metabolic regulation of gene expression and could serve
to specifically target the effects of histone crotonylation in health and disease. Thus, to
interrogate histone crotonylation regulation and function in intestinal biology, I will:
•

Investigate the presence and distribution of histone crotonylation in the intestinal
epithelium;

•

Demonstrate modes of regulation of histone crotonylation that are relevant for
intestinal epithelial cells;

36

Elena Ignatova Stoyanova

Introduction

•

Uncover the genomic distribution of histone crotonylation in colon-derived cells
and compare this distribution to histone acetylation;

•

Examine the role and regulation of histone crotonylation during chromatin
replication;

•

Identify specific crotonyl-interacting factors from intestinal epithelial cells;

•

Explore the functional link between histone crotonylation and newly identified
reader proteins upon metabolic changes by looking at their effect on:
o

Chromatin lysine crotonylation;

o

Transcription.
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2 Materials and methods

Antibodies and concentrations used for Western blotting:
Dilution
used
for Western blot

Antibody/Target

Manufacturer

Cat. #

anti-lysine crotonyl (Kcr)

PTM Biolabs

PTM-501

PTM Biolabs

PTM-517

1:5000

1:5000

anti-crotonyl-histone
(H3K18cr)

H3

lys18

anti-crotonyl-histone
(H4K8cr)

H4

lys8

Abcam

ab201075

1:5000

lys18

Abcam

ab1191

1:10 000

anti-histone H4

Abcam

ab31827

anti-histone H3

Abcam

ab1791

anti-LaminB1

Abcam

ab16048

anti-HDAC1

Millipore

Clone 2E10

anti-HDAC2 (C-8)

SantaCruz

sc9959

anti-HDAC3

BD Biosciences

BD61124

anti-Daxx

Abcam

ab32140

anti-GAS41 (Yeast4)

Abcam

ab20501

anti-RUVBL1 (TIP49A)

Abcam

ab155517

anti-rabbit IgG HRP

GE Healthcare

NA934

anti-mouse IgG HRP

Calbiochem

401215

anti-acetyl-histone
(H3K18ac)

H3

1:40 000
1:40 000
1:5000
1:5000
1:5000
1:5000
1:5000
1:5000
1:5000
1:10 000
1:10 000

Table 2.1. List of antibodies used in Western blotting. Antibodies, vendor and catalogues
number with dilution used in Western blot experiments are shown.

Cell culture
2.2.1 Cell culture
Human colon carcinoma cells (HCT116)) (ATCC®, cat. CCL-247™) were a kind gift from
Dr. Simon Cook’s laboratory, Babraham Institute, UK. They were grown in DMEM media
containing 4.5 g/L glucose, L-glutamine, pyruvate (Invitrogen, cat. 11965092), 10 % fetal
bovine serum (FBS), 100 units/ml penicillin and 100 µg/ml streptomycin at 37 °C with 5
% CO2. When passaged a 1:15 dilution was plated for three days of culture and a 1:25
dilution for five days of culture.
38

Elena Ignatova Stoyanova

Materials and methods

Western blot analysis
2.3.1 Whole cell extract preparations and protein quantitation
For whole cell extract preparation, HCT116 cells were detached with 0.25%
trypsin/EDTA, washed in 1 x Dulbecco's phosphate-buffered saline (DPBS) and boiled
in 1 x Laemmli sample buffer (Biorad) for 5 min. The extracts were briefly sonicated (23 sec) at high power to remove high molecular weight DNA and centrifuged for 5 min at
16,000 xg before loading on a PAGE gel. Protein quantification was carried out with
EZQ™ protein quantitation kit (Invitrogen, cat. R33200). Generally 5 µg of protein of
whole cell extracts per protein gel lane were used.
2.3.2 Immunoblotting
Samples were separated on pre-cast RunBlue™ Bis-Tris 4-12% gradient gels
(Expedeon) by electrophoresis in 1x MES buffer. Proteins were transferred onto
nitrocellulose membrane via semi-dry blotting. Primary antibody incubation was in 3%
Bovine Serum Albumin (BSA) / tris-buffered-saline -0.1% Tween-20 (TBS-T) at 4°C with
shaking overnight and membranes were washed 3 x 15 min in TBS-T. Secondary
antibodies (HRP-conjugated) incubation was in 3% BSA/ TBS-T at room temperature
(RT) for 1 h followed by 3 x 15 min washes with TBS-T. HRP signal was detected using
enhanced chemiluminescence (ECL). Light emission was captured using X-ray film.
Relative band intensities were quantified using the ImageJ software.

Immunofluorescence staining of intestinal cryosections
Cryosections were brought to RT, dried for 3 min at 60 °C, and permeabilised 20 min at
RT in 0.5 % TritonX100/ phosphate-buffered saline (PBS). Antigen unmasking was
carried out for 30 min at 95 °C in citrate based unmasking buffer (VECTOR H3300) and
was followed by 3x 5 min washes in PBS. Sections were blocked for 1h in 5 % FBS/ PBS
at RT. Primary antibody incubation was in blocking solution overnight in a humid
chamber at 4 °C, followed by 3x 5 min washes with PBS. Slides were incubated with
secondary antibody (AlexaFluor 488 Invitrogen A11008, 1 µg/ml final conc.) diluted in
blocking solution for 3 h at RT and washed 3x 5 min in PBS. Sections were mounted in
VECTASHIELD® Mounting Medium with DAPI (Vector, Cat. H-1200) and slides were
sealed. Controls without the primary antibody were processed accordingly. Imaging was
performed with a Zeiss780 confocal microscope. When Z-stacks were imaged, they were
processed to maximum projections with the ImageJ software.
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H3K18acetyl and H3K18crotonyl ChIP in HCT116
H3K18 ChIP experiments described in this section were performed together with Claudia
Stellato.
2.5.1 Chromatin preparation and immunoprecipitation
HCT116 cells were treated with either 5 µM MS275 or an equal volume of DMSO
(vehicle) for 18 h (overnight). Cells were detached using trypsin, washed 1x PBS and
were fixed in 10 ml 1 % formaldehyde/ PBS-1 % FBS for 10 min at RT with agitation.
Fixation was quenched by adding glycine to 0.125 M final concentration and the cells
were collected by centrifugation at 475 x g at 4 °C for 10 min and washed in ice-cold
PBS once. Then they were resuspended in sonication buffer (150 mM NaCl, 25 mM Tris
pH 7.4, 5 mM EDTA, 0.1 % TritonX100, 1 % SDS), supplemented with 10 mM sodium
butyrate, 1x protease inhibitor cocktail (PIC) (Sigma, cat. P8340) and 1 mM
phenylmethylsulfonyl fluoride (PMSF), and sonicated to 100-300 bp fragment size range
in polystyrene 15 ml tubes. Sonication was performed in a Bioruptor sonicator
(Diagenode), high power, 4 °C, 15 cycles (30s on, 30s off). Sonicated chromatin was
incubated on ice for at least 30 min or until SDS started to precipitate and centrifuged at
14 000x g for 15 min. The supernatant was diluted 10 x in ChIP dilution buffer (16.7 mM
Tris-HCl, 1.2 mM EDTA, 167 mM NaCl, 1.1 % TritonX100, 0.01 % SDS). After NanoDrop
quantitation, 30 µg DNA per ChIP was incubated overnight on a rotating wheel at 4 °C
with 5 µg of anti-H3K18cr antibody or 0.3 µg of anti-H3K18ac antibody. The equivalent
of 1 % input chromatin was taken and kept on ice at 4 °C. On the following day, 15-20 µl
of Magna ChIP™ Protein A+G Magnetic Beads (Merck, cat. 16-663) suspension were
washed twice with ChIP dilution buffer and mixed with the antibody-chromatin mix and
incubated on a rotating wheel for 3 hours at 4 °C. Bead-bound material was separated
using a magnetic tube rack on ice. Beads were washed once with low salt wash buffer
(20 mM Tris-HCl, pH 8.0, 2 mM EDTA, 150 mM NaCl, 1 % Triton-X-100, 0.1 % SDS),
twice with high salt wash buffer (20 mM Tris-HCl, pH 8.0, 2 mM EDTA, 500 mM NaCl, 1
% Triton-X-100, 0.1 % SDS) and twice with TE buffer (10 mM Tris-HCl, 1 mM EDTA).
Each wash was at 4 °C for 5 minutes on a rotating wheel with 30 x volumes (in respect
to the bead volume) of wash buffer. DNA was eluted from the beads with 200 μl of freshly
prepared elution buffer (0.1 M NaHCO3, 1 % SDS) at 65 °C for 30 min with shaking at
1000 rpm. Eluted chromatin was separated from the beads and transferred to a new
tube. Inputs were brought to 200 μl with elution buffer, and ChIP and input samples were
reverse cross-linked by the addition of 8 μl of 5 M NaCl and incubation at 65 °C overnight
with shaking at 300 rpm. Proteins in the chromatin mix were digested by the addition of
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proteinase K (Ambion, cat. AM2548) to the samples to a final concentration of 0.25
mg/mL and incubated for 2 hours at 65 °C with shaking at 300rpm. DNA was purified
using QIAquick PCR purification kit (Qiagen, cat. 28104) and quantified using Qubit™
dsDNA HS Assay kit (Invotrogen, cat. Q32854) on a Qubit™ 3.0 fluorimeter. DNA
fragmentation was analysed with Agilent Bioanalyzer using the Agilent High Sensitivity
DNA Kit (Agilent Technologies, cat. 5067-4626).
Each ChIP was carried out eight times (four biological with two technical replicates each).
To obtain sufficient material for library preparation, samples were pulled two by two to
produce four replicates per condition for sequencing. One input sample per treatment
(DMSO or MS275) was taken for a total of two input samples.
2.5.2 Library preparation and sequencing
Library preparation was performed with 0.5-0.8 ng of purified DNA using the NEBNext®
Ultra™ II DNA Library Prep Kit for Illumina® with the following modifications: Illumina
Tru-Seq adaptors were used, no size selection was performed and library amplification
was performed with the KAPA PCR Amplification kit (KAPA, Cat. KK2501) using 15 PCR
cycles. Libraries were sequenced in the Babraham Institute Sequencing Facility on a
HiSeq2500 platform according to manufacturer’s instructions.
2.5.3 Bioinformatic analysis
Three out of four sequenced replicates per condition were used for analysis as one
sample of each replicate set failed QC.
Adaptor trimming of sequences in Trim Galore (version 0.4.2) and mapping to the human
(GRCh38) reference genome using Bowtie2 (version 2.0.4) was carried out by Babraham
Bioinformatics Facility. Analysis of mapped data was performed in SEQMONK (version
1.46.0). Probes were generated either with the MACS peak caller embedded in
SEQMONK or with running widows of 600 bp. MACS peaks were called separately in
each ChIP sample using the combined input as a reference (1 input sample per treatment
condition - DMSO or MS275). The selected fragment size was 300 bp and p-value
significance threshold was 10−5. Generation of probes was over the called MACS peaks
using the Feature probe generator. This was followed by read count quantitation,
deduplication and normalisation to the largest datastore. Probes over transcription start
sites (TSS) were defined by using the feature probe generator with a window of +/- 500
bp upstream of transcripts. Differentially marked peaks were determined by the EdgeR
statistical analysis for count replicate data in SEQMONK.
Gene ontology (GO) analysis was carried out using GOorilla statistical analysis with two
unranked lists of genes (Eden et al., 2007, 2009). All expressed genes (with at least one
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read count) in HCT116 cells, as measured by RNA-sequencing in section 5.2.6, were
used as a background set.
2.5.4 ChIP-qPCR
Quantitative PCR (qPCR) analysis performed on ChIP and input DNA samples with
SYBR® Green PCR Master Mix (Applied Biosystems, cat. 4309155) on BioRad CFX96
or CFX384 qPCR machines. Each experiment was carried out four times (biological
replicates) and each sample was run in triplicate (technical replicates). 1 % of starting
chromatin was used as input and data was analysed accordingly. Primers were used at
a final concentration of 250 nM. PCR runs were carried out with the following conditions:
10 min initial denaturation at 95 °C, 45 cycles of 15 sec at 95 °C, 1 min at 62 °C, followed
by detection and a melt curve. For analysis Cq values of technical replicates were
averaged and outliers removed. To calculate delta Cq (ΔCq) averaged Cq values were
subtracted by the adjusted input Cq value. Input adjustment from 1 % to 100 % was by
subtracting log(2)100. Percentage input was derived from transforming 2^-ΔCq and
following adjustment according the input volume relative to the ChIP volume used in the
PCR reaction. Graphs were plotted in GraphPad Prism (version 8).

Reverse (5' → 3')

Name

Feature

Forward (5' → 3')

up PUMA

Intergenic

GTTGCCAGTTACCACAC
CCT

ADAD1

TSS
of
not
expressed gene

GCTTCAGGACGTGTGA
GGTA

TACCTGCGTGAGGGTT
GTTT

CLDN7

TSS
of
expressed gene

ACTCTAAGGGAGGGGA
ACGAT

CCACTGGGACCTAAAG
CCG

p21

TSS
of
expressed gene

AGCAGGCTGTGGCTCT
GATT

PUMA

TSS
of
expressed gene

GTGTGTGTGTCCGACT
GTCCCG

Chr1 SAT

Repetitive region

TCATTCCCACAAACTGC
GTTG

Chr4 SAT

Repetitive region

CTGCACTACCTGAAGAG
GAC

SAT1

Repetitive region

GAACCTGTGTTGCTGCT
TTG

SAT2

Repetitive region

TGAATGGAATCGTCATC
GAA
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CCCAACTGTCCTTGCTG
CTA

CAAAATAGCCACCAGCC
TCTTCT
AAGGAGGACCCAGGCG
CTGT
TCCAACGAAGGCCACA
AGA
GATGGTTCAACACTCTT
ACA
TTCAAAGGTACTCTGCT
TGGTACA
CCATTCGATAATTCCGC
TTG
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NBL2

Repetitive region

TCCCACAGCAGTTGGT
GTTA

TTGGCAGAAACCTCTTT
GCT

Table 2.2. Primers used in H3K18crotonyl and H3K18acetyl ChIP-qPCR. Forward and
reverse primer sequences and target sites are included.

Cell cycle experiments
2.6.1 Cell cycle synchronisation
HCT116 cells were treated with 15 - 60 nM of abemaciclib (Selleck Chemicals, cat.
LY2835219) or 5 µm Palbociclib Isothionate (Selleck Chemicals, PD0332991) as
indicated for 48 h. For HDAC inhibition, abemaciclib treatment was combined with 5 µm
MS275 for 48 h. Cells were washed twice with PBS, fresh media was added with or
without 1 µm MS275 and cells were grown for 0-32 h before collection for analysis.
2.6.2 Flow cytometry analysis
Cells were detached using trypsin, washed twice with ice cold PBS and then fixed by the
dropwise addition of ice cold 70 % ethanol whilst vigorously vortexing. The fixation
mixtures were incubated at 4 °C for at least 10 min. Just prior to flow cytometry analysis,
cells were collected by centrifugation at 1250 rpm for 10 min at 4 °C. Pellets were
resuspended in PI/RNase Staining Buffer (BD Pharmingen, Cat.550825) and incubated
for 30 min at 37 °C. Cells were filtered through a 30 m cell filter and analysed on LSRII
Flow Cytometer (BD Biosciences). 10 000 single-cell events were recorded and analysed
using FlowJo 10.0.8 Cell Cycle tool.
2.6.3 EdU and immunofluorescence staining of cells
HCT116 cells were grown on cover slips overnight and EdU pulse-labelled for 20 min
with Click-iT® EdU Imaging Kit with Alexa Fluor® 647 following manufacturer’s protocol
using 10 µm EdU.
Antibody labelling was performed by incubating slides in blocking solution (PBS-3 %
BSA) for 30 min at RT, then incubating in primary antibody (anti-H3K18cr, 1 µg/mL final
conc.) in PBS- 3 % BSA for 1 h at RT. Slides were washed three times of 5 min with
PBS-3 % BSA and incubated in secondary antibody (AlexaFluor 488 Invitrogen
Cat.A11008, 1 µg/ml final conc.) in PBS- 3 % BSA for 1 h at RT. After DAPI or Hoechst®
33342 nuclear staining, samples were mounted in VECTASHIELD® Mounting Medium
(Vector, cat. H-1000) and sealed. Controls without the primary antibody or EdU labelling
were processed accordingly. Imaging was performed with Zeiss780 confocal microscope
and image analysis was on ImageJ.
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Overexpression of HDAC1 in HCT116 cells
2.7.1 Plasmid transfection
HDAC1 overexpression was performed by transfecting HCT116 cells using
Lipofectamine® 2000 Transfection Reagent (Invitrogen, Cat. 11668027) following the
manufacturer’s protocol using 50 µl of reagent and 12 µg of plasmid DNA - p181 pK7HDAC1 (GFP) (Addgene, plasmid#11054), p182 pK7-HDAC1 mut (GFP) (Plasmid
#11055) (Tou, Liu and Shivdasani, 2004) or a generated deletion mutant (described
below in section 2.7.3) in a 60 mm dish with 5 ml cell culture medium for 16 h.
Optimisation of transfection protocol for HDAC1 and HDAC1mut was carried out with
conditions presented in Table 2.3 below. Proportions of GFP-expressing cells were
analysed using flow cytometry as described below in section 2.7.3

% Efficiency
48 h posttransfection

Vector

DNA
(ug)

Lipofectamine™
2000 (ul)

% Efficiency
24 h posttransfection

HDAC1

1.2

3

25

HDAC1

2

3

25

HDAC1

1.2

4

29

HDAC1

2

4

29

HDAC1

1.2

5

36

HDAC1

2

5

33

HDAC1mut

1.2

3

22

HDAC1mut

2

3

23

HDAC1mut

1.2

4

30

9

HDAC1mut

2

4

29

9

HDAC1mut

1.2

5

35

HDAC1mut

1.2

2

13

9
8
10
13
12
N/A
8
8

10
N/A

Table 2.3. Optimisation of HDAC1 and HDAC1mut vector transfection efficiency into
HCT116 cells. Cells were transfected with the indicated amounts of DNA and transfection reagent
and proportion of GFP-positive cells (% Efficiency) was measured and recorded through FACS.

2.7.2 HDAC1-GFP plasmid deletion mutagenesis
HDAC1-GFP plasmid (p181 pK7-HDAC1 GFP, Addgene 11054) was digested with
BamHI and AgeI restriction enzymes (NEB) and religated with a short double strand oligo
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to generate an N-terminal deletion in the cloned HDAC1 sequence of 260 amino acids
(Fig. 2.1).

Fig. 2.1. Plasmid scheme of p181 pK7-HDAC1. Vector map of HDAC1-GFP plasmid. For
deletion mutagenesis, the N-terminal fraction of HDAC1 between BamHI and AgeI sites was
excised and was re-ligated using the oligo showed below.

The double strand oligo was produced by annealing equimolar amounts of the top and
bottom strand oligos at 95 °C for 5 min. Oligo sequences are in Table 2.4 below.

Oligo
Top
Bottom

Sequence (5' → 3')
GGATCCAGCAAGTGTGGCTCAGATTCCCTGTCTGGGGACCGGT
GGATCCAGCAAGTGTGGCTCAGATTCCCTGTCTGGGGACCGGT

Table 2.4. DNA oligonucleotides used for HDAC1-GFP vector mutagenesis. The nucleotide
sequences of the two oligos used to anneal the digested HDAC1-GFP vector after excision.

2.7.3 FACS sorting of GFP-expressing cells
For analysis, cells were detached using trypsin, washed with ice-cold PBS and
resuspended in PBS-DAPI (1 µg/mL). Samples were filtered through a 30 µm cell filter
prewashed with sterile water and analysed using a LSRII Flow Cytometer (BD
Biosciences). 50 000 single-cell, DAPI-negative, GFP-positive events were recorded for
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each sample. For sorting, GFP-positive cells were sorted on a BD Influx Cell Sorter (BD
Biosciences).

Protein array experiments
The protein array experiments were performed in collaboration with Cambridge Protein
Arrays, Cambridge, UK.
HuProt™ Human Proteome Microarrays v3.1 were from Cambridge Protein Arrays.
Arrays were blocked overnight in 2% BSA/PBS‐Tween 0.1%. On the next day they were
incubated with 10 ug/ml of either H4K8crotonyl or H4K8acetyl biotinylated histone
peptide in Array Buffer (500 mM NaCl, 50 mM Tris, 0.1 % NP-40, 0.5 % BSA) for 2 hours
at 4 °C. This was followed by three 10 sec washes with Array Buffer and 20 min
incubation at 4 °C with Streptavidin-532 and anti-GST-650 in Array Buffer. Arrays were
washed again three times for 10 sec washes with Array Buffer and then rinsed with MilliQ® water and spin dried. Fluorescent signal detection and analysis was carried out using
Cambridge Protein Arrays’ protocols and instrumentation.
For data analysis, average fluorescence (streptavidin-532) signal and standard
deviations (SD) were calculated for the two replicate spots of each protein on the array.
To evaluate the relative significance of the peptide interaction with each protein. For this
a hit score (HS) was generated by subtracting the mean fluorescent signal of all proteins
on the array from the signal for each protein and then dividing this by the standard
deviation of all proteins. Only proteins with an SD below 0.35 were considered to be
reliable measurements. Anti-GST signal was used as a control for the protein’s presence
on arrays.

Histone peptide pull-downs
2.9.1 Nuclear extraction of HCT116 cells
The nuclear extraction protocol was adapted from Dignam et al., 1983.
Cells were detached using trypsin or using a cell scraper and were washed with ice cold
PBS, supplemented with 10 mM sodium butyrate. Cells were resuspended in 5x volume
(relative to the pellet volume) of buffer A (10 mM HEPES-KOH (pH 7.9 at 4 °C), 10 mM
KCl, 1.5 mM MgCl) supplemented with 1 x protease inhibitor cocktail (4693159001,
Sigma), 1 mM phenylmethylsulfonyl fluoride (PMSF), 0.5 mM dithiothreitol (DTT), 10 mM
sodium butyrate and were incubated on ice for 10 min. Cells were collected by
centrifugation and resuspended in 2 x volumes of buffer A. Cells were lysed in a Douncer
homogeniser with 40-100 strokes of a B type pestle until sufficient membrane lysis
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occurred while still having nuclei intact was achieved (this was monitored using
microscopy). This was followed by centrifugation at 3000 x g for 15 min at 4 °C. The
pellet (nuclei) was resuspended in a minimal volume of buffer C (25% glycerol (v/v), 20
mM HEPES-KOH (pH 7.9 at 4 °C), 0.42 M NaCl, 1.5 mM MgCl2) supplemented with 1 x
protease inhibitor cocktail (PIC), 1 mM PMSF, 0.5 mM DTT and 10 mM sodium butyrate
and homogenised in a Douncer homogeniser using a tight pestle (type A) until nuclear
lysis is achieved. This was followed by a 90 min incubation at 4 °C on a rotating wheel
and centrifugation for 30 min at 20 000 x g at 4 °C.
2.9.2 Biotinylated histone peptides
Histone H4 lysine 8 (H4K8) peptides were produced by AltaBioscience, UK.
Histone H3 lysine 18 (H3K18) peptides were produced by Biosyntan, Germany.
All peptides are biotinylated at their C-terminal and their sequences can be found in
Table 2.5 below.

Sequence

Peptide

Modification

H4K8

unmodified

SGRGKGGKGLGKGGA-K (biotin) - amide

H4K8

acetylated

SGRGKGG-K(Ac)-KGLGKGGA-K (biotin) - amide

H4K8

crotonylated

H3K18

unmodified

H3K18

acetylated

H3K18

crotonylated

SGRGKGG-K(Cr)-KGLGKGGA-K (biotin) - amide
TGGKAPRKQLATKAA-EDA-biotin
TGGKAPR-K(Ac)-QLATKAA-EDA-biotin
TGGKAPR-K(Cr)-QLATKAA-EDA-biotin

Table 2.5. Biotinylated histone tail peptides. Amino acid sequences of short synthetic purified
human histone H4- and H3-derived peptides acetylated (Ac), crotonylated (Cr) at the indicated
lysines or unmodified and all biotinylated at their C-termini. Peptides were HPLC purified.

2.9.3 Peptide pull-downs from cell nuclear extracts
Histone peptide pull-downs were performed following a protocol adapted from
Vermeulen, 2012.
75 µl DynabeadsTM MyOneTM Streptavidin C1 (Invitrogen, cat. 65001) per pull down were
washed four times with 1 mL of Binding Buffer (150 mM NaCl, 50 mM Tris-HCl pH 8.0,
0.1% (v/v) NP-40) supplemented with 1 x PIC, 1 mM PMSF, 0.2 mM dithiothreitol (DTT),
10 mM sodium butyrate and 10 mM sodium fluoride. The beads were saturated with 2
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nmol of each peptide in 800 µl Binding Buffer by incubation for 60 min on a rotating wheel
at 4 °C and washed three times with 1 mL Binding Buffer. For blocking with unmodified
peptide, samples were incubated with 2 nmol unmodified peptide for 60 min on a rotating
wheel at 4 °C and washed four times with 1 mL Binding Buffer. Peptide-bound beads
were incubated with 450 µg of nuclear extract in a total of 750 µl Binding Buffer (for a
final protein concentration of 0.6 mg/ml) for 2 h on a rotating wheel at 4 °C. Beads were
washed 3 x 1 mL Washing Buffer (300 mM NaCl, 50 mM Tris-HCl pH 8.0, 0.1% (v/v) NP40) supplemented with 10 mM sodium butyrate and 10 mM sodium fluoride. This was
followed by a wash in 500 µl Binding Buffer and elution in 40 µl 1 x Laemmli buffer by
boiling for 5 min at 95°C.
2.9.4 Silver staining of peptide pull-downs
Samples were separated on a gradient 4-12 % NuPage Bis-Tris gels (ThermoFisher, cat.
NP0321) and gels were fixed by incubation in Fixing solution (30 % ethanol, 10 % acetic
acid) for 15 min. This was followed by reduction in a Thiosulfate buffer, pH 6.0 (30 %
ethanol, 10 mM sodium acetate, 1 % (w/v) thiosulfate) and 3 x 10 min washes with dH2O.
Staining was for 30 min in 0.1 % (w/v) AgNO3 , 0.01 % formaldehyde, followed by a brief
rinse in dH2O. To develop, gels was washed twice in 2.5 % (w/v) Na2CO3 , 0.02 %
formaldehyde, quenched with 1 % acetic acid solution and washed three times in dH2O.

Stable isotope labelling with amino acids in cell culture (SILAC)
2.10.1 Stable isotope labelling of HCT116 cells
Cells were grown in either ‘heavy’ or ‘light’ DMEM for SILAC (ThermoFisher, cat. 88364)
supplemented with either L-arginine and L-lysine, or their heavy isotope-counterparts Larginine-13C6,

15

N4 hydrochloride (Arg10, Sigma 608033) and L-lysine-13C6,

15

N2

hydrochloride (Lys 8, Sigma 608041), respectively. All media were supplemented with
10% dialyzed FBS (26400-044 Gibco, Life, 10 % dialysed fetal bovine serum (FBS)
(Invitrogen, cat. A3382001), 100 units/ml penicillin, 100 µg/ml streptomycin and 1 %
glutamine for 8 – 10 cell doublings until full incorporation of the labelled amino acids was
achieved. Labelling efficiency was evaluated by LC-MS before proceeding with protein
extraction from cells. Cells were monitored for viability and morphologic abnormalities to
exclude effects of SILAC conditions on their physiology.
2.10.2 Nuclear extract preparation
Nuclear proteins from SILAC-labelled HCT116 cells were prepared as described above
in section 2.9.1
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2.10.3 SILAC histone peptide pull-downs
SILAC histone peptide pull-downs were performed essentially as described in section
2.9.3, following a protocol adapted from Vermeulen, 2012 with several modifications
(Vermeulen, 2012).
75 µl DynabeadsTM MyOneTM Streptavidin C1 (Invitrogen, cat. 65001) per pull down were
washed four times with 1 mL of Binding Buffer (150 mM NaCl, 50 mM Tris-HCl pH 8.0,
0.1% (v/v) NP-40) supplemented with 1 x PIC, 1 mM PMSF, 0.2 mM DTT, 10 mM sodium
butyrate and 10 mM sodium fluoride. The beads were saturated with 2 nmol of each
peptide in 800 µl Binding Buffer by incubation for 60 min on a rotating wheel at 4 °C and
washed 3 x 1 mL Binding Buffer. Peptide-bound beads were incubated with 450 µg of
either light or heavy nuclear extract in a total of 750 µl Binding Buffer (for a final protein
concentration of 0.6 mg/ml) for 2 h on a rotating wheel at 4 °C. Beads were washed
three times with 1 mL Washing Buffer (300 mM NaCl, 50 mM Tris-HCl pH 8.0, 0.1% (v/v)
NP-40) supplemented with 10 mM sodium butyrate and 10 mM sodium fluoride. The
heavy and light pull downs are mixed in 500 µl Binding Buffer and beads are eluted in
40 µl 1 x Laemmli buffer by boiling for 5 min at 95 °C.
2.10.4 In-gel digestion of pull-downs
Pull-down elutions were run on gradient 4-12% Bis-Tris NuPage precast gels
(ThermoFisher, cat. NP0321) and stained with Coomassie Blue. Each lane (one sample)
was separated into nine fractions (Fig. 8.3) which were excised separately and further
cut into approximately 1 x 1 mm pieces. The pieces were washed several times with
destaining buffer (25 mM NH4HCO3 , 50% Ethanol) at 25 °C until the Coomassie dye was
completely removed. The pieces were then dehydrated in 100 % ethanol for 10 min at
25 °C and dried in a Speed Vacuum Concentrator until fully dry. To reduce the proteins,
the gel pieces were rehydrated in reduction buffer (10 mM DTT, 50 mM ammonium bicarbonate (NH4HCO3)) for 60 min at 56 °C. This was followed by incubation in alkylation
buffer (55 mM iodocetamide, 50 mM ammonium bi-carbonate (NH4HCO3)) for 45 min at
25 °C, protected from light. The gel pieces were then washed with digestion buffer (50
mM ammonium bi-carbonate (NH4HCO3)) for 20 min at 25 °C and dehydrated with 100
% ethanol for 10 min at 25 °C. This was repeated twice and the gel pieces were dried in
a Speed Vacuum Concentrator until they were completely dry and bouncing in the tube.
To digest the proteins, the pieces were incubated in Sequencing Grade Modified Trypsin
(Promega, cat. V5111) for 45 min on ice and after removal of the excess liquid, digestion
buffer was added to cover the gel pieces and they were incubated overnight at 37 °C.
Peptides were extracted twice with Extraction buffer (3 % trifluoroacetic acid, 30 %
acetonitrile) for 10 min with vigorous shaking at 25 °C. Peptides were desalted and
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concentrated using StageTip reverse phase chromatography on a 2-layered C18 silica
micro-column (Rappsilber, Mann and Ishihama, 2007).
Before peptide loading, the Stage-Tip columns were equilibrated with a wash of 100 %
methanol, followed by Buffer B (80 % acetonitrile, 0.5 % acetic acid) and two washes
with Buffer A (0.5 % acetic acid, 0.1 % trofluoroacetic acid). Samples were loaded onto
the silica column diluted in Buffer A.
2.10.5 Liquid chromatography and tandem mass spectrometry (LC-MS/MS)
LC-MS/MS analysis and SILAC protein quantitation below were performed in
collaboration with Tiziana Bonaldi’s group (European Institute of Oncology, Milan, Italy).
For LC-MS analysis purified peptides were eluted from StageTips with Buffer B,
lyophilised in a Speed Vacuum Concentrator and resuspended in 0.1 % formic acid. They
were analysed by online nano-flow LC-MS/MS on an EASY-nLC™ 1000 (Thermo Fisher
Scientic, Odense, Denmark) coupled to a hybrid quadrupole/Orbitrap mass spectrometer
(Q Exactive HF, Thermo Fisher Scientific) through a nanoelectrospray ion source. LC
was carried out on EASY-Spray™ LC Column (50-cm length, 75-μm inner diameter)
packed with C18 reversed-phase resin. Solvent A was 0.1% FA in ddH2O. Samples were
injected at a flow rate of 500 nL/min and separated with a gradient of 5-30% solvent B
(80 % acetonitrile, 0.1 % formic acid) over 80 minutes, followed by a gradient of 30-60%
for 10 minutes and 60-95% over 3 minutes at a flow rate of 250 nL/min.
The Q-Exactive was set to data-dependent mode (DDA) to switch between full scan MS
and MS/MS acquisition. Orbitrap full scan was followed by the acquisition of the 15 most
intense peptide ions (Top15) detected in the survey MS scan. Mass spectrometer
conditions were as follows: full MS (AGC 3e6; resolution 60,000; m/z range 375-1650;
maximum ion time 20 ms); MS/MS (AGC 15,000; maximum ion time 80 ms; isolation
width 2 m/z with a dynamic exclusion time of 20 seconds). Singly charged ions and ions
for which no charge state could be determined were excluded from the selection.
Normalised collision energy was set to 28%; spray voltage was 1.9 kV; no sheath and
auxiliary gas flow; heated capillary temperature was 275 °C; S-lens RF level of 50%.
2.10.6 SILAC protein quantitation
Acquired MS raw data were analysed in MaxQuant (MQ) (version 1.6.0.1), using the
Andromeda search engine. The February 2018 version (UniProt Release 2018_02) of
the Uniprot sequence was used for peptide identification. The enzyme specificity was
Trypsin/P (trypsin cleaves also in the presence of proline, at the C-terminal of lysine or
arginine residues). A maximum of 3 missed cleavages were allowed and the minimum
peptide length was 7 amino acids. Carbamidomethylation of cysteine was set as a fixed
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modification. ‘Requantify’ and ‘Match between runs’ functions were enabled. ‘Multiplicity’
was set as 2 and the heavy labels Arg10 and Lys8 were added. Only peptides with at
least two detected peptides, of which at least one was unique were included in the
downstream analysis. Peptides with less than 2 ratio counts were also filtered out.

Overexpression of DAXX in HCT116 cells
Overexpression of human DAXX were achieved using plasmid transfection of either
pOZ-GFP-DAXX or pEGFP-N1, into HCT116 cells using Lipofectamine® 2000
Transfection Reagent (Invitrogen, Cat. 11668027) following manufacturer’s protocol.
Amounts of purified plasmid DNA and transfection reagent are as indicated in the
corresponding figures.
DAXX-expression vectors were a kind gift from Dr. Alexander Ishov’s laboratory,
University of Florida, US.

RNA interference (RNAi)
2.12.1 DAXX knockdown in HCT116 cells
DAXX and non-targeting (NT) control knockdowns were performed using ONTARGETplus SMARTpool siRNA oligos (Dharmacon) following manufacturer’s
instructions and using indicated concentrations of ON-TARGETplus Human DAXX
(1616) (cat. L-0004420-00-0005) or ON-TARGETplus Non-targeting Pool (cat. D001810-10-05) siRNA oligos, respectively, and indicated amounts of DharmaFECT 2
Transfection reagent (Dharmacon, cat T-2002-01). Medium was changed 24 h after
transfection to reduce cytotoxicity. Cells were collected and analysed 48 h after
transfection unless otherwise stated.

RNA-sequencing
2.13.1 DAXX knockdown (RNAi) in HCT116 cells
HCT116 cells were transfected with either non-targeting (control NT siRNA) or DAXX
siRNA as described above in 2.12.1 for 48 h. At the time of transfection they were either
treated with 10 mM crotonic acid, pH 7.0 or left non-treated. Upon medium change 24 h
post-transfection, 10 mM crotonic acid was replenished. Cells were collected 48 h after
transfection.
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2.13.2 RNA isolation
1.3 million cells per sample were used for total RNA extraction with Monarch® Total RNA
Miniprep Kit (NEB, cat. T2010S). Four biological replicates per condition were used. RNA
was quantified using Qubit™ RNA HS Assay kit (Invitrogen, cat. Q32852) on a Qubit™
3.0 fluorimeter and analysed for RNA integrity on Agilent Bioanalyzer using Agilent RNA
6000 Pico kit (Agilent Technologies, cat. 5067-1513).
2.13.3 Library preparation and sequencing
Library preparation and sequencing was carried out by Novogene, UK. Libraries were
sequences on a NovaSeq PE150 platform.
2.13.4 Bioinformatic analysis
Adaptor trimming of sequences in Trim Galore (v0.6.0) and mapping to the human
(GRCh38) reference genome using Bowtie2 (v2.3.2) was carried out by Babraham
Bioinformatics Facility. Analysis of mapped data was performed in SEQMONK (version
1.44.0). Read counts were quantified with RNA-seq quantitation pipeline embedded in
SEQMONK. Differential expression was analysed using DESeq2 count based statistical
analysis. For processing outside of SEQMONK, RNA-seq probes were exported by
annotating them to exactly matching genes.
Gene ontology (GO) analysis was carried out using GOorilla statistical analysis with two
unranked lists of genes (Eden et al., 2007, 2009). All expressed genes (with at least one
read count) were used as a background set.

GFP-Trap
Immunoprecipitation (IP) of GFP-tagged DAXX or control EGFP overexpressed in
HCT116 cells was carried out using GFP-Trap®_A kit. Transfection of DAXX-GFP or an
empty EGFP vector was for 48 h as described above in section 2.11 with 10 mM
crotonate

supplementation.

Immunoprecipitation

was

performed

following

manufacturer’s protocol, with the following modifications: NaCl concentration in the Lysis
Buffer was increased from the recommended 150 mM to 500 mM to facilitate cellular and
nuclear lysis for sufficient protein release. Additionally, bead washes after protein binding
were reduced to one to limit protein loss.
Briefly, cells overexpressing pOZ-GFP-DAXX or pEGFP-N1 were collected via
trypsination, washed twice with ice cold 1 x PBS and resuspended in 200 ul ice-cold lysis
buffer (10 mM Tris/Cl pH 7.5, 500 mM NaCl, 0.5 mM EDTA, 0.5 % NP-40) and
incubated on ice for 30 min. Lysates were centrifuged down and transferred to a new
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tube, where they were mixed with 300 µl Dilution Buffer. 25 µl GFP-Trap®_A bead slurry
per IP were washed three times with Dilution Buffer and mixed with lysates. Bead-lysate
mixes were incubated for 1 h at 4 °C with mixing. Beads were washed with Dilution Buffer
and proteins eluted in 1 x Laemmli buffer by boiling samples for 10 min at 95 °C.

Lysine crotonylation (Kcr) ChIP in HCT116 cells
2.15.1 Chromatin preparation and immunoprecipitation
HCT116 cells were treated with DAXX or NT siRNA and 10 mM crotonic acid as
described in 2.12.1 for RNA-seq sample preparation.
Lysine crotonylation ChIP was performed essentially as described before for
H3K18crotonylation with the following modifications:
Chromatin was sonicated at high power at 4 °C for at least 13 cycles (30 sec on, 30 sec
off) or until the desired range of fragments was achieved in a Bioruptor sonicator
(Diagenode). 5 µg of chromatin was used as input material per ChIP and 2.5 µg of antilysine crotonyl antibody (PTM-501) and 12.5 µl of Magna ChIP™ Protein A+G Magnetic
Beads (Merck, cat. 16-663). Washes were as follows: once with low salt wash buffer (20
mM Tris-HCl, pH 8.0, 2 mM EDTA, 150 mM NaCl, 1 % Triton-X-100, 0.1 % SDS), three
times with high salt wash buffer (20 mM Tris-HCl, pH 8.0, 2 mM EDTA, 500 mM NaCl, 1
% Triton-X-100, 0.1 % SDS) and once with TE buffer (10 mM Tris-HCl, 1 mM EDTA). All
washes were performed at 4 °C for 5 minutes on a rotating wheel with 1 ml wash buffer.
Three biological replicates of DAXX and NT siRNA –treated samples without crotonate
supplementation were performed and two technical replicates (two different ChIP
reactions from the same chromatin input sample) for a total of four samples. Two
biological replicates per knockdown with crotonate addition were produced.
2.15.2 Library preparation and sequencing
Kcr ChIP library preparation and sequencing was carried out by Novogene, UK. Libraries
were sequenced on a NovaSeq PE150 platform.
2.15.3 Bioinformatic analysis
Adaptor trimming of sequences in Trim Galore (version 0.6.0) and mapping to the human
(GRCh38) reference genome using Bowtie2 (version 2.3.2) was carried out by Babraham
Bioinformatics Facility. Analysis of mapped data was performed in SEQMONK (version
1.46.0). Probes were generated either with MACS peaks caller embedded in SEQMONK
or with running widows probes of 900 bp. MACS peaks were called per replicate ChIP
set using the input sample as a reference. The selected fragment size was 300 bp and
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p-value significance threshold was 10−5. Generation of probes was over the called MACS
peaks using the Feature probe generator. This was followed by read count quantitation,
deduplication and normalisation to the largest datastore. Probes over transcription start
sites (TSS) were defined by using the feature probe generator with a window of +/- 500
bp upstream of transcripts. Differentially marked peaks were determined by the EdgeR
statistical analysis for count replicate data in SEQMONK.
Gene ontology (GO) analysis was carried out using GOorilla statistical analysis with two
unranked lists of genes (Eden et al., 2007, 2009). All expressed genes (with at least one
read count) in HCT116 cells, as measured by RNA-sequencing in section 5.2.6, were
used as a background set.
2.15.4 ChIP-qPCR
Kcr ChIP-qPCR analysis was carried out as described in 2.5.4 using the following
primers:

Name
CYS1

SLC4A5

ATG1

BRD2

ISG15

Forward (5' → 3')

Feature
TSS
negative
target
TSS
negative
target
TSS
positive
target
TSS
positive
target
TSS
positive
target

of

of

CCCAGGACTTTTGAATTG
CCC
AGGCAATAGAGGAGGGG
CTAT

of

of

of

Reverse (5' → 3')
GCCCACCTCCTGCAACTT
TA
TCCTTTAGGGTGGACCTT
GC

CTGCTGCGCCCCGAAA

GGGGAAAGATTGCAAGG
GACG

CTTGTGGGGCGGAGATG
TCA

TGAACCCCAAGAATCCCC
CTC

AGCAGTCACGTAAGAGAA
CCG

CAGAAGCCTTTGGGACCA
CC

Chr1 SAT

Repetitive
region

TCATTCCCACAAACTGCG
TTG

TCCAACGAAGGCCACAA
GA

Chr4 SAT

Repetitive
region

CTGCACTACCTGAAGAGG
AC

GATGGTTCAACACTCTTA
CA

SAT1

Repetitive
region

GAACCTGTGTTGCTGCTT
TG

TTCAAAGGTACTCTGCTT
GGTACA

SAT2

Repetitive
region

TGAATGGAATCGTCATCG
AA

NBL2

Repetitive
region

TCCCACAGCAGTTGGTGT
TA

CCATTCGATAATTCCGCT
TG
TTGGCAGAAACCTCTTTG
CT

Table 2.6. Primers used in Kcr ChIP-qPCR. Forward and reverse primer sequences and target
sites are included.
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3 Histone crotonylation is present in the intestinal
epithelium and is cell-cycle regulated by class I
histone deacetylases

Introduction
In my thesis I aim to investigate the molecular regulation and functional role of histone
crotonylation in intestinal epithelium homeostasis. The availability and patterns of histone
crotonylation in the intestine are of central importance to this project. Determining
crotonylation’s occurrence in this tissue would be the first indication of its potential role
in the microbiota-epigenetics cross-talk in the gut. Investigating modes of crotonylation
regulation relevant to the intestine and its metabolic environment would further point to
its function in this tissue.
Our lab assessed the relative abundance of this histone modification in brain, colon,
spleen, liver and kidney and identified the highest levels of crotonylation in brain and
colon (Fellows et al., 2018). In Western blot analysis, a pan-lysine crotonylation antibody
detected exclusively bands with sizes corresponding to histones H3 and H4 in colon,
spleen, kidney and liver. In brain, an additional band of a larger molecular weight was
detected. This suggested that the majority of lysine crotonylation in colon occurs on
histones and there is relatively little, if any, crotonylation on non-histone proteins. A more
detailed picture of the distribution of crotonylation marks was obtained by mass
spectrometry (LC-MS/MS) analysis on histone H3 from mouse small intestine and colon
epithelium, as well as crypt-enriched small intestine fractions (Fellows et al., 2018). This
revealed crotonylation on histone H3 lysine residues K9, K14, K18, K27 and K56 with an
overall rather low abundance on K9, K27 and K56. Among these, H3K18crotonyl
(H3K18cr) was the most abundant mark in the colon and in the crypt-enriched fractions.
The genome-wide pattern of H3K18cr in colon was characterised by chromatin
immunoprecipitation-sequencing (ChIP-seq) in the epithelium of this tissue and revealed
its association with TSS (Fellows et al., 2018). Overlap with RNA-sequencing analysis
showed that higher expression of genes correlated with enrichment of H3K18cr at their
TSS. This data corroborates previous observations that crotonylation marks active
chromatin and can promote transcription (Tan et al., 2011; Sabari et al., 2015) . Thus,
crotonylation provides a potentially fundamental mechanism of relaying environmental
signals into functional genomic output that merits thorough elucidation.
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Histone crotonylation can be regulated by the availability of a class of microbiallyproduced metabolites – the short-chain fatty acids (SCFA) (Tan et al., 2011; Sabari et
al., 2015). Conceivably, the intracellular degradation of SCFA produces the chemical
substrates, for instance crotonyl-CoA, used by histone writer enzymes. Sabari and
colleagues, tested the effect of the SCFA, crotonate, on histone crotonylation in HeLa
cells and observed a marked dose-dependent increase in crotonylation on H3K18
(Sabari et al., 2015). To investigate the mechanism of action, they measured the change
of intracellular crotonyl-CoA levels upon crotonate addition. A corresponding increase in
crotonyl-CoA was in support of a model where the products of crotonate’s metabolism
are substrates for histone crotonylation. Knockdown of the enzyme implicated in
crotonyl-CoA production, acetyl-CoA synthetase 2 (ACSS2), weakened the response,
providing additional evidence for the proposed mechanism of action. Additionally, a more
recent study reported that increased expression of the yeast homolog of ACSS2, Acs1,
correlated with elevated crotonylation (Gowans et al., 2019). This observation supports
the idea that ACSS2 is the enzyme contributing to substrate provision for histone
crotonylation.
Work from our lab has extended the list of SCFA tested in the colon carcinoma-derived
HCT116 cells and indicates that in addition to crotonate, both propionate and butyrate
also promote crotonylation at millimolar quantities in a dose-dependent manner (Fellows
et al., 2018). A possible explanation for the potent effect of SCFA on histone
crotonylation is that they increase the pool of available crotonylation precursors,
promoting their incorporation rate. An alternative scenario, however, is that SCFA are
acting indirectly through reducing the rate at which crotonylation is removed from
histones. Since butyrate is a known HDAC inhibitor, a plausible speculation could be that
HDAC inhibition may have a promoting effect on crotonylation. The capacity to inhibit
HDACs had been ruled out for crotonate, which further confirms its capacity to directly
promote crotonylation (Sabari et al., 2015). Different broad-range HDAC inhibitors,
indeed, promoted histone crotonylation, pointing to the fact that HDAC’s enzymatic
activity extends to decrotonylation (Fellows et al., 2018).
The upstream regulatory mechanisms that would define the levels of histone
crotonylation are determined by two main parameters – the rate of incorporation and the
rate of removal. The first one will depend on the availability of precursors, presumed to
be defined by the metabolic state if the cell. This state would be defined by metabolite
availability and activity of intracellular pathways that metabolise them down to epigenetic
substrates. It will also be influenced by writer enzyme activity (HATs, e.g. P300)
dependent on their affinity for precursors and reaction kinetics. The rate of removal,
similarly, depends on the affinity of eraser enzymes for crotonylated histones and the
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kinetics of the decrotonylation reaction. These two steps can be impacted by competition
of substrates for both sets of enzymes.
Due to the structural similarity to acetylation and the shared regulatory machineries, it is
tempting to make inferences about crotonylation from what is already known about
histone acetylation dynamics. Histone acetylation is reversible and very dynamic with
close to 70 % of all core histones in mammalian cells in culture undergoing reversible
acetylation (Davie, 1997). Histones within transcriptionally active chromatin are
subjected to very rapid acetylation and deacetylation and those found in repressed
genomic regions experience slower rates of turnover (Davie, 1997; Barth and Imhof,
2010). Therefore, it is appealing to suggest that histone crotonylation might be
undergoing similar rapid dynamics. Histone acetylation fluctuates during the cell cycle
and has a well-established role in chromatin replication, nucleosome assembly and
genome integrity (Annunziato and Hansen, 2000b; Unnikrishnan, Gafken and
Tsukiyama, 2010). During many of these processes this modification is kept under the
control of HDACs (Annunziato and Seale, 1983; Bhaskara, Jacques, James R Rusche,
et al., 2013). Their common regulation prompts the question of whether crotonylation
may be sharing analogous functions to acetylation in chromatin dynamics during
replication.
Here, I set out to determine the availability of histone crotonylation in the mammalian gut
and explore its regulation by SCFA and HDACs in colon-derived cells. I further
investigate crotonylation’s dynamics during the cell cycle and its potential role in
chromatin replication.

Results
3.2.1 Histone crotonylation in the intestinal epithelium
The first step towards validating the physiological significance of histone crotonylation in
the intestinal epithelium, was probing its occurrence in the gut and examining any
patterns of tissue distribution and subcellular localisation. To address this, I performed
fluorescent immunohistochemistry (IHC) on mouse colon and small intestine
cryosections using a pan anti-crotonyllysine antibody (anti-Kcr), which recognises any
crotonylated lysine residues. Confocal imaging of the immunostained sections revealed
that lysine crotonylation is abundantly present in cells in both colon (Fig. 3.1a) and small
intestine (Fig. 3.1b) and almost exclusively marks the epithelium of these tissues. There
was a markedly clear nuclear localisation of the signal, confirmed by a strong overlap
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with 4′,6-diamidino-2-phenylindole (DAPI) staining, suggesting that the majority of lysine
crotonylation occurs on nuclear proteins.

Fig. 3.1. Lysine crotonylation in the mouse intestinal epithelium. Confocal imaging of
immunofluorescently labelled cryosections of mouse small intestine (a) and colon (b). Left panels:
AlexaFluor 488 secondary staining on primary pan-crotonyllysine (anti-Kcr) antibody; Middle
panels: DAPI nuclear staining; Left panels: Overlap between DAPI and Kcr signals (merge). Scale
bar is 40 µm.

To validate the observation that crotonylation is found in the nucleus and find out if it
marks histones, I attempted using a histone-specific antibody against crotonylation on
H3K18. I chose to probe this particular histone mark, as K18 was the residue on histone
H3 that our lab had identified to be most abundantly crotonylated in the intestinal
epithelium. However, no signal for H3K18 crotonylation (H3K18cr) was detected in IHC
of colon and small intestine cryosections. Thus, I turned to studying a crotonylation mark
on histone H4 – H4K8cr, for which there was an antibody suitable for IHC.
Immunostainings for H4K8cr in mouse colon and small intestine exhibited a similar
pattern of tissue and cellular distribution to the pan-lysine crotonylation, suggesting that
the anti-Kcr antibody detects, at least in part, histone crotonylation marks (Fig. 3.2). The
overlap between Kcr and histone crotonylation (H4K8cr) signals would be in line with
Western blot analysis of colon tissue using the anti-Kcr antibody, which indicated that
lysine crotonylation occurs almost uniquely on histones H3 and H4 (Fellows et al., 2018).
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Interestingly, anti-H4K8cr appeared to mark most strongly the proliferative compartments
of the small intestine epithelium – the crypts. These are parts of the intestinal epithelium
where rapid cell division takes place, as they harbour the stem cell pool of the tissue.
This postulated a link between histone crotonylation and cell proliferation in the small
intestine. Taken together, my work demonstrates the abundance of histone crotonylation
in the colon epithelium and small intestinal crypts, which suggests crotonylation is a
physiologically important mark in these tissues.
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Fig. 3.2. H4K8crotonylation in the mouse intestinal epithelium. Confocal imaging of
immunofluorescently labelled cryosections of mouse small intestine (a) and colon (c). Scale bar
is 40 µM. (b) and (d) are zoomed images of indicated region of (a) and (c), respectively. Scale
bar is 5 µM. Images (a) and (c) are oriented such that the intestinal lumen is at the top. Left
panels: AlexaFluor 488 secondary staining on primary H4K8crotonyl (anti-H4K8cr) antibody.
Middle panels: DAPI nuclear staining. Left panels: Overlap between DAPI and Kcr signals
(merge).
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3.2.2 Histone crotonylation is regulated by the short-chain fatty acid, crotonic
acid, and class I histone deacetylases
Next, I wanted to investigate the molecular mechanisms that regulate histone
crotonylation. To validate observations that histone crotonylation can be metabolically
modulated by SCFA, I supplemented the culture medium of the human colon carcinoma
cell line, HCT116, with 5 mM sodium crotonate for 16 h. The concentration and duration
of treatment were chosen as they were within the range of those used in a study where
crotonate promoted H3K18cr and did not affect H3K18 acetylation (H3K18ac) in the
cervical adenocarcinoma cell line HeLa S3 (Sabari et al., 2015).
Crotonate supplementation caused a modest, but reproducible increase in total
crotonylation on histones H3 and H4, as detected by anti-Kcr antibody in replicate
experiments (Fig. 3.3a - lane 2). Averaged normalised intensity of immunoblot bands as
measured relative to the loading control, LaminB1 – a nuclear lamina protein, suggested
Kc levels (total band intensity of H3 and H4 crotonylation) rise ~ 2-fold on crotonate
treatment. The effect of crotonate on Kcr was confirmed by the increase caused by 5
mM crotonate combined with DMSO, where DMSO was used as a negative control
(vehicle) in this experiment (Fig. 3.3a - lane 5). This suggests that crotonate can promote
global histone crotonylation in HCT116 cells at relatively small millimolar quantities.
Interestingly, I observed a promoting effect of crotonate treatment on H3K18ac (Fig. 3.3b
– lane 2) which postulates that there may be an overlap between the pathways
influencing histone crotonylation and acetylation through SCFA.
Since sodium butyrate and other HDAC inhibitors had a potent effect on promoting
crotonylation, I wanted to dissect further the molecular mechanisms acting to regulate
crotonylation through the activity of HDACs (Fellows et al., 2018). Butyrate inhibits class
I and most members of class II HDACs and so we wanted to test class-specific HDAC
inhibition (Berni Canani, Di Costanzo and Leone, 2012). The use of the clinically-tested
small molecule inhibitor MS275 (Etinostat) in micromolar concentrations led to a major
increase in histone crotonylation judged by the relative enrichment in anti-Kcr band
intensity (Fig. 3.3a - lane 3) over the non-treated control and the DMSO (vehicle) sample
(Fig. 3.3a – lanes 1 and 4). As MS275 specifically inhibits the activity of the class I
HDACs, HDAC1 and HDAC3, these results point to the capacity of these enzymes to
decrotonylate histones. The inhibitory effect of MS275 on deacetylation was confirmed
by a marked increase in acetylation on H3K18 (Fig. 3.3b – lane 3). Most interestingly,
when used in combination crotonate and MS275 showed a stronger synergistic effect on
promoting both crotonylation and H3K18ac (Fig. 3.3a,b – lanes 6). This cooperative
action implied that class I HDACs and the SCFA, crotonate, can work together to
promote histone crotonylation and acetylation. Importantly, the observation that MS275
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elevates crotonylation levels suggests that the enzymatic activity of class I HDACs
extends to decrotonylation.

Fig. 3.3. Crotonate and class I HDAC inhibition promote histone crotonylation. Western
blots of HCT116 whole cell extracts treated with either 5 mM sodium crotonate, 5 µM MS275,
DMSO (vehicle) or left non-treated as indicated. Samples were probed for (a) pan-lysine
crotonylation (Kcr) and (b) H3K18ac in a replicate of biological experiments (n=2). Mean
normalised band intensities of the two replicates relative to the loading control, LaminB1, are
plotted.
A single non-treated control per experiment was used and loaded on the gel three times. The
normalised values of the three loadings were calculated, any outliers taken out and the averaged
value was plotted. The highest value (lane 6) in each experiment was normalized to 1 and used
as a reference for the relative quantitation.

3.2.3 HDAC1 overexpression and histone crotonylation in HCT116 cells
To verify the observation that class I HDACs can act as decrotonylases, I wanted to test
the effect of transiently overexpressing a member of this protein class on histone
crotonylation. MS275 specifically inhibits HDAC1 and HDAC3. HDAC1 is the more
versatile enzyme of the two, as it is found in several different repressor complexes, like
NuRD, Sin3A and CoREST (Watson et al., 2016). In contrast, HDAC3 exclusively
participates in the SMRT/NCoR complex (Guenther et al., 2000; Wen et al., 2000).
Therefore, I chose to examine the potential of HDAC1 for decrotonylation. To do this, I
transfected mammalian expression vectors carrying either a green fluorescent protein
(GFP)-tagged HDAC1 or a mutant version of the protein (HDAC1mut) into HCT116 cells.
The mutant had a partial deacetylase domain deletion (amino acids 1-56), shown to
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render it enzymatically inactive. Tou and colleagues reported that HDAC1, but not
HDAC1mut overexpression delays activation of intestine epithelial maturation markers.
They used this functional difference between the two proteins as a proof for the validity
of the mutant deacetylase (Tou, Liu and Shivdasani, 2004).
Since the efficiency of mammalian transfection is dependent on the cell type, vector,
protein being overexpressed and duration of expression, I first had to determine the
optimal transfection conditions. I chose to utilise a lipid-based transfection method using
Lipofectamine™ 2000 reagent. Testing varying amounts of DNA and transfection regent,
I employed flow cytometry to measure GFP expression after 24 or 48 h to assess
expression efficiency. Robust GFP expression from both HDAC1 and HDAC1mut was
detected as soon as 24 h after transfection and declined significantly after 48 h (Table
2.3). Expression efficiency increased in a dose-dependent manner with the amount of
lipid reagent used, presumably due to improved transfection efficacy. The proportion of
GFP-positive cells peaked at 35 % when the highest amount of Lipofectamine™ 2000
was used (5 µl) (Table 2.3).
After determining the optimal transfection conditions, GFP-positive cells were FACS
sorted and extracts from these cells were subjected to Western blot analyses for a panel
of histone modifications, including histone crotonylation. Overexpression of HDAC1 led
to a significant reduction in Kcr compared to non-transfected control cells (Fig. 3.4).
H3K18ac levels were also significantly diminished, suggesting that the recombinant
HDAC1 is an active deacetylase. The acyl-specific effect of HDAC1 was demonstrated
by the unaltered levels of H3K4me1. The mutant HDAC1, however, also reduced histone
crotonylation, but to a lesser extent. Interestingly, there was no difference in the effect of
the wild-type and mutant protein on H3K18ac. This may suggest that transfection or cell
sorting affects histone acetylation and crotonylation or that HDAC1mut is not a bona fide
deacetylase mutant. The lack of further reduction in H3K18ac from HDAC1 compared to
HDAC1mut overexpression may signify that acetylation is much more abundant or under
more rigorous regulation than crotonylation.
Overexpression of both the wild-type and mutant HDAC1 led to reduced levels of
H3K18ac and Kcr, making me question the validity of the mutant construct as a defective
deacetylase (Fig. 3.4). Indeed, an extensive validation of the mutant construct is lacking
and the N-terminal deletion of 56 amino acids is rather short and does not involve the
catalytic histidine 141, whose mutation to alanine abolishes deacetylase activity of
HDAC1 (Oh et al., 2009). Therefore, I went on to generate a longer deletion mutant
version of the protein to use as a negative control in this experiment. For this purpose, I
used the wild-type HDAC1-GFP vector and excised a sequence coding for the first 260
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N-terminal amino acids, including histidines 140 and 141, creating an HDAC1del-GFP
plasmid.
As transfection and overexpression can be greatly stressful processes for the cells to go
through and have the capacity to alter multiple signalling pathways and affect
epigenetics, we wanted to rule out the possibility that the changes in histone
modifications we are witnessing are not simply due to indirect effects of transfection.
Therefore, in subsequent experiments apart from the non-transfected cells, I included an
empty GFP vector (pEGFP) as a negative control for transfection. Indeed, H3K18ac and
Kcr levels in cells expressing pEGFP were significantly reduced compared to those in
cells that had not undergone transfection, suggesting that transfection in itself drives
histone acylations down (Error! Reference source not found.). Hence, the strong r
eduction in H3K18ac and Kcr with HDAC1 and HDAC1mut is, at least partly, due to
transfection-induced “stress”.
HDAC1 overexpression brought H3K18ac and Kcr moderately down compared to
HDAC1del and more significantly relative to pEGFP (Error! Reference source not f
ound.). There was no specific effect of the wild-type compared to the mutant construct
on H4K8cr. These results suggested a very moderate deacetylation and decrotonylation
capacity of the wild-type HDAC1 when compared to mutants. Altogether, HDAC1
overexpression indicates that this enzyme can act as a decrotonylase.
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Fig. 3.4. HDAC1 overexpression reduces histone crotonylation. Western blots of whole cell
extracts of non-transfected (control) or GFP-positive HCT116 cells FACS-sorted after
overexpression of either (a) HDAC1-GFP or a mutant HDAC1mut-GFP mammalian expression
vector; (b) HDAC1, an HDAC1 deletion mutant – HDAC1del, or empty GFP vector (pEGFP).
Relative band intensities are calculated using H3 as a loading control and are normalised to the
non-transfected cell control (lane 1) in (a) or to the pEGFP transfected cell control (lane 4) in (b).

3.2.4 H3K18ac and H3K18cr increase genome-wide upon class I histone
deacetylase inhibition
The selective inhibition of HDAC1 and 3 by MS275 promoted bulk histone crotonylation
(Fig. 3.3), suggesting that class I HDACs have decrotonylation activity. To better
characterise the effects of HDAC inhibition on histone crotonylation, I examined the
genome-wide effect of MS275 on the most abundant crotonylation mark in the intestinal
epithelium – H3K18cr. Since class I HDACs regulate histone acetylation, I also wanted
to test and compare the outcome of their inhibition on H3K18ac. To do this we performed
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chromatin immunoprecipitations (ChIP) for these two chromatin marks in MS275-treated
and control (DMSO) HCT116 cells, followed by qPCR and sequencing. A comparative
analysis of acetylation and crotonylation ChIPs would also reveal any uniquely
crotonylated genome sites compared to acetylation. This could point to genes or genomic
features specifically regulated by crotonylation. Importantly, antibody specificity tests
were carried out by Rachel Fellows prior to using them for ChIP. Western blot analysis
of in vitro crotonylated recombinant histones were used to rule out anti-H3K18ac
antibody cross-reactivity to crotonylated H3 and anti-H3K18ac and anti-H3K18cr
recognised single bands in immunoblots of colon extracts (Fellows et al., 2018).
Additionally, the specificity of anti-H3K18cr (PTM-Biolabs 517) and anti-H3K18ac
(abcam ab1191) antibodies for crotonylated and acetylated nucleosomes, respectively,
have been previously validated by D. Allis’s lab (Sabari et al., 2015).
HCT116 cells were treated with 5 µM of MS275 or with the equivalent volume of DMSO
(vehicle) for 16 h before H3K18cr or H3K18ac ChIPs were performed. Three biological
replicates of each condition were used for ChIP-sequencing (ChIP-seq) analysis. The
replicates showed high reproducibility in reads distribution, ChIP enrichment relative to
input, as well as robust clustering in principal component analysis (PCA). Sites of
enrichment of H3K18cr and H3K18ac were identified using MACS peaks caller (Zhang
et al., 2008) MACS peaks were called separately in each ChIP sample using the
combined input as a reference (1 input sample per treatment condition - DMSO or
MS275). The selected fragment size was 300 bp and p-value significance threshold was
10−5. MACS peaks analysis revealed a remarkable overlap between regions enriched in
H3K18cr and H3K18ac. The two marks shared 70 % of the identified MACS peaks (Fig.
3.5a, b). Furthermore, both modifications exhibited a similar distribution of their MACS
peaks over genomic features (Fig. 3.5c). Around 78 % were found at genes, with a
significant proportion of those (close to 50 %) found at gene starts (transcription start
sites (TSS) +/- 500 bp). An even stronger co-localisation between the marks was
observed at MACS peaks at TSS with 95 % of the combined peaks being shared (Fig.
3.5d).
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Fig. 3.5. ChIP-seq reveals genome-wide co-localisation of H3K18cr and H3K18ac. (a)
Browser view of 169 kbp of chromosome 1 (154919535 – 155088591) with representative profiles
of H3K18cr and H3K18ac ChIP and Input showing co-localisation of peaks. (b) Overlap of
H3K18cr and H3K18ac MACS peaks. (c) Proportion of MACS peaks at different genomic
features: gene body, gene start (TSS +/- 500 bp) and outside of genes. (d) Overlap of H3K18cr
and H3K18ac MACS peaks at TSS (+/- 500 bp).

Surprisingly, given the global increase observed in Western blot analysis (Fig. 3.3a), the
enrichment of both marks over MACS peaks markedly decreased upon class I HDAC
inhibition (Fig. 3.6a). The same trend is observed for MACS peaks over TSS (Fig. 3.6b).
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A similar conclusion about the drop of H3K18cr and H3K18ac at gene starts is drawn
from the read count quantitation over TSS of probes spanning the genome generated by
a running window probe generator (Fig. 3.6c, d). A plausible interpretation of these
observations is presented in Discussion section 3.3.4.

Fig. 3.6. H3K18cr and H3K18ac decrease at MACS peaks and gene starts upon class I
HDAC inhibition. (a) Left panel: Box Whisker plots of log2 read counts of MACS peaks of
H3K18cr (CR) and H3K18ac (AC) DMSO and MS275-treated HCT116 cells per replicate set;
Right panel: Relative enrichment of reads over MACS peaks. (b) Box Whisker plots of log2 read
counts of MACS peaks over TSS (+/- 500 bp). (c) Box Whisker plot of log2 read counts of running
window probes over TSS (+/- 500 bp). (d) Relative enrichment of log2 reads across probes over
gene starts (+/- 5000 bp).
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I first compared the effect of HDAC inhibition on peaks of H3K18cr and H3K18ac
enrichment. EdgeR statistical analysis identified 1782 differentially H3K18cr-marked
MACS peaks between MS275-treated and control cells, suggesting that class I HDACs
regulate this mark genome-wide (Fig. 3.7a). Of those, 769 sites had increased
crotonylation and the remaining 1013 exhibited reduction in crotonylation upon HDAC
inhibition. The number of differentially H3K18ac-marked MACS peaks was 6886 – nearly
4-fold larger, with 2534 loci gaining acetylation and 4352 having reduced acetylation
levels upon MS275 treatment (Fig. 3.7b).

Fig. 3.7. There are significant differences in H3K18cr and H3K18ac between control and
MS275-treated HCT116 cells. (a) Scatter plot of H3K18cr MACS peaks (log2) in MS275-treated
and control HCT116 cells with EdgeR significantly differentially marked probes highlighted in
green if they are enriched and in orange if they are depleted in MS275 samples. (b) Same as in
(a) for H3K18ac ChIPs.

Then I wanted find out if there were sites differentially enriched in the two marks and
explore how these differences were affected by class I HDAC inhibition. Interestingly,
there were a number (951) of significant differentially marked MACS peaks between
H3K18ac and H3K18cr as identified by EdgeR statistical test in control (DMSO) cells
(Fig. 3.8a). These differentially marked loci indicated that despite the stark correlation
between the two marks, there is a relatively small, but notable difference between them
(Fig. 3.8a). This number significantly decreased (46) when cells were treated with
MS275, suggesting that HDAC inhibition nearly eliminates these differences (Fig. 3.8b).
No gene ontology (GO) enriched terms were identified in the list of differentially marked
peaks between H3K18cr and H3K18ac ChIPs in MS275-treated cells (Fig. 3.8b). GO
analyses of genes depleted in H3K18cr compared to H3K18ac in control cells (Fig. 3.8
a – probes marked in orange) revealed highly significant enriched terms related to RNA
processing and metabolism, translation and gene regulation. Thus, genes with more
acetylation than crotonylation on H3K18 are involved in translation and nucleic acid
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processing (Fig. 3.8d). There were no significant GO enriched terms for the genes
enriched in H3K18cr in control cells (Fig. 3.8a - probes marked in green).
Finally, I looked to see if the sites differentially marked by H3K18cr and H3K18ac in
MS275-treated cells (Fig. 3.8b) were distinct from those differentially marked in controls
(Fig. 3.8a). If they overlapped, it would indicate that HDAC inhibition simply reduces the
differences between the two epigenetic marks without generating new sites of differential
enrichment. Interestingly, however, MS275 induced a small number of novel differences
between crotonylation and acetylation on H3K18 compared to DMSO. This effect of
MS275 on enrichment between H3K18ac and H3K18cr is illustrated in an overlap of
EdgeR significant peaks from control and MS275 cells (Fig. 3.8c). Thus, HDAC inhibition
produced a small number of new both enriched and depleted H3K18cr peaks compared
to H3K18ac that were not differentially marked in controls.
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Fig. 3.8. Differences in H3K18cr and H3K18ac enrichment genome-wide and upon class I
HDAC inhibition. (a) Scatter plot of H3K18cr and H3K18ac MACS peaks (log2) in DMSO-treated
HCT116 cells with EdgeR significantly differentially marked probes highlighted in green if they are
enriched and in orange if they are depleted in H3K18cr relative to H3K18ac. (b) Scatter plot of
H3K18cr and H3K18ac MACS peaks (log2) for ChIPs in MS275-treated cells with EdgeR
significantly differentially marked probes highlighted in blue if they are enriched and in red if they
are depleted in H3K18cr. (c) Scatter plot of H3K18cr and H3K18ac MACS peaks (log2) in DMSOtreated HCT116 cells with EdgeR probes from (a) and (b) overlayed. (d) Gene ontology analysis
of biological processes of probes associated with genes that are depleted in H3K18cr in control
(DMSO) cells. Only terms with a –log10 (FDR) > 5, and at least 2-fold enrichment were plotted.
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In conclusion, there is an overall very high correlation between the genome-wide
distribution of H3K18ac and H3K18cr with few differentially marked MACS peaks. The
effect of class I HDAC inhibition by MS275 on the two differs starkly, with a much higher
number of changes in acetylated, compared to crotonylated, sites on H3K18.
Interestingly, the number of loci differentially marked by crotonylation and acetylation is
reduced upon MS275 treatment compared to control. This could be interpreted as the
potential of HDAC inhibition to overall increase their co-localisation. However, if this was
the case, I would expect the correlation of the two datasets to increase on MS275 (Fig.
3.8b) compared to control (Fig. 3.8a). The R2 value for MS275 ChIPs is slightly lower –
0.969, compared to 0.978 in DMSO. Thus, the lower number of significant differences in
the MS275 datasets could also be due to a larger spread between replicates, causing
more peaks to remain below the detection threshold.

3.2.5 H3K18cr is enriched over heterochromatin upon class I HDAC inhibition
MS275 treatment of HCT116 cells resulted in a global increase in Kcr (Fig. 3.3a) and in
a relative drop of H3K18cr peaks of enrichment associated with genes, including TSS
(Fig. 3.6), which suggested a genome-wide spread of the modification outside of these
areas (see Discussion 3.3.4). To test this, I carried out quantitative real-time PCR (qPCR)
on H3K18cr ChIP in MS275-treated and control (DMSO) cells. ChIP-qPCR analysis
revealed a relative increase of H3K18cr in a number of genomic loci tested, as measured
by recovered material in the chromatin immunoprecipitation expressed as percentage of
input in three biological ChIP replicates (Fig. 3.9). The sites with significantly increased
crotonylation included TSS of a non-expressed gene (ADAD1) and an intergenic region
(up PUMA). Moreover, sites of constitutive centric and pericentric heterochromatin
repetitive (satellite) sequences exhibited elevated H3K18cr. Interestingly, the TSS of
expressed genes did not exhibit the same increase in H3K18cr on MS275. This
enrichment of crotonylation specifically at intergenic and satellite repeat sequences
points to a spread of histone crotonylation outside of genes and into heterochromatin
upon class I HDAC inhibition.
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Fig. 3.9. Class I HDAC inhibition promotes histone crotonylation over multiple loci
including repetitive elements. H3K18cr ChIP followed by qPCR for indicated target DNA
sequences in MS275 compared to DMSO (vehicle)-treated HCT116 cells. Enrichment is
measured as % increase over Input. Summary of three H3K18cr ChIP-qPCR experiments.
Statistically significant results of unpaired t –test are quoted where p-values between 0.01 and
0.05 are indicated with * and between 0.001 are 0.01 with **. Ns signifies t-test p-values of >0.05
Error bars are SEM.

3.2.6 Histone crotonylation dynamics is linked to S phase
In humans H3K18ac marks newly synthesised histones and is a mark associated with
replication-coupled nucleosome assembly (Jasencakova et al., 2010). We have
identified K18 as the most abundantly crotonylated residue on histone H3 in the intestinal
epithelium. Thus, I asked if histone crotonylation, and, in particular H3K18cr, is
modulated during or has a role in chromatin replication. Class I HDACs have an
important role in histone deacetylation, following replication, to remove acetylation used
for deposition of newly synthesised histones. I hypothesised the large increase of global
histone crotonylation upon HDAC inhibition may be linked to a similar role of HDACs to
remove crotonylation during replication.
To address this question, I first sought to understand when histone crotonylation is
established and investigate its changes during the cell cycle. To explore if histone
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crotonylation is cell-cycle regulated, I synchronised HCT116 cells at G1 using the cell
cycle inhibitor abemaciclib at either 60 or 30 nM (Sale and Cook, 2014). This cancer
drugs selectively inhibits the cyclin-dependent kinases CDK4 and 6. CDK4/6 are
responsible for the phosphorylation of Retinoblastoma protein (RB), required for S-phase
entry (Musgrove et al., 2011). Inhibition of RB phosphorylation causes cells to arrest in
G1.
After synchronisation, cells were released from the drug and allowed to proceed through
the cell cycle. Cell cycle profiles were determined by propidium iodide (PI) DNA staining
followed by flow cytometry at several time points (0 – 32 h) after release (Fig. 3.10). In
parallel, the cells were probed for pan lysine crotonylation (Kcr). Astonishingly, G1-arrest
was accompanied by a stark drop in Kcr levels compared to control DMSO (vehicle)
treatment (Fig. 3.10 – lanes 2, 7) and histone crotonylation levels were gradually restored
as the cells progressed through the cell cycle and entered S phase (Fig. 3.10- lanes 46, 9-11). 9 h after drug removal 60 % of cells have entered S-phase (Fig. 3.10- lanes 4,
9) and by hour 32, they were starting to go back to an asynchronous state (Fig. 3.10lanes 6, 11). This progression through the cell cycle was associated with a sequential
increase and restoration of Kcr levels linked to S-phase. H3K18ac exhibited a very
similar pattern of regulation when examined in 30 and 60 nM abemacilib-treated cells
(Fig. 3.10).
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Fig. 3.10. Histone crotonylation levels increase in cells in S-phase. HCT116 cells were
treated with 30 or 60 nM abemaciclib for 48 h. Cell cycle distributions at indicated time points after
drug removal are shown. Corresponding lysine crotonylation (Kcr) and H3K18ac levels are
analysed by Western blot of whole cell extracts using indicated antibodies. Relative band
intensities are calculated using LaminB1 as a loading control and are normalised to the DMSO
sample (lane 1). Kcr levels are determined as the combined band intensities of crotonylation on
H3 and H4.

H3K18cr also revealed analogous dynamics to Kcr when cells were synchronised with
60 nM abemaciclib (Fig. 3.11). H3K18cr showed a prominent decrease at G1 (Fig. 3.11lane 2), but was slowly upregulated in the time-course of 32 h after release when cells
were returning to their asynchronous state (Fig. 3.11- lanes 4-6). The pattern observed
for histone crotonylation may suggest a cell cycle-regulated histone decrotonylation at
G1 compared to S and G2/M and an upregulation of crotonylation during S-phase
progression. So far, in Western blot analyses the nuclear lamina protein – LaminB1, was
used as a loading control. However, when probing histone modifications, a more suitable
normalisation would be to the levels of one of the histone proteins themselves. Thus, I
carried out a comparative normalisation of the analysed modifications relative to both
histone H3 and LaminB1 and they resulted in very similar quantifications, validating the
use of either control (Fig. 3.11).
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Fig. 3.11. Histone crotonylation and H3K18ac are cell cycle regulated. HCT116 cells were
treated with 60 nM abemaciclib or DMSO (vehicle) for 48 h. Cell cycle distributions at indicated
time points after drug removal are shown. Corresponding Kcr, H3K18cr and H3K18ac levels are
analysed by Western blot of whole cell extracts using indicated antibodies. H3 and LaminB1 are
used as a loading control. Relative band intensities are calculated using H3 or LamB1 and
normalised to the DMSO sample (lane 1).

15 nM was the lowest tested concentration of abemaciclib sufficient to cause a significant
G1-arrest and a rapid recovery, as 6 nM did not inhibit entering the cell cycle efficiently
(Fig. 3.12). Therefore, 15 nM abemacilcib was used in further experiments.
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Fig. 3.12. 15 nM abemaciclib are sufficient to induce a G1 block. HCT116 cells were treated
with 6 or 15 nM abemaciclib for 48 h. Cell cycle distributions at indicated time points after drug
removal are shown. Corresponding lysine crotonylation (Kcr) and H3K18ac levels are analysed
by Western blot of whole cell extracts using indicated antibodies. Relative band intensities are
calculated using LaminB1 as a loading control and are normalised to the DMSO sample (lane 1).
Kcr levels are determined as the combined band intensities of crotonylation on H3 and H4.

3.2.7 Decrotonylation in G1-arrested cells is class I HDAC regulated
To understand better histone crotonylation regulation during the cell cycle, I wanted to
investigate the molecular mechanisms of histone decrotonylation seen at the G1 block.
Since class I HDACs can act as decrotonylases, I postulated that decrotonylation during
G1 may be class I HDAC regulated. To test this, cell cycle and release experiments were
performed as before, but this time in the presence or absence of 5 µM MS275. As I
wanted to study how inhibition of HDACs would affect histone crotonylation dynamics,
when abemaciclib was removed after 48 h, MS275 was replenished in the cell culture
medium to a concentration of 1 µM. Using these conditions I probed and compared total
histone crotonylation (Kcr), H3K18cr and H3K18ac (Fig. 3.13). Intriguingly, when class I
HDACs were inhibited by MS275, G1-arrested cells did not show reduction in histone
crotonylation (Kcr), H3K18cr and H3K18ac (Fig. 3.13 – lane 10). Importantly, these
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marks were even elevated compared to asynchronous non-MS275-treated cells, which
significantly differs from the marked decrease in crotonylation and acetylation in the
absence of MS275 (Fig. 3.13 – lane 2). Therefore, histones do not undergo
decrotonylation during G1 when class I HDAC are inhibited. This shows that cell cyclelinked decrotonylation and deacetylation are, at least, partially regulated by the class I
HDACs – HDAC1 and HDAC3. Taken together, the results in sections 3.2.6 and 3.2.7
indicated a potential exciting link between histone crotonylation and the cell cycle, where
class I HDACs play an essential role in regulating both histone crotonylation and
acetylation.

Fig. 3.13. Histone crotonylation and H3K18ac are cell cycle regulated by class I HDACs.
Left panel: HCT116 cells were treated with 15 nM abemaciclib or DMSO (vehicle) for 48 h. Cell
cycle distribution at indicated time points after drug removal are shown. The corresponding
crotonylation, H3K18cr and H3K18ac levels were analysed by Western blot of whole cell extracts
using indicated antibodies.
Right panel: Same as left panel, but cells were treated with 15 nM abemaciclib and 5 µM MS275
for 48 h. After 48 h these drugs were washed out and cells were treated with 1 µM MS275.
Samples were taken at indicated time points. Relative band intensities are calculated using H3
as a loading control and are normalised to the DMSO control (lane 1). Kcr levels are determined
as the combined band intensities of crotonylation on H3 and H4.
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The findings in 3.2.6 and 3.2.7 are summarised in Fig. 3.14. The cancer drug abemacilib
induces G1 block in HCT116 cells by inhibiting the cyclin dependent kinases CDK4 and
CDK6 (Fig. 3.14a). When inhibited they fail to phosphorylate the protein retinoblastoma
(RB), which is essential for entering S-phase. During G1 arrest histone crotonylation
levels are reduced. When cells start accumulating in S-phase after drug removal histone
crotonylation levels go back up again. However, in cells treated with both abemaciclib
and the class I HDAC inhibitor MS275, histone crotonylation levels were elevated during
G1 block (Fig. 3.14b). This MS275-mediated increase in crotonylation in cells arrested
in G1, indicated decrotonylation is class I HDAC-dependent.

Fig. 3.14. Cell-cycle coupled histone crotonylation regulation. (a) Abemaciclib arrests
HCT116 cells in G1 by inhibiting CDK4/6, which normally phosphorylate retinoblastoma protein
(RB). RB’s phosphorylated version (RBP) is required for S-phase entry. Histone crotonylation
(Hcr) is downregulated in cells blocked in G1 and is restored when abemaciclib is removed and
cell progress through S-phase. (b) In the presence of MS275 and abemaciclib, HCT116 cells
arrest in G1, but histone crotonylation is upregulated.
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3.2.8 H3K18cr does not co-localise with mid S-phase replication forks
Upregulation of crotonylation at early S phase may suggest it has a function in DNA
replication. Crotonylation’s physical properties allow for a weakening of the histone-DNA
interactions and a more open chromatin conformation. Thus, I hypothesised that the role
of histone crotonylation in the cell cycle might be its involvement in nucleosome eviction
and deposition during chromatin replication. If so, I would expect crotonylation to occur
at or in proximity of sites of active replication. To investigate the possible interaction of
crotonylated histones with replication-associated processes and its machinery, I first
labelled active replication sites using the thymidine analogue 5-ethynyl-2′-deoxyuridine
(EdU). EdU is readily incorporated into DNA during replication and can easily be detected
through its reactivity with fluorescent azides in “click” chemistry reactions (Salic and
Mitchison, 2008). It can be used to pinpoint sites of active replication by a short “pulse”
label of newly synthesised DNA.
To label replication foci in HCT116 cells, I incubated them with 10 µM EdU for 1 h and
then fluorescently labelled the nucleoside analogue with Alexa Fluor® 647 azide. I could
observe distinct foci of newly incorporated EdU, showing that the assay is working and
1 h is sufficient time for detecting replication foci in HCT116 cells (Fig. 3.15 a).
To more precisely locate regions of DNA undergoing replication actively, I reduced the
pulse-labelling time to 20 min, which is commonly used to label nascent DNA (Salic and
Mitchison, 2008; Bradford and Clarke, 2011).

The short period of time for EdU

incorporation would allow for more accurate detection of actively replicating DNA
hotspots. As a confirmation that EdU labels replication sites, the cells were co-stained
for the proliferating cell nuclear antigen (PCNA), an essential component of the
replication machinery, which tethers the polymerase to the DNA template and ensures
efficient DNA synthesis (Kelman, 1997). It functions as a sliding clamp for DNA
polymerase and remains associated with the DNA following replication until unloaded by
replication factor C (RFC). An overlay of the two signals confirmed the strong colocalisation of EdU-labelled DNA with nuclear PCNA, validating my approach (Fig. 3.15
b).
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Fig. 3.15. EdU pulse labels replication fork loci. Confocal imaging of HCT116 cells pulselabelled with (a) EdU for 1 h and chemically coupled to Alexa Fluor 647 picolyl azide (red). (b)
EdU for 20 min and chemically coupled to Alexa Fluor 647 picolyl azide (red) and with AlexaFluor
488 secondary staining on primary anti-PCNA antibody (green). Scale bars are 2 µm.
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To test if sites of histone crotonylation co-localise with replication forks, HCT116 cells
were pulse-labelled with EdU for 20 min to indicate replication foci and were antibodylabelled for H3K18cr. An overlay of the EdU and H3K18cr signals revealed no overlap
between the two or an obvious positive correlation between strength of EdU signal and
H3K18cr intensity (Fig. 3.16). Interestingly, however, the strong co-localisation of
clusters of EdU and DAPI foci suggested that the analysed cells were already in mid to
late S-phase, when heterochromatin is typically replicated (O’Keefe, Henderson and
Spector, 1992; Taddei et al., 1999). Therefore, the exlsuion of H3K18cr signal of sites of
heterochromatin replication could indicate that this modification has already been
already laid out at the time of analysis. This allows interpretation of the observed
H3K18cr pattern as one established during early S-phase. H3K18cr is not closely
associated with the heterochromatin replication fork machinery but it could be found in
association with chromatin replicated in early S-phase. Thus, further investigation into
the role of crotonylation in replication is required to establish its role in this chromatin
replication.

Fig. 3.16. H3K18cr is does not overlap with replication fork foci. Confocal imaging of HCT116
cells pulse-labelled with EdU and chemically coupled to Alexa Fluor 647 picolyl azide (red) and
with AlexaFluor 488 secondary staining on primary pan-crotonyllysine antibody (green). Scale
bars are 2 µm.
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3.2.9 Crotonate can influence the cell cycle
Histone crotonylation regulation is linked to the cell cycle and potentially DNA replication
during S-phase (Fig. 3.10, Fig. 3.11, Fig. 3.13). This prompted me to question if
perturbations in histone crotonylation may have an impact on cell cycle dynamics and
proliferation rate. I wanted to assess if increased global histone crotonylation would alter
the rate at which HCT116 cells go through the cell cycle by promoting S-phase entry. To
do this, I measured cell replication and cell cycle profiles in cells treated with 5 mM
crotonate, which promotes bulk histone crotonylation (Fig. 3.3), and compared those to
non-treated cells.
Since I detect changes in crotonylation within 16 h of crotonate addition (Fig. 3.3), I
started probing cells at short periods after treatment. Three biological replicates per
condition were measured, averaged and plotted out (Fig. 3.17). An initial time-course
spanning the first 48 h after treatment did not reveal any significant differences in
proliferation (Fig. 3.17 a). Since 48 h may have been too short to detect a measurable
effect, even though HCT116 cells would have gone through several rounds of replication
for that time, I extended the time-course experiment to 96 h. Nonetheless, there were no
crotonate-induced changes in cell numbers even after 96 h (Fig. 3.17 b), providing no
evidence for crotonate-induced cell proliferation changes.
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Fig. 3.17 Effect of crotonic acid supplementation on cell cycle and proliferation. HCT116
cells were treated with 5 mM sodium crotonate or left non-treated (control) and cell numbers
together with cell cycle profiles measured at indicated times after treatment. (a) and (b) show
average cell numbers against time in two separate experiments (Experiment 1 and Experiment
2); each cell count was measured three times and three biological replicates per time-point were
used. (c) and (d) display average cell cycle profiles of cells from (a) and (b), respectively.
Statistically significant results of unpaired t –test are quoted. Error bars are SEM.

The cell cycle dynamics of crotonate-fed cells differed slightly from that of control cells in
culture 16 h post-treatment with a smaller proportion of cells in G1 compared to control
(Fig. 3.17 c). This trend became more apparent after 22 h when the treatment group had
more cells in G2/M and fewer cells in G1 compare to control. In 48 h significant
differences in the proportions of cells in S phase were detected with a higher percentage
in the control group. In a follow-up experiment, cell cycle profiles were analysed for up
to 48 h after crotonate addition and they partially corroborated the results in Fig. 3.17c.
Analogously to the first experiment, the second one revealed a significantly higher
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proportion of cells in S phase and lower in G1 in crotonate treated cells after 24 h. No
significant changes were identified 48 h post-treatment (Fig. 3.17d).
These cell cycle experiments suggest that crotonate might have a moderate, but
significant effect on cell cycle progression in HCT116 cells by stimulating cells to leave
G1 and progress to S and G1/M. These effects are very rapid, detectable after 16 h,
most strongly identified after 24 h and diminished 48 h after crotonate addition.

Discussion
3.3.1 Histone crotonylation is present in the intestinal epithelium
In this chapter I demonstrate that histone crotonylation can be found in the mouse colon
and small intestine epithelium, pointing to a physiologically relevant role of this
modification in the mammalian intestinal epithelium. Crotonylation on H4K8 appears to
mark most strongly the proliferative compartments of the epithelium – the crypts (Fig.
3.2). The base of the intestinal crypts are composed of continuously dividing crypt base
columnar (CBC) cells which make up the pool of epithelial cells of the tissue. In-between
the CBC cells, there are Paneth cells, which protect the stem cells. Above the CBC and
Paneth cells are positioned the lineage committed transit-amplifying (TA) cells, which
also divide very rapidly. The observation that histone crotonylation is enriched in cells of
the intestinal crypt base is exciting, as it may suggest a role of histone crotonylation
maintaining this stem cell pool in some way. Together with the fact that I identify an Sphase dependent increase in crotonylation (Fig. 3.10, Fig. 3.11), could indicate that this
epigenetic mark has a role in chromatin replication. Analysing FACS-sorted LGR5positive cells intestinal cells for crotonylation compared to the remaining cells of the
epithelium would indicate association between crotonylation and crypt stem cells. LRG5
is a stem cell marker in multiple tissues and is a well-established characteristic of
intestinal crypt stem cells (Barker et al., 2007; Barker and Clevers, 2010). Moreover,
histone crotonylation has been implicated in stem cell biology as it aided induced
pluripotency through telomere gene regulation (Fu et al., 2018). Thus, crotonylation may
be linked to stem cell maintenance and renewal in the intestinal epithelium.
3.3.2 The SCFA crotonate promotes histone crotonylation
I also show that the SCFA crotonate promotes histone crotonylation in the colon epithelial
cell line HCT116 (Fig. 3.3). The observed elevation in histone crotonylation with 5 mM of
sodium crotonate is modest, but consistent. Unexpectedly, crotonate was efficient in
promoting acetylation on H3K18. These results differ from what had previously been
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described for HeLa cells, where a number of concentrations in the range of 2.5 - 10 mM
crotonate led to a dose-dependent increase in H3K18cr and did not alter H3K18ac
(Sabari et al., 2015). Here, however, I probe total histone crotonylation, which may be
more saturated than H3K18cr and less prone to metabolic perturbations. Since the pan
lysine crotonylation antibody detects a range of crotonylation marks, it may be harder to
detect changes on specific residues. These residue-specific changes will be reflected as
subtler modulations in the total abundance of crotonylation. Furthermore, SCFA exist in
significantly higher concentrations in the intestinal lumen – between 20 – 140 mM
depending on the type of SCFA and the part of the intestine (Topping and Clifton, 2001;
Wong et al., 2006). Thus, in a physiologically relevant environment SCFA may have the
potential to induce a much stronger effect. The observation that crotonate increases
crotonylation and acetylation at the same time was unanticipated. If crotonate alters
crotonylation directly by being metabolised down to crotonyl-CoA, then it is unclear how
it would contribute to histone acetylation. Alternatively, crotonate, in addition to
sustaining the acyl-CoA pool may be acting, similarly to butyrate, through inhibiting
HDACs to promote acetylation. Indeed, in vitro assays show that crotonate inhibits
HDAC1 deacetylation and decrotonylation activity, similarly to butyrate and trichostatin
A (TSA) (Fellows et al., 2018). This would explain its simultaneous action on
crotonylation and acetylation. The reproducibility of this effect of crotonate on histone
acetylation would need to be validated.
3.3.3 Histone crotonylation is regulated by class I HDACs
Additionally, through chemical inhibition and protein overexpression experiments, I show
that histone crotonylation is negatively regulated by class I HDACs (Fig. 3.3, Fig. 3.4).
These findings have been further validated in the Varga-Weisz lab and presented in
Fellows et al., 2018. Our finding is verified by Wei et al, where they demonstrate that
class I HDACs, rather than the SIRTs, are the major histone decrotonylases (Wei, Liu,
et al., 2017). These discoveries are further confirmed by Kelly and colleagues who show
that HDAC1 and 2 are primary regulators of histone crotonylation (Kelly et al., 2018).
Together the above findings demonstrate two different mechanisms of regulation of
histone crotonylation - one through SCFA metabolism and the other one through
decrotonylation by HDACs. Intriguingly, my work here shows that they have the capacity
to act together to alter histone crotonylation. This was demonstrated when crotonate and
MS275 were used in parallel and had a markedly stronger additive effect from when used
independently. Moreover, Kcr and H3K18ac showed very similar patterns of response to
crotonate and MS275 treatments, suggesting a large overlap between the mechanisms
involved in regulating them.
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3.3.4 Genome-wide distribution of H3K18cr and H3K18ac and their regulation by
class I HDACs
As it was shown previously for macrophages, H3K18cr and H3K18ac show a remarkable
co-localisation on a genome-wide scale in HCT116 cells, primarily occupying geneassociated features – gene bodies and TSS (Sabari et al., 2015).This close association
with genes and gene regulatory sequences, particularly TSS, points to a function of
H3K18cr in gene expression regulation (Fig. 3.5). The strong overlap with H3K18ac may
imply they share similar roles in chromatin biology.
Class I HDAC inhibition led to a global increase in both crotonylation and acetylation on
H3K18 and their spread into intergenic regions, as judged by the relative decrease in
enrichment of the marks over genes (Fig. 3.6). A possible explanation for this is the
genome-wide increase of the marks and, hence, a relative reduction of ChIP-seq signal
on MACS peaks and TSS. ChIP-seq is a technique which measures the enrichment of
DNA sites marked by the presence of a particular protein or mark relative to their
genome-wide distribution. Since I have shown that global histone crotonylation and
H3K18ac are promoted by HDAC inhibition (Fig. 3.3), it is plausible to hypothesise that
the decrease in reads over MACS-detected peaks in MS275-treated cells is due to the
genome wide increase of these marks outside of gene-associated regions. Furthermore,
ChIP-qPCR analysis revealed a relative increase of H3K18cr in a number of genomic
loci tested (Fig. 3.9). ChIP-qPCR is an assay that measures enrichment of
immunoprecipitated sequences over defined loci and is independent of the genome-wide
levels of the precipitated mark or protein. Thus, qPCR provides an alternative method to
measuring enrichment that does not depend on relative quantitation across the genome.
The H3K18cr ChIP-qPCR results confirm that class I HDAC inhibition by MS275, indeed,
promoted histone crotonylation when measured over specific loci. Thus, the drop in read
counts over peaks as measured by ChIP-seq might be due to quantitation of enrichment
relative to the genome-wide availability of the mark.
No significant proportion of new gained and lost ChIP peaks were identified on MS275
treatment (Fig. 3.7). An exception seemed to be a handful of peaks that were
differentially enriched between H3K18cr and H3K18ac on MS275, but not in control cells
(Fig. 3.8). The detected differences appeared to be mostly changes in the mark’s
enrichment intensity relative to the rest of the genome. Hence, HDAC inhibition did not
cause a change in the genome-wide localisation of peaks of enrichment of H3K18cr and
H3K18ac. Instead, MS275 led to a change in the marks’ relative levels across the
genome caused by an increase outside of gene-associated loci. This is a potentially
abnormal distribution caused by the inhibition of enzymes that would normally keep
crotonylation and acetylation enriched within genes. Perhaps, typically HADCs limit the
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spread of these marks into intergenic regions by balancing out the action of the writer
enzymes, e.g. HATs.
MS275 induces a remarkable number of changes in H3K18ac with nearly a third of the
all MACS peaks undergoing a change in the amount of signal upon treatment. It also had
a very pronounced effect on H3K18cr, altering close to 10 % of peaks, confirming class
I HDAC’s capacity to decrotonylate H3K18 (Fig. 3.7). MS275 also induced a markedly
different amount of changes in acetylation and crotonylation at H3K18. The fact that
HDAC inhibition causes more changes in acetylation than crotonylation could mean that
these enzymes are more potent in deacetylating than decrotonylating. Another
explanation could be that acetylation is more abundant and is, therefore, found as a more
readily available substrate for HDACs.
The relatively small amount of differences (about 3 %) between H3K18cr and H3K18ac
in the control (DMSO) samples are almost completely eliminated upon HDAC inhibition
(Fig. 3.8). This interesting result implies that class I HDACs have a differential impact on
the two marks and their inhibition leads to diminishing of these dissimilarities. The fewer
differentially enriched sites between H3K18ac and H3K18cr could be caused by this
MS275 ‘equalising effect’ on the two marks. Alternatively, a set of peaks could have
remained under the detection threshold due to a larger spread between replicates in the
MS275 group.
Genes that were more enriched in acetylation than crotonylation on H3K18 were
associated with translation, RNA processing and metabolism, genome regulation (Fig.
3.8). The remarkable correlation of the marks suggests common regulatory mechanisms.
This indicates a putative and overlooked role of H3K18cr in the many pathology-relevant
contexts in which H3K18ac has been implicated, including cancer, bacterial and viral
infections, and age-related cellular dysfunctions (Horwitz et al., 2008; Barber et al.,
2012; Eskandarian et al., 2013; Tasselli et al., 2016a).
One of the technical limitations of ChIP-seq is that it is not quantitatively comparable
between different experiments without implementation of specific procedures, such as
spike-in controls. This is because the measured enrichment in a ChIP depends on a
range of variables which can differ largely between individual experiments (Clayton,
Hazzalin and Mahadevan, 2006). One important factor is the enrichment efficiency in the
immunoprecipitation step dependant on antibody specificity and efficacy. That is why
ChIPs performed with different antibodies should be compared with caution, as
differences may simply reflect antibody efficiency. This is particularly relevant in cases
where no pronounced qualitative changes are observed and the comparative analysis
relies on quantitative differences. Therefore, when H3K18ac with H3K18cr ChIP-seq are
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compared, the potential technical variance in the detectable signal and, hence,
measurable changes should be considered. A way to overcome this limitation is to use
Drosophila chromatin spike-in controls that would serve as a reference and allow for a
relative quantitation between samples (Orlando et al., 2014).
3.3.5 Histone crotonylation at heterochromatin
HDAC inhibition also resulted in enrichment of H3K18cr over repetitive sequences of
constitutive centric or pericentric heterochromatin (Fig. 3.9). The pericentric satellite
sequences are essential for genome stability and their transcriptional silencing through
deacetylation of H3K18ac has been shown to protect from mitotic defects and cellular
senescence

(Tasselli

et

al.,

2016a).

Furthermore,

HDAC

inhibition

causes

hyperacetylation of centromeric heterochromatin, which leads to its disruption and to
chromosome segregation defects (Taddei et al., 2001). My data suggests that apart from
deacetylation, histone decrotonylation may also be implemented in the maintenance of
these heterochromatin regions. Thus, crotonylation may contribute to the associated
abnormalities when deregulated. The MS275-induced increase of H3K18cr at satellite
repeats led me to infer a role for histone crotonylation in processes associated with
HDAC functions at heterochromatin. It also led me to propose that HDAC inhibition
influences

chromosome

segregation

and

mitosis

not

only

due

to

histone

hyperacetylation, but also hypercrotonylation at heterochromatin (Cimini et al., 2003;
Tasselli et al., 2016a). To further investigate crotonylation in such genomic regions, it
would be interesting to specifically look at ChIP signal at various repeat sequence
classes.
3.3.6 Histone crotonylation during the cell cycle
Through cell cycle synchronisation and release experiments I demonstrate that histone
crotonylation is cell-cycle regulated (Fig. 3.10, Fig. 3.11). I also provide evidence that
G1-dependent histone decrotonylation is performed mainly by class I HDACs (
Fig. 3.13). HDACs have an important role in replication fork and cell cycle progression
and their deregulation causes cell-cycle-related dysfunctions (Bhaskara et al., 2008;
Bhaskara, Jacques, James R Rusche, et al., 2013; Jamaladdin et al., 2014). The HDACmediated decrotonylation in G1 and the increase in crotonylation in S phase, led me to
infer a role for crotonylation in chromatin replication. EdU pulse-label experiments did
not reveal a close association of H3K18cr with mid to late S-phase replication forks, but
suggest it is rather a modification established during early S-phase (Fig. 3.16). However,
further investigation of crotonylation’s link to replication is needed. More detailed studies
could include a comparison with acetylation and other crotonylation marks on histones
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H3 and H4. A more elegant approach to studying replication could involve cell cycle
synchronisation of cells into S phase with concomitant EdU labelling and immunostaining
for the desired histone marks. S-phase synchronisation would make replication forks a
more frequent event at the time of observation and, hence, easier to examine.
Alternatively, EdU-labelled cells can be FACS sorted according to levels of EdUincorporation for early-, mid- or late-S phase and probed in for histone crotonylation via
Western blot analysis. Furthermore, a direct flow cytometry analysis with EdU and
crotonyllysine labelled residue(s) could identify if EdU-high/low populations overlap with
crotonylation-high/low ones.
Another way to approach the link with replicating chromatin is to investigate if histones
get

crotonylated

in

the

cytoplasm,

i.e.

if

newly-synthesised

histones

get

(hyper)crotonylated, as it is for H3K18ac (Jasencakova et al., 2010). One way to do that
is to isolate the cytoplasmic and nuclear fractions of cells and analyse them for levels of
crotonylated histones. If histones do get crotonylated in the cytoplasm, perhaps,
identifying cytoplasmic factors that establish this mark by immunoprecipitation would be
of interest.
Finally, I present data that suggests crotonate supplementation of cells in culture, known
to promote histone crotonylation, may influence the cell cycle. To be able to more
intricately resolve the action of crotonate on cell cycle and proliferation, synchronisation
experiments in the presence and absence of crotonate may be more suitable. Increasing
the working concentration of crotonate to match more closely that of physiologically
relevant concentrations of related SCFA in the gut in vivo may have a more pronounced
effect. However, SCFA are also nutrients and global unspecific effects of crotonate
supplementation on proliferation cannot be ruled out thus far.
In summary, even though my data does not provide a direct link between changes in
histone crotonylation and cell cycle regulation, it suggests this epigenetic mark may be
functionally linked to chromatin replication and heterochromatin maintenance.

Altogether, the results presented in this chapter provide new insights into molecular
mechanisms of histone crotonylation regulation and function with important relevance to
intestinal physiology.
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4 An unbiased screen identifies selective
crotonylated histone interacting factors

Introduction
In chapter 3, I have demonstrated mechanisms of upstream regulation of histone
crotonylation and presented evidence for the physiological context and cellular functions
it might be involved in. To better understand its molecular role and how it mediates these
cellular responses, it was essential to investigate the chromatin readout of histone
crotonylation. Despite the growing understanding about the mechanisms involved in
histone crotonylation regulation, a lot about its downstream functional readout remains
elusive. HPTM recognition by effector molecules is a key mechanism of regulation of
gene expression and chromatin dynamics. Thus, a pivotal step for unravelling the
biological role of histone crotonylation is to characterise crotonyl-interacting factors
(readers).
The importance of identifying selective histone acylation readers is highlighted by the
growing evidence that many of the regulatory mechanisms behind a number of shortchain lysine acylations are overlapping (Sabari et al., 2017; Zhao, Zhang and Li, 2018;
Barnes, English and Cowley, 2019). This is demonstrated by the promiscuity of the HAT
writer enzymes, as many of them have been found to accept various acyl-CoAs to
establish distinct acylations. Examples of such ‘promiscuous’ HATs include P300, PCAF,
GCN5, MOF, MOZ (Barnes, English and Cowley, 2019). Similarly, several erasers
(HDACs) have been shown to have the capacity to remove different acyl moieties,
including HDAC1,2,3 and SIRT1,2,3 among others (Sabari et al., 2017; Barnes, English
and Cowley, 2019). This suggests that a mark’s abundance could be primarily dependent
on the intracellular availability of its corresponding acyl-CoA, in addition to the catalytic
activities for the various substrates. On their own, the common mechanisms of histone
acylation establishment and removal may not able to provide the selectivity in genome
regulation that is potentially encoded by the diversity of histone acylations. Many variant
acylations occur at the same histone residues (H. Huang et al., 2014; Barnes, English
and Cowley, 2019) and co-localise in the genome, as suggested by my and other’s
H3K18 ChIP-seq data (Sabari et al., 2015). Thus, genomic location is not likely to define
discrete roles for alternative acylations, either. That is why a plethora of functionally
diverse outcomes is likely to be achieved through the activity of selective ‘reader’
proteins. Recognition by effector molecules could, therefore, allow for the fine-tuning of
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cellular responses to external stimuli, such as the metabolic environment. Thus, to shed
light on the molecular readout of histone crotonylation, identification of crotonylinteracting factors is key.
It was important to identify crotonyl-interacting factors by a non-biased approach, as such
a study had not been conducted to date. An unbiased platform for the identification of
proteins with crotonyl-binding affinity would significantly distinguish my approach from
those in previous works and provide an unprecedented insight into the molecular role of
crotonylation. Previous studies investigating histone crotonylation readers had been
centred on known acetyl-interacting proteins. The emphasis of many of these reports
have been on structural studies of the interactions of acetyl reader proteins with their
substrate and empirical predictions about their capacity for recognition of different acyl
moieties (Andrews et al., 2016; Li, Sabari, et al., 2016; Xiong et al., 2016; Zhao et al.,
2016). This is also reflected by the fact that no unique crotonyl-specific interactors, not
previously known as acetylation readers, have been uncovered. The specificity of the
known crotonylation readers is based on their differential affinity for the distinct acyl
moieties. Furthermore, these studies have been largely based on in vitro biochemical
assays and are potentially ignoring the significance of the relevant cellular context. In
vitro approaches might have missed important native interactions reliant on the activity
of full complexes or other physiological parameters. Therefore, a large-scale assay using
whole fractions of the cellular proteome could discover new crotonyl-interacting factors
and could shed light on the molecular and biological function of histone crotonylation.
I am particularly interested in identifying factors that can recognise crotonylated over
acetylated histones. A distinction between the roles of these two marks in chromatin
biology could depend on their differential recognition by effector molecules. Focusing my
study on distinguishing between acetylation and crotonylation readers by a direct
comparison could provide the functional basis for uncovering their functional differences.
Moreover, due to the high structural similarity, an overlap between the interacting
partners can be anticipated, which further highlights the importance of direct comparative
analysis as a key method for disentangling the functions of different acylations.
Protein-protein interactions through histone acetylation are generally relatively transient
and weak, in comparison to those mediated by other HPTMs, for instance methylation
(Barbieri, Cannizzaro and Dawson, 2013). Thus, I assumed that the readout of histone
crotonylation was of a similar dynamic nature. This prompted me to consider a more
sensitive and robust technique for protein interaction identification. The structural
similarity between the crotonyl and the acetyl groups, in combination with the existing
knowledge about their readers, suggested a large overlap of interactors and implied that
selectivity might reflect differential affinity for the acyl groups (Andrews et al., 2016; Li,
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Sabari, et al., 2016; Xiong et al., 2016; Zhao et al., 2016). To detect subtle dissimilarities,
a more quantitative assay for the identification of unique crotonylation readers, as
opposed to a purely ‘presence – absence’ detection, was required. This led me to utilise
a well-established method to detect novel chromatin readers using stable isotope
labelling with amino acids in cells in culture (SILAC) coupled to quantitative massspectrometry (qMS). SILAC-qMS provides a way to differentiate between protein
interactomes efficiently.
SILAC employs metabolic labelling of proteins with stable isotopes in vivo and allows for
the MS processing and quantification of several differently treated samples at the same
time, minimising technical bias introduced from different MS runs. This contributes to the
quantitative capacity of this proteomics technique, enabling the relative quantification of
proteins within differentially labelled samples. A selection of heavy isotope-labelled
amino acids are added to growing cells in culture to specifically mark all peptides derived
from the sample’s proteins. Importantly, the mass alteration associated with the heavy
isotopes is small enough to preserve the overall function of the proteins and elution
properties of their peptides (Ong et al., 2002; Chen et al., 2015).
We have previously identified H3K18 as the most abundant crotonylation mark on
histone H3 in the mouse colon and small intestine and characterised it using ChIP-seq
(Fellows et al., 2018). This revealed its association with TSS, suggestive of its role in
gene regulation. Additionally, immunohistochemistry on mouse colon and small intestine
showed that H4K8 is crotonylated in the intestinal epithelium and Western blot analysis
of colon tissue revealed that it responds to microbiota-depletion by antibiotics (Fellows
et al., 2018). As H3K18cr and H4K8cr are marks with potential important functions in the
gut, my screen was focused on identifying and characterising molecules that recognise
these marks.
Whether the acyl-mediated interactions at H3K18 and H4K8 are going to be largely
overlapping or distinct is difficult to predict. Modes of acetylation recognition
bromodomains (BRD), for instance, suggest that there are not many site-specific BRD
binders (Filippakopoulos et al., 2012; Barbieri, Cannizzaro and Dawson, 2013) . Most
BRD modules have been shown to target several histone acetylation sites and
sometimes to bind them tandem. Thus, H3K18- and H4K8-specific acetylation
interactions are not extremely well defined. There are several BRD-containing proteins
known to recognise only one or the other, but always in addition to other marks, too.
Some of examples include PCAF, SMARCA4, GCN5, BRG1, TAF1 for H4K8ac and
TRIM33 and PBRM1 for H3K18ac (Barbieri, Cannizzaro and Dawson, 2013; Gong, Chiu
and Miller, 2016). Additionally, there are some BRDs capable of binding both H4K8ac
and H3K18ac, such as BRDT (Barbieri, Cannizzaro and Dawson, 2013; Gong, Chiu and
Elena Ignatova Stoyanova

93

Insights into the molecular mechanisms of function and regulation of histone crotonylation

Miller, 2016). The known crotonylation readers of the YEATS-containing protein families
have generally demonstrated promiscuity in crotonylated site recognition (Li, Sabari, et
al., 2016; Xiong et al., 2016). The AF9 YEATS domain could bind H3K18cr, as well as
H3K9cr and H3K27cr (Li, Sabari, et al., 2016). The DPF domain of MOZ, on the other
hand, exhibited marked specificity for H3K14cr (Xiong et al., 2016). The only known
reader of crotonylated H4K8 are the BRDs TAF1 and TAF1L that bound dicrotonylated
H4K5crK8cr (Flynn et al., 2015). However, the lack of other known binders of H4K8cr
could be attributed to the fact that this peptide was not typically tested for crotonyl
interactions (Andrews et al., 2016; Li, Sabari, et al., 2016; Xiong et al., 2016; Zhao et al.,
2016). Thus, it could be that H3K18cr and H4K8cr are bound by different sets of proteins,
which would reveal the marks’ distinct site-specific functions. Alternatively, if H3K18cr
and H4K8cr interacting factors overlap, they could serve as replicates to increase
confidence of interactions.

Results
4.2.1 SILAC-qMS analysis identifies specific crotonyl-readers candidate factors
The first step towards identifying candidate factors with an affinity for crotonylated
histones was to try and pinpoint proteins binding crotonylated, but not unmodified
histones. I obtained short synthetic purified human histone H3- and H4-derived peptides
either acetylated, crotonylated or unmodified at lysine 18 or lysine 8, respectively. All
peptides were biotinylated at their C-termini to allow for streptavidin-based affinity
purification. To test if there would be any highly specific and abundant candidate readers,
histone peptide pull-downs using either unmodified (un) or crotonylated (cr) H4K8
peptides were performed. Since the link between metabolism and epigenetics is
particularly exciting in the context of gut biology, nuclear lysates from the colon-derived
HCT116 cells were used as a source of ‘prey’ proteins. A comparison between the two
pull-downs followed by SDS-PAGE and silver staining did not reveal any evident distinct
bands (Fig. 8.1). As no highly specific and abundant crotonylation-specific factors were
identified when contrasted with unmodified H4K8 peptide, direct comparison with
acetylation was not attempted in this relatively crude assay. This suggested a more
sensitive method of detection may be needed for distinguishing the interaction partners
of the two differentially modified H4K8 residues.
SILAC pull-down experiments using differentially modified histone peptides and colon
epithelium-derived nuclear fractions, would compile a robust way to screen the nuclear
proteome for crotonylation readers. To do that, pull-down assays with crotonylated and
acetylated histone peptides and protein extracts from heavy and light isotope-labelled
HCT116 cultures were performed. By employing SILAC methodology, cells were fed with
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media containing 13C6, 15N2 – labelled lysine and arginine for several cell doublings. Once
the full incorporation of the isotope-marked amino acids was verified (Fig. 4.1), nuclear
extracts prepared from the heavy-labelled cells were used in pull-downs with the
H4K8crotonyl peptide and the light extracts (12C6,

14

N2 - containing lysine and arginine)

– with the H4K8acetyl peptide. The two pull-downs were mixed and, following in-gel
trypsin digestion, analysed via liquid chromatography and tandem mass spectrometry
(LC-MS/MS). Protein with at least two detected peptides, of which at least one was
unique and with a SILAC ratio count of more than one were considered as ‘hits’. The
Coomassie Blue-stained gels with sample fractionation schemes are presented in the
Appendices in Fig. 8.3. The ratios between heavy and light labelled proteins enabled the
relative quantitative comparison between the two pools of pulled-down factors.

Fig. 4.1 High-rate incorporation of labelled amino acids into the HCT116. Proportion of
peptides carrying heavy 13C, 15N – containing lysine and arginine in whole cell protein extracts
from metabolically labelled HCT116 cells, as measured by LC-MS. Incorporation rate is close to
99 %.

Interactions at all three differentially modified tails (unmodified, acetylated and
crotonylated) of each peptide (H3K18 or H4K8) were compared in a total of six
experiments. The aim was to distinguish readers with affinity for acetylated over
unmodified, crotonylated over unmodified and crotonylated over acetylated histones. A
‘Forward’ and ‘Reverse’ sample of each experiment were generated, according to
standard SILAC procedures. Typically, in the Forward pull-down, the peptide of interest
is incubated with the heavy-labelled extract, while the control peptide is used to pull down
from the light extract. In the Reverse sample the baits are swapped and used to ‘fish out’
from the opposite protein pools. In this way, the Forward and Reverse samples serve as
replicates for each other. The SILAC method relies on detecting proteins with heavy-toElena Ignatova Stoyanova
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light (H/L) SILAC ratios considerably different from 1, as non-specific (background)
binders are expected to be found in similar amounts in all pull-downs and only ‘true’
interactors will be enriched with a specific bait. This assumption relies on the premise
that all proteins are present in similar quantities in both light and heavy-labelled culture
extracts, where the differences in the culture conditions do not affect overall protein
expression. However, some of the SILAC ratio distributions in my experiments deviated
from 1 with a relatively strong bias towards light (i.e. H/L < 1), suggesting a ‘light’ protein
bias (Fig. 8.4, Fig. 8.5). To normalise the distributions, a linear transformation was
applied to each sample independently, where each value was multiplied by a constant
factor, bringing the distribution mean to 1 (Fig. 8.4, Fig. 8.5).
Plotting the H/L SILAC ratios of the proteins in the Forward samples against their L/H
SILAC ratios in the Reverse revealed a negative correlation between them (Fig. 4.2).
Nonetheless, in experiments comparing interactions with acetylated and unmodified
H4K8 and H3K18, there was a number of factors significantly enriched (at least 1.5-fold)
with acetylation in both Forward and Reverse samples (Fig. 4.2a, b). Among the enriched
proteins with both acetylated H4K8 and H3K18 was BRD9, a bromodomain protein, and
the subunit of the TIP60 complex histone acetyltransferase EP400. In H4K8acetyl pulldowns the BRD9-interacting proteins GLTSCR1 and GLTSCR1L, collectively referred to
GLTSCR1/1L, were identified, too (Fig. 4.2b). Together they are part of the distinct
subtype of the SWI/SNF chromatin remodelling complex ncBAF (non-canonical BAF
complex) or GBAF (after its characteristic subunits GLTSCR1/1L) (Alpsoy and
Dykhuizen, 2018). Interestingly, a combination of these proteins were also depleted in
pull-downs with crotonylated over acetylated peptides, indicating specificity for
acetyllysine (Fig. 4.2e, f). These were BRD9 and GLTSCR1/1L for H4K8 and BRD9 (Fig.
4.2f) and GLTSCR1 for H3K18 (Fig. 4.2e). Their depletion from crotonyl pull-downs
suggested these proteins and, perhaps, the complexes they are part of, are excluded
from crotonylated histones.
Two factors of the TIP60 complex - EP400 and DMAP1, were enriched in pull-downs
with crotonylated compared to unmodified H3K18 (Fig. 4.2c). Intriguingly, DMAP1 was
not identified in pull-downs with acetylated H3K18 (Fig. 4.2a). Even though it was not
enriched with crotonylated over acetylated H3K18 (Fig. 4.2c), the fact that DMAP1 was
pulled-downed by H3K18cr, but not by H3K18ac may suggest some specificity of DMAP1
for H3K18cr. The fact that EP400 is simultaneously found to interact with both
crotonylated and acetylated peptides suggested that its binding capacity could extend to
crotonyllysine. As EP400 is neither enriched nor depleted in pull-downs where crotonyl
and acetyl interactions are compared, it might not have a specific preference for either
acyl. There were no factors enriched 1.5-fold or more with H4K8cr over H4K8un (Fig.
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4.2d). Furthermore, no enriched proteins with crotonylated over acetylated H4K8 and
H3K18 were identified (Fig. 4.2e,f). This suggested no highly specific crotonyl interactors
that could be detected in this assay.

Fig. 4.2. H3K18 and H4K8 SILAC experiments reveal acetyl-versus crotonyl-specific
interactions. Scatter plots of single SILAC experiments of normalised log2 Forward heavy/light
(H/L) ratios against log2 Reverse light/heavy (L/H) ratios of pull-downs where (a) H3K18ac is
compared to H3K18un; (b) H4K8ac is compared to H4K8un; (c) H3K18cr is compared to
H3K18un; (d) H4K8cr is compared to H4K8un; (e) H3K18cr is compared to H3K18ac; (f) H4K8cr
is compared to H4K8ac pull-downs. Proteins with Forward H/L and Reverse L/H ratios larger than
1.5 were considered enriched and are in green. Proteins with Forward H/L and Reverse L/H ratios
smaller than -1.5 were considered depleted and are in orange. Names of relevant proteins are
labelled.
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I performed an additional set of pull-downs focusing on comparing crotonylated and
acetylated H4K8 binders in replicate experiments. The repeats were to allow for the
identification of factors with a lower affinity with higher confidence. Experiments were
performed in triplicate and 75 % (1082) of all detected proteins were identified in all three
Forward experiments (Fig. 4.3a). Similarly, 72 % (1053) of all measured proteins were
found in three Reverse pull-downs (Fig. 4.4a). Moreover, 90 % of proteins identified in
replicate Forward experiments were also detected in replicate Reverse pull-downs (Fig.
4.5a). This testified for the reproducibility between pull-downs.
Once again, the SILAC ratio distributions in all three experiments deviated from 1 with a
bias towards light (i.e. H/L < 1) (Fig. 4.3b, Fig. 4.4b). Normalisation through multiplication
by a constant factor brought the distribution means to 1 (Fig. 4.3c, Fig. 4.4c). The
transcriptional repressor SIN3B was very highly enriched in one of the Forward samples
(8.5-fold more than the second highest), but this enrichment was not reproduced in the
other two experiments. Grubbs’ test (GraphPad Prism) identified it as an outlier and
justified its exclusion from the analysis.
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Fig. 4.3. H4K8 Forward SILAC pull-downs reproducibility and ratio distributions. (a) Venn
diagram showing nearly 75 % overlap of all identified proteins in three replicate SILAC pull-down
experiments - samples A, B and C, where heavy-labelled HCT116 extracts were incubated with
H4K8cr and equivalent light extracts – with H4K8ac. (b) Histograms of SILAC ratio (heavy/light)
distributions in samples A, B and C reveal a bias towards ‘light’. Dotted vertical lines indicate
where H/L=1. (c) Histograms of SILAC ratio distributions from (b) adjusted to average at 1. Dotted
vertical lines indicate where H/L=1.
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Fig. 4.4. H4K8 Reverse SILAC pull-downs reproducibility and ratio distributions. (a) Venn
diagram showing 73 % overlap of all identified proteins in three replicate SILAC pull-down
experiments - samples A, B and C, where light-labelled HCT116 extracts were incubated with
H4K8cr and equivalent heavy extracts – with H4K8ac. (b) Histograms of SILAC ratio (heavy/light)
distributions in samples A, B and C reveal a bias towards ‘light’. Dotted vertical lines indicate
where L/H=1. (c) Histograms of SILAC ratio distributions from (b) adjusted to average at 1. Dotted
vertical lines indicate where L/H=1.

A similar anti-correlation between mean Forward and Reverse sample ratios was
observed (Fig. 4.5b). No proteins enriched with crotonylated over acetylated H4K8 were
identified. BRD9, however, was once again strongly depleted (Fig. 4.5b). As no crotonyl
specific interactors could be identified, I decided to consider the Forward and Reverse
sets of samples separately.
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Fig. 4.5. Exclusion of BRD9 from crotonylated H4K8 peptides and no crotonyl-specific
readers are identified in repeat H4K8 Forward and Reverse SILAC experiments. (a) Venn
diagram showing the overlap of proteins identified in three Forward pull-downs with protein
detected in three Reverse experiments; (b) Scatter plot of normalised mean log2 heavy/light (H/L)
Forward against mean log2 light/heavy (L/H) SILAC Reverse ratios of three H4K8crotonyl
compared to H4K8acetyl pull-downs.

The averaged log2 values of the three normalised H/L ratios were used to plot against a
corrected p-value of a one sample t-test comparing each ratio to the fixed value of 1 (Fig.
4.6). These revealed a relatively low fold enrichment of factors in the crotonyl pull-downs
(with a high H/L ratio), suggesting crotonyl-mediated interactions might be relatively
weak and, potentially, transient. The fold-depletion of proteins with high L/H ratio that
would correspond to specific acetylation binders was comparable to the fold-enrichment
of crotonyl binders. Only proteins with a fold enrichment of more than 1.5-fold and an
adjusted p-value (Benjamini-Hochberg multiple testing correction) of at least 0.05 were
considered as significantly enriched. This produced a list of 6 candidates for crotonylated
and 23 for acetylated H4K8 in the Forward (Fig. 4.6a) and 2 for crotoylated and 13 for
acetylated H4K8 from the Reverse set of pull-downs (Fig. 4.6b). Summary lists of the
identified ‘hits’ in these two experiments is presented in Table 4.1 and Table 4.2.
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Fig. 4.6. SILAC pull-down analysis of interactors with preference for H4K8cr versus
H4K8ac. Volcano plots showing average normalised SILAC ratios in 3 replicate SILAC H4K8cr
and H4K8ac pull-downs. (a) Average log2 heavy/light (H/L) ratios as measured by LC-MS/MS are
plotted against a negative log10 p-value of one sample t-test. BRD9 and CAVIN3 are below the
significance threshold of adjusted p-value = 0.05 and are in blue. (b) Average log2 light/heavy
(L/H) ratios as measured by LC-MS/MS are plotted against a negative log10 p-value of one
sample t-test. Proteins with an average H/L > 1.5 and with a p-value < 0.05 were considered
enriched. Candidates enriched with H4K8cr are in green, and in orange are enriched H4K8ac.
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Amongst the crotonylation-specific most strongly enriched factors in the Forward set of
samples were a group of mitochondrially-expressed enzymes - HADHA, HADHB
involved in β-oxidation of long-chain fatty acids, and IMPDH2 – in guanine nucleotide
biosynthesis (Fig. 4.6a, Table 4.1). Additionally, the endoplasmic reticulum (ER)associated sphingosine lipid lyase SGPL1 and the ribosomal protein RPL22 were also
identified. HADHA, HADHB and SGPL1 were potentially recruited by the fatty acidresembling structure of the crotonyl group. Most interestingly, the histone chaperone and
important chromatin factor DAXX (Death domain-associated protein) was significantly
enriched in H4K8crotonylation pull-downs (Dyer et al., 2017). The two factors enriched
with H4K8crotonyl in Reverse experiments were the cell adhesion protein SYMPK and
the splicing factor DDX39B (Fig. 4.6b, Table 4.1). A known crotonyl-interacting factor
and YEATS domain-containing protein, GAS41, was detected in two out of three Reverse
experiments.

Experiment

Forward

Protein

Function

Subcellular
localisation

HADHA

β-oxidation of longchain fatty acids

mitochondrial

(Maeyashiki et
al., 2017)

β-oxidation of longchain fatty acids

mitochondrial

(Orii
et
1997)

al.,

HADHB

de novo guanosine
biosynthesis

nuclear

(Pua
2017)

al.,

IMPDH2
SGPL1

sphingosine-1phosphate (S1P) lyase

ER

(Mitroi
2017)

RPL22

ribosomal; pre-mRNA
splicing

cytosolic,
nuclear

(Zhang et al.,
2017)

DAXX

histone
deposition;
transcription
regulation

cytosolic,
nuclear

SYMPK

pre-mRNA processing

nuclear

(Xiang
2010)

DDX39B

RNA helicase; mRNA
export, splicing and
translation

nuclear

(Awasthi et al.,
2018)

Reverse

Reference

et
et

al.,

(Salomoni and
Khelifi,
2006;
Lewis et al.,
2010)

et

al.,

Table 4.1. Proteins enriched in SILAC pull-downs with H4K8cr over H4K8ac peptides.
Proteins with mean normalised H4K8cr/H4K8ac SILAC ratio more than 1.5-fold and adjusted pvalue of at least 0.05 in three Forward and three Reverse experiments are considered crotonylinteracting candidate factors.
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The number of factors enriched with acetylated over crotonylated H4K8 tail peptide was
higher. In the Forward set, six of the enriched proteins were guanine nucleotide-binding
or G-proteins (GNAI1, GNAI3, GNB1, GNB2, GNG5, GNG12), nine were involved in
RNA-binding and processing (RBMX, RBM15, WTAP, ELAVL1, DDX39B, DHX9,
HNRNPK, HNRNPA3, LRPPRC), four in cell-cell adhesion (CTNND1, JUP, DSG,
SYMPK) (Fig. 4.6a, Table 4.2). Other enriched factors were ALDH18A1, which has a
role in proline biosynthesis, FLOT2 - a lipid raft scaffolding protein, CKAP5 - a
cytoskeletal protein, and GTF2I - general transcription factor II. Many of the proteins
sharing similar functions identified here, are also known to interact with each other either
in complexes or independently. In the Reverse set of experiments, there were 13 acetylassociated proteins (Fig. 4.6b, Table 4.2). These were the cytoskeletal CKAP4, the
ribosomal proteins RPL38 and RPS25, the acetyl-CoA carboxylase ACACA and the
general transcription factors TAF1, TAF4, TAF6, and TAF7. TAF1 is BRD-containing
protein and a known acetylation reader (Barbieri, Cannizzaro and Dawson, 2013).
Additionally, the SWI/SNF components ARID2 and PHD finger protein 10 (PHF10) were
also among the acetyl-interacting factors. PHF10 (PHD finger protein 10) harbours a
double PHD finger domain (DPF) which mediates interaction with acetylated lysines
(Makowski et al., 2018). The mitochondrial enzymes IMPDH2, HADHA, HADHB were
enriched with acetylated H4K8 this time, which highlights that they are likely just
background binders. Similarly, SYMPK found to interact with H4K8cr, was enriched with
H4K8ac in Forward experiments (Fig. 4.6a, Table 4.2).

Experiment

Protein

Function

Subcellular
localisation

GNAI1
GNAI3
GNB1
GNB2
GNG5
GNG12

G-proteins;
downstream
transducers of GPCRs

Membrane

(Syrovatkina
al., 2016)

RBMX

RNA binding

nuclear

(Elliott
2019)

RBM15

RNA
binding;
methylation

mRNA

nuclear

(Chen,
Zhang
and Zhu, 2019)

WTAP

RNA
binding;
methylation

mRNA

ELAVL1

RNA binding

nuclear

(Ma et al., 1996)

DDX39B

RNA
helicase:
mRNA
export,
splicing
and
translation

nuclear

(Awasthi et al.,
2018)

Forward
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DHX9

RNA/DNA
helicase;
replication, transcription

nuclear

(Lee
and
Pelletier, 2016)

HNRNPK

RNA binding; transcription
regulation

nuclear

(Wang
2020)

HNRNPA3

RNA
transport

nuclear

(Ma et al., 2002)

LRPPRC

RNA-binding;
maturation

CTNND1

cell-cell
adhesion;
transcription regulation

membrane,
nuclear

JUP

cell-cell adhesion

membrane

(Muramatsu
al., 2017)

DSG

cell-cell adhesion

membrane

(Gross
2018)

SYMPK

cell-cell adhesion; mRNA
processing

membrane,
nuclear

(Chang, Zhang
and Cao, 2012)

ALDH18A1

proline,
ornithine
and
arginine biosynthesis

mitochondrial

FLOT2

lipid raft scaffold (caveolar)

endosome

CKAP5

microtubule organisation

cytosolic

GTF2I

general transcription factor

nuclear

(Roy, 2012)

TAF1
TAF4
TAF6
TAF7

Transcription
factor TFIID

nuclear
nuclear
nuclear
nuclear

(Louder
2016)

RPL38

60S ribosomal protein

cytosolic

(Espinosa et al.,
1997)

RPS25

40S ribosomal protein

cytosolic

(Nishiyama et al.,
2007)

ACACA

de
novo
biosynthesis

mitochondrial

(Hunkeler et al.,
2018)

ARID2

transcription
regulation
(SWI/SNF subunit)

PHF10

transcription
regulation
(SWI/SNF subunit)

Reverse

binding;RNA
mRNA

initiation

fatty

acid

nuclear,
mitochondrial,
cytosolic

nuclear

nuclear

et

al.,

(Cui et al., 2019)
(Ishiyama et al.,
2010)

et

et
al.,

(Holmes, 2017)
(Hanafusa and
Hayashi, 2019)
(Lu et al., 2017)

et

al.,

(Euskirchen,
Auerbach
and
Snyder, 2012)
(Krasteva,
Crabtree
and
Lessard, 2017)

Table 4.2. Proteins enriched in SILAC pull-downs with H4K8ac over H4K8cr peptides.
Proteins with mean normalised H4K8ac/H4K8cr SILAC ratio more than 1.5-fold and adjusted pvalue of at least 0.05 in three Forward and three Reverse experiments are considered acetylinteracting candidate factors.
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It is important to note that no ‘classic’ known acetylation readers were detected within
the threshold-selected list in the Forward set of pull-downs. BRD9 was enriched very
close below the significance threshold in both samples sets (adjusted p-value = 0.069)
(Fig. 4.6a). This suggested the chosen significance threshold might have been too
stringent. That is why I looked at proteins that were considerably enriched (at least 1.5fold) with H4K8cr, but with a p-value up to 0.1. CAVIN3 (PRKCDBP), a caveolaeassociated protein had an adjusted p-value of 0.081 and was enriched 1.66 times over
H4K8ac pull-downs (Fig. 4.6a).
4.2.2 Protein microarray experiments identify candidate chromatin factors as
selective crotonylation interactors
Pull-down experiments are an effective method for initial screens to identify candidate
target interactors, but they do not distinguish between direct and secondary interactions.
Therefore, proteome array technology was utilised to enable the identification of direct
interactions (Stoevesandt, Taussig and He, 2009). The HuProt™ system contains more
than 16,000 full-length GST-tagged human expression products spotted in duplicate on
a microarray, representing about 75% of the human proteome (Jeong et al., 2012). The
arrays were incubated with either H4K8 acetylated (H4K8ac) or crotonylated peptide
(H4K8cr) to compare interactors. After washing to remove unspecific binding,
streptavidin-aided fluorescent detection revealed the protein spots where each peptide
was bound.
A ‘hit score’ (HS) for each protein was generated using the fluorescent signal intensity of
the protein spot in relation to the mean fluorescent signal and standard deviation (SD) of
all spots on the array. The HS was used to shortlist candidates by taking the top 1 % of
all measured proteins with SD below 0.35 between the two replicate spots (Fig. 4.7).
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Fig. 4.7. Microarray interaction hit score (HS) distributions. (a) Histograms of hit score (HS)
distributions of interactions detected with H4K8cr and H4K8ac in a first of replicate of experiments
(Exp.1). Dotted vertical lines indicate a candidate protein cut-off. (b) Histograms of HS
distributions of candidate interactions with H4K8cr and H4K8ac in Exp1. (c) and (d) show the
same as (a) and (b) respectively for the second experiment (Exp.2).

In the first set of experiments 146 proteins were identified as hits for H4K8cr and 173 for
H4K8ac (Fig. 4.7b, Fig. 4.8a). Of those 67 were unique to crotonylated H4K8 (Fig. 4.8b).
In the second set of experiments 124 proteins interacted with crotonylated and 66 with
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acetylated H4K8 (Fig. 4.7d, Fig. 4.8a) with 78 unique to H4K8cr (Fig. 4.8b). There was
only small overlap between the ‘hits’ generated in the two experiments – 9 for acetylation
and 13 for crotonylation (Fig. 4.8a). The low reproducibility indicated high background
binding of the peptides to the arrays, which was confirmed by images of the full
fluorescent array scans (Fig. 8.6). Nonetheless, this overlap is highly statistically
significant relative to the total number of array protein spots with a p-value of 1.28 x 10-5
for acetylation and 3.58 x 10-9 for crotonylation, suggesting that these are high
confidence interactions (Fig. 4.8a).

108

Elena Ignatova Stoyanova

An unbiased screen identifies selective crotonylated histone interacting factors

Fig. 4.8. Candidate H4K8acetyl and crotonyl interactors from microarray experiments. (a)
Venn diagrams showing overlaps between candidates identified in Exp.1 and Exp.2 with H4K8cr
(left) and H4K8ac (right). P-values of hypergeometric statistical test are quoted. (b) A four-way
Venn diagram presenting all interactions detected with H4K8cr and H4K8ac peptides in each of
two replicate experiments – Exp1 and Exp2. High-confidence interactions identified twice with
H4K8cr are circled and the protein names shown in green if they were never detected with
H4K8ac or in orange if detected only once with H4K8ac. CT45A3 was detected twice with H4K8ac
and never with H4K8cr. (c) Sections of Exp2 microarray scans showing stronger streptavidin-532
signal at replicate DAXX spots on array incubated with H4K8cr compared to array incubated with
H4K8ac. White arrows indicate DAXX spots. The corresponding scans of GST-650 control signal,
verifying the presence of spotted protein, are shown below.
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To distinguish the crotonyl-specific readers, the 9 proteins which interacted with H4K8cr
in replicate experiments, but either only once or never with H4K8ac were considered
(Fig. 4.8b, Table 4.3). There were only 3 proteins uniquely detected with H4K8cr (never
with H4K8ac) (Fig. 4.8b). Out of them two were known nuclear proteins – ZNF76, a zincfinger transcriptional regulator and RUVBL1, a DNA helicase and a component of several
chromatin remodelling complexes (Zheng and Yang, 2004; Jin et al., 2005). The third
uniquely H4K8cr-interacting factor was a membrane protein ANXA2. The remaining 6
proteins were detected twice with H4K8cr and only once with H4K8ac, indicating some
specificity for crotonyl. They included the RNA-binding proteins MAK16 and NAF1, the
ribosomal protein RPL30, HSPA2 – a heat shock chaperone, KCNAB2 – potassium
channel subunit, FAM131B – unknown function, and DAXX. Of the H4K8cr candidate
interactors, the three nuclear proteins – RUVBL1, ZNF76 and DAXX stood out as they
have roles in genome regulation. DAXX was the only one of them that was also identified
in the SILAC assay (Fig. 4.6a). A section of array scans showing stronger streptavidin
signal at DAXX spots when incubated with H4K8cr compared to H4K8ac is shown in Fig.
4.8c. GAS41, a crotonyl-reader protein, was among the shortlist of factors bound to
H4K8cr in the first array (Exp.1) and was also shortlisted with H4K8ac peptide in that
experiment. The fact that GAS41 was found to interact with both peptides is in line with
the capacity of YEATS-domain containing proteins to recognise both acetylated and
crotonylated substrates.
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Protein

HS
(Exp1)

HS
(Exp2)

Molecular
Function

Subcellular
localisation

ZNF76

5.9

3.9

transcription
regulation

nuclear

(Zheng
and
Yang, 2004)

RUVBL1

5.3

4.5

nuclear

(Gallant, 2007)

DAXX

3.7

4.2

cytosolic,nuclear

(Lewis
2010)

transcription
regulation
histone depoistion;
transcription
regulation

Reference

et

al.,

(Mayer, Poirier
and
Seidah,
2008)

ANXA2

4.6

5.2

cell-to-cell
adhesion

MAK16

4.1

5.3

ribosome assembly
factor

cytosolic

(Kater
2017)

NAF1

3.9

4.2

RNA-binding

nuclear

(Darzacq et al.,
2006)

RPL30

5.3

4.9

60S
protein

cytosolic

(Bragulat et al.,
2010)

HSPA2

4.2

3.8

heat-shock protein

cytosolic

KCNAB2

4.7

3.8

potassium-channel

membrane

FAM131B

3.9

6.3

uncharacterised

ribosomal

membrane

et

al.,

(Radons, 2016)
(Perkowski and
Murphy, 2011)

Table 4.3. Candidate H4K8cr interactors identified in microarray experiments. Proteins
identified within the top 1 % of H4K8cr interactions according to their hit score (HS) in two replicate
microarray experiments (Exp1 and Exp2). Interactions’ HS in each of the two experiments are
shown.

The proteins identified in arrays with H4K8ac in replicate array experiments are
summarised in Table 4.4. They were the ribosomal protein RPL10A, the cancer antigen
CT45A3, the G-protein MAS1, the phosphoglycerate kinase PGK1, the muscle protein
LRRC39 and the polypeptide N-acetylgalactosaminyltransferase GALNT3 (Fig. 4.8b).
CT45A3 was the only one uniquely detected with H4K8ac and not with H4K8cr (never
with H4K8cr). There were three proteins identified in a replicate of experiments with both
acetylated and crotonylated H4K8 peptide (Fig. 4.8b). These included the zinc-finger
protein ZCCHC10, the membrane protein SLC44A3 and a protein with an unknown
function with the HuProt™ gene annotation. BRD9, the protein found repeatedly to
interact specifically with acetylated peptides, was identified in the first array experiment
(Exp.1).
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Protein

HS
(Exp1)

HS
(Exp2)

Molecular Function

Subcellular
localisation

Reference

RPL10A

10.5

3.6

60S ribosomal protein

cytosolic

(Chaichanit,
Wonglapsuwan
and Chotigeat,
2018)

CT45A3

5.2

3.4

cancer/testis antigen

nuclear

(Chen
2005)

MAS1

5.2

7.2

G-protein
receptor

membrane

(Kostenis et al.,
2005)

couled

et

al.,

(Jindal
and
Vishwanatha,
1990)

PGK1

5.0

3.3

glycolysis

cytosolic

LRRC39

4.0

3.6

myosin-interacting

cytosolic

(Will et
2010)

GALNT3

4.0

4.8

glycosylation

Golgi

(Wandall et al.,
1997)

ZCCHC10

10.1

43.3

p53-interacting

nuclear

(Ning
2019)

SLC44A3

5.2

9.5

transmembrane
transport (suggested)

membrane

(Adachi et al.,
2018)

JHU04032

7.9

7.9

uncharacterised

et

al.,

al.,

Table 4.4. Candidate H4K8ac interactors identified in microarray experiments. Proteins
identified within the top 1 % of H4K8ac interactions according to their hit score (HS) in two
replicate microarray experiments (Exp1 and Exp2). Interactions’ HS in each of the two
experiments are shown.

Discussion
4.3.1 Candidate histone acyl-interacting factors
In this chapter, I presented a screen for selective crotonyl-interacting factors employing
two unbiased proteomics techniques – SILAC-qMS and proteome microarrays. These
assays generated a list of candidates for readers specific for crotonylation over
acetylation. The factors identified in the array experiments inferred a direct interaction
with the peptide. The most plausible crotonyl-interactor candidates among them were
three nuclear proteins that showed selectivity for crotonylated over acetylated H4K8 –
ZNF76, RUVBL1 and DAXX (Fig. 4.8b). DAXX was also highlighted as selectively
enriched in SILAC pull-downs with H4K8cr, increasing the confidence in the interaction
(Fig. 4.6a).
ZNF76 is a poorly-studied zinc-finger transcriptional repressor targeting the TATAbinding protein and implicated in brain development (Zheng and Yang, 2004; Jung et al.,
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2019). RUVBL1, also known as TIP49 or Pontin, is an AAA+ family ATPase (Grigoletto,
Lestienne and Rosenbaum, 2011; Matias et al., 2015) and is a putative DNA helicase
(Otsuji, Iyehara and Hideshima, 1974; Makino et al., 1998; Kurokawa et al., 1999). It acts
as a critical subunit of the TIP60 and INO80 chromatin complexes and is involved in its
nuclear functions include transcription regulation, chromatin remodelling, DNA damage
response (Kanemaki et al., 1997; Shen et al., 2000; Jónsson et al., 2004; Jin et al., 2005;
Jha, Shibata and Dutta, 2008). It associates with transcription factors and other
transcriptional regulators to modulate gene expression (Gallant, 2007). RUVBL1 has
roles in proliferation, motility, cell cycle regulation, which underlie its contribution to
oncogenesis and make it an anti-cancer drug target (Gallant, 2007; Nano and Houry,
2013; Rosenbaum et al., 2013; Mao and Houry, 2017). It is found in different oligomeric
states and it has been proposed that its oligomerisation together with its binding partner
RUVBL2 (Reptin) depends on their interaction with the nucleosome and can be
controlled by acetylation and methylation on H3 (Queval et al., 2014). DAXX is a
multifunctional protein with roles in transcriptional regulation, heterochromatin
maintenance and histone deposition (Salomoni, 2013) and is implicated in apoptosis,
proliferation, cell survival and cancer (Mahmud and Liao, 2019).
My SILAC experiments also highlight several factors with suggested preference for
crotonylated histones. I found EP400 in both acetylated and crotonylated H3K18 peptide
SILAC pull-downs, suggesting EP400 can bind both modifications. This may not be
highly specific for crotonylation, as it is not highlighted in direct comparison between the
two acylations, but may nonetheless be functionally significant. EP400 is part of the
TIP60 HAT complex and regulates E1A-activated genes (Fuchs et al., 2001; Samuelson
et al., 2005). It is also shown to act as a chaperone for the histone variants H3.3 and
H2A.Z at sites of active transcription through binding to their acetylated versions
(Pradhan et al., 2016). The interaction of EP400 with crotonylated histones would
implicate crotonylation in these processes, too.
A factor that I found enriched in H3K18cr, but not H3K18ac reactions is DMAP1. Similar
to EP400, it is not enriched in pull-downs where acetylated and crotonylated peptides
are directly compared. DMAP1 is a component of the TIP60 complex and is essential for
its acetyltransferase activity at H4K16 (Penicud and Behrens, 2014). It is also known to
maintain heterochromatin and to interact with DAXX and the DNA methyltransferase
DNMT1 to repress certain genes (Muromoto et al., 2004). Moreover, it is targeted to
replication loci in complex with HDAC2 and DNMT1 to potentially deacetylate histones
following replication (Rountree, Bachman and Baylin, 2000). Whether its interaction with
crotonylated histone tails is mediated through DAXX or via a direct interaction would
require further investigation.
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There were a number of acetyl-interacting factors depleted from H4K8cr SILAC pulldowns (Fig. 4.6). These included the BRD-containing TAF1 and the DPF-containing
PH10 in the Reverse set of experiments (Fig. 4.6b). BRD9 was enriched in H4K8ac pulldown with a p-value just above the 0.05 threshold (0.069) in the Forward samples (Fig.
4.6a). Similarly, in the Reverse group, BRD9 was just below the significance cut-off Fig.
4.6b). Other proteins pulled-down with acetylated H4K8 may be linked to the biological
function of epithelial cells (Fig. 4.6, Table 4.2). The G-protein proteins are the
downstream transducers of G-protein coupled receptors (GPCR), which are activated in
intestinal epithelial cells in response to SCFA, like butyrate or acetate (Bolognini et al.,
2016; M. Sun et al., 2017). The cell-to-cell adhesion proteins are with important functions
in epithelial cells and are likely expressed at relatively high levels in the colon epithelial
cell line HCT116, potentially justifying their prominent presence in my pull-downs.
IMPDH2 is elevated in colorectal cancer and, thus, might be overexpressed in HCT116
cells (Duan et al., 2018). The enrichment of factors like HADHA, HADHB and IMPDH2,
simultaneously with H4K8cr in the Forward experiments and with H4K8ac in the Reverse
suggests they are non-specifically pulled-down from the heavy protein pools (Fig. 4.6,).
The presence of non-nuclear proteins in the pull-downs points to impurities in the extracts
derived from either cross-contaminations or improper nuclear protein preparation.
Improving the purity of the nuclear preparation would have a tremendous advantage in
repeat experiments. To achieve better quality nuclear extract, the fractionation technique
could be improved and, importantly, controlling for correct subcellular separation via
looking at specific markers in Western blot, would be key.
My SILAC analysis identified factors that interact with acetylated H4K8 and H3K18
peptides and, intriguingly, show selectivity against crotonylation. These were the
SWI/SNF (BAF) complex subunits BRD9 and its interacting partners GLTSCR1 and
GLTSCR1L for H4K8 and BRD9 and GLTSCR1 for H3K18. BRD9 was also found to bind
H4K8acetyl in my protein microarray experiments, suggesting it is BRD9 that mediates
the interaction. H4K8ac is known to bind the SWI/SNF subunit ATPase BRG1 (Agalioti,
Chen and Thanos, 2002). Mechanistically, interaction with the SWI/SNF complex
implicates acetylation at H4K8 and H3K18 in transcriptional initiation and elongation, as
SWI/SNF interacts with the RNA Pol II machinery during these processes (Schwabish
and Struhl, 2007). SWI/SNF is a heterogeneous ATP-dependent chromatin remodelling
complex with 10-15 subunits of varying combinations, producing a large diversity of
functionalities (Wang et al., 1996; Wu, Lessard and Crabtree, 2009; Mani et al., 2017).
It is involved in a multitude of vital cellular processes from mitosis to differentiation
(Hargreaves and Crabtree, 2011). Its members are often mutated in cancer and other
disease conditions (Shain and Pollack, 2013). BRD9 and GLTSCR1/L are the recently
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identified subunits of a novel SWI/SNF complex – the non-canonical BAF (GBAF), with
implications in prostate cancer (Alpsoy and Dykhuizen, 2018). GLTSCR1 is a BRD4interacting protein and a tumour suppressor, involved in colorectal cancer progression
(Han et al., 2019). It has been recognised as an important oncogenic factor in the clinic,
as its downregulation led to reduced efficacy of the major cancer drug family bromodomain and extra terminal domain (BET) inhibitors (Han et al., 2019). Interestingly,
Alpsoy et al found GLTSCR1 and GLTSCR1L to be mutually exclusive subunits of the
GBAF complex (Alpsoy and Dykhuizen, 2018). I identified both to be enriched in pulldowns with acetylated over unmodified and crotonylated H4K8. This interaction seems
to be specific to H4K8, as H3K18ac only enriches for BRD9 and GLTSCR1. The binding
of both GLTSCR1 paralogs to H4K8ac may suggest that either complexes are recruited
by H4K8ac or a novel, yet unidentified BAF complex, containing both GLTSCR1
paralogs, binds acetylated H4 tail. Alternatively, it could simply reflect the physical
interaction of GLTSCR1/L with BRD9 without representing a functional BAF complex.
BRD9 is found in complexes at active promoters and enhancers and impacts
transcription. Its loss induces expression changes in genes involved in vital cellular
processes such as translation and apoptosis (Wang et al., 2019). This bromodomain
protein is implicated in malignant rhabdoid tumours, acute myeloid leukemia (AML),
prostate cancer and hepatocellular carcinoma, among others (Barbieri et al., 2012;
Cleary et al., 2013; Hohmann et al., 2016; Alpsoy and Dykhuizen, 2018; Del Gaudio et
al., 2019; Wang et al., 2019). Genetic amplifications of the gene encoding for BRD9 have
been found in lung, ovarian and bladder cancers (Sima et al., 2019). It is part of the family
IV BRD-containing proteins and is a major target for epigenetic inhibitor development
(Brien et al., 2018; Lloyd and Glass, 2018; Bevill et al., 2019; Zheng et al., 2019).
BRD9 binds diacetylated histone H4K5acK8ac, as well as dipropionylated H4K5prK8pr
(Flynn et al., 2015). BRD9 almost uniquely among human bromodomains has been
reported to accommodate butyryl groups at the same residues. Curiously, in the screen
carried out by Flynn et al., BRD9 bound butyrylated and acetyated peptides with a
comparable affinity (Flynn et al., 2015). It was incapable of binding crotonylated histone
peptides, however, due to binding pocket size constraints. The ability of BRD9 to
discriminate between the butyryl and crotonyl marks, which differ by a single double
bond, is remarkable. Such selective capacity could provide means for selective targeting
of butyrylated or acetylated over crotonylated histones. BRD9’s ability to select against
crotonyl groups is corroborated in my pull-downs, where it is depleted from reactions with
crotonylated peptides.
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Further characterisation of BRD9’s selective acetyl recognition and its exclusion from
crotonylated lysines would be a valuable contribution to understanding its role in
oncogenic processes.
4.3.2 Assay technical limitations and points of improvement
The interaction screens presented in this chapter reveal some technical limitations.
Firstly, candidate binders were relatively lowly enriched compared to background in the
SILAC pull-downs (Fig. 4.6). This may simply reflect the biochemical nature of acyl
interactions. Indeed, acetylation readers have been shown to exhibit similar interactions
previously (Hoeijmakers et al., 2019). Furthermore, the interactions at specific histone
sites is dictated by the position of the residue on the histone tail and, hence, where within
the nucleosome it is placed. Additionally, strength and nature of interactions can be
defined by the PTM context of the nearby residue (Berger, 2007; Ruthenburg et al.,
2007). Bromodomain-histone interactions, for instance, have been shown to be strongly
influenced by modifications on sites in proximity of the residue of interest (S. Zhao et al.,
2017). Some modifications are frequently recognised in tandem with other modified
residues. The relatively weak affinity of BRD-acetyl interactions makes working of
multiple domains in tandem a common event. A stark example is the RSC complex with
three BRD-containing subunits (Cairns et al., 1999). On the other hand, the BRD of
BRDT1 accommodates two groups at the same time, recognising the diacetylated
H4K5acK8ac (Morinière et al., 2009).
Another technical challenge in the SILAC experiment is the ‘bias’ in the light-to-heavy
ratios, suggesting there might be a light (non-labelled) contamination in the samples (Fig.
4.3, Fig. 4.4). Insufficient isotope incorporation was ruled out via an incorporation
validation test. Another source of this bias could have been an uneven efficiency in
protein extraction from the light and heavy cultures used as inputs or altered protein
expression due to culturing differences. Cells cultured in the SILAC medium were
monitored for morphological and proliferation alterations before proceeding with protein
extraction, but differences in gene expression cannot be ruled out. Transcriptional
changes due to medium (heavy vs light) differences could have produced a higher
quantity of ‘sticky’ proteins in the light cultures. It is plausible that high number of
seemingly non-specific acetyl and crotonyl binders were detected as identification of
specific readers was ‘obscured’ by the high abundance of ‘light’ (non-labelled) proteins.
The lack of many significantly enriched known acetylation or crotonylation readers could
also be pointing to a low sensitivity of the assay. The enrichment of ‘background’ proteins
can also be explained by the fact that the control in this assay is not simply unmodified
peptide, but rather another modification with a very similar structure that likely
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accommodates for very similar interactions. Therefore, a strong competition between the
peptides is to be expected and many proteins that would bind both peptides to some
extend would end up within the background range with ratios close to 1. The potential
large overlap between the interaction networks of the two modifications, combined with
the relative transiency and low affinity of acyl-mediated interactions could have
contributed to the lack of selectivity of interaction. Thus, pull-downs using unmodified
peptides as controls may be better suited for evaluating differential interactions at
acetylated and crotonylated histones. Producing replicate sets of SILAC pull-downs with
each acylated peptide and its unmodified counterpart, followed by qualitative
comparative analysis of the binders would identify high-confidence interacting factors
and could pinpoint highly specific readers.
I chose to implement SILAC as it is a powerful quantitative proteomics technique,
capable of resolving relatively small affinity differences. However, I encountered issues
with light-to-heavy ratio bias and lack of strong positive correlation between Forward and
Reverse samples may suggest that label-free MS could have been a more appropriate
approach.
The enrichment threshold used to shortlist candidate interactors in SILAC pull-downs
was 1.5-fold (Fig. 4.6), which is frequently used to define enrichment in gene expression
and proteomics experiments. However, as mentioned before, this cut-off could have
been too stringent for the given assay where fold enrichment was overall rather low.
Perhaps, adjusting the threshold to better reflect the overall distribution of the SILAC
ratios could be a point of improvement.
The higher enrichment observed in H4K8 compared to H3K18 pull-downs led me to focus
on H4K8 interactions in repeat SILAC experiments (Fig. 8.4, Fig. 8.5). However, despite
the lower enrichment at H3K18, these peptides seemed to enrich for more specific
factors (fewer number of identified proteins) with a smaller light-to-heavy ratio bias (Fig.
8.4, Fig. 8.5). Repeat experiments with H3K18 peptides could, therefore, be valuable.
It is also worthwhile to note that in my pull-down only short peptide sequences were
used. They do not reflect the native chemical structure of the histone protein and its tail,
modified or unmodified, in the context of the nucleosome. This may present a challenge
for some protein binders which require more than just the N-terminal tail to anchor and
bind stably (Yun et al., 2011). Such flanking sequence interactions are well-described for
methylation readers and contribute to the high specificity of these domains for their
substrates. Examples include WD40, Tudor and PHD methyl-interacting domains. On
the other hand, the flanking sites of the acetylated histone residues make less
pronounced contacts with their readers (Yun et al., 2011). This general lack of auxiliary
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interactions is thought to underlie the overall promiscuity of acetylation readers in residue
recognition. An example of a non-specific reader is the PHD domain of DPF3b which
recognises a number of acetylation marks on H3 and H4 (Lange et al., 2008b). What the
contribution of flanking histone sequence contacts to crotonyl-mediated interactions with
different readers is not known.
The proteome microarray screen exhibited technical limitations, too. The reproducibility
of experiments was low and the background binding was high. This was exemplified by
an obvious ‘batch’ effect, where there was a higher overlap between arrays incubated
on the same day with different peptides, than with the same peptide on different days
(Fig. 4.8b). There was a decrease in signal in the repeat experiment where the number
of detected interactions, particularly with acetylation, significantly dropped (Fig. 4.8, Fig.
8.6). However, this was a largely experimental, non-validated approach to novel
chromatin reader discovery. To my knowledge, these arrays had not been used in
experiments with peptides before and conducting the multiple repeats required for
optimisation were associated with very high costs. Thus, the successful validation of the
interactions identified using the HuProt arrays would demonstrate for the first time the
use of proteome arrays for chromatin reader identification.
The threshold used to shortlist candidates in the array experiments was placed at the
top 1 % and included generally nearly more than 100 proteins. The cut-off hit score (HS)
value was very close to the one standardly used in the array experiments to call hits
(HS>3.5) (Cambridge Protein Arrays, personal communication). However, since my
experiments differ substantially from the standard use of these arrays, an alternative
ranking approach and thresholds may be more appropriate.

Taken together, using SILAC pull-downs and proteome microarrays, I identify candidate
selective crotonyl-interacting factors to be taken for further

validation

and

characterisation. I also find acetyl-binding proteins and complexes, whose role in
genome regulation through selective HPTM recognition could be valuable to the cancer
epigenetics field. Lastly, I point out areas of potential limitations and prospective
technical improvements for future experiments.
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5 DAXX is a candidate histone crotonyl interacting
factor

Introduction
My work in chapter 4 identified selective candidate crotonyl interactors; here, I selected
several factors to be taken forward for further characterisation. The factors selected from
the microarray experiments suggest a direct interaction with the peptide and, hence, I
aimed to validate a subset of them. RUVBL1, ZNF76 and DAXX are all nuclear proteins
with various important functions in genome regulation and were detected with H4K8cr
peptide in replicate experiments. Moreover, DAXX was also significantly enriched in
some of the SILAC pull-downs with crotonylated over acetylated H4K8. The assays were
intended for the identification of crotonylation reader proteins. However, they would have
detected any proteins capable of binding to crotonylated histones, regardless of their
functional relationship. Proteins acting both up and downstream of crotonylation could
have been detected.
Since RUVBL1 is a major component of the TIP60 histone acetyltransferase coactivator
complex, it is possible that it may be involved in crotonylation of histones (Jha et al.,
2013). As DAXX is a histone chaperone, a plausible hypothesis could be that it is
involved in the deposition of crotonylated histones or regulates crotonylation across the
genome (Drané et al., 2010; Lewis et al., 2010; Salomoni, 2013). Alternatively, DAXX or
RUVBL1 could be acting downstream to relay histone crotonylation into functional
genomic output. Below, in section 5.1.1, I present an overview of DAXX and the
molecular functions and cellular processes it is involved in.
The first step towards studying these factors will be to validate the protein-peptide
interaction in pull-downs with cell nuclear lysates, followed by Western blot analysis
using antibodies against the candidates. These will be further validated and their function
will be explored by ChIP-seq, knockdown and overexpression studies. Ultimately, I am
to uncover the place of crotonylation readers in translating metabolic signals in the
intestinal epithelium.
5.1.1 DAXX in chromatin regulation and cell physiology
The Death-domain associated protein, DAXX, was initially discovered as a binding
partner of the FAS cell death receptor (Yang et al., 1997). FAS is a tumour necrosis
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factor (TNF) type receptor. It controls apoptosis and has a key role in regulating the
immune system by clearing autoreactive lymphocytes, controlling T-cell cytolysis or B
cells apoptosis (Abbas, 1996; Nagata, 1997; Rathmell and Goodnow, 1998). FAS also
activates the Jun N-terminal kinase (JNK) pathway, which can mediate apoptosis,
proliferation, cytokine secretion (Goillot et al., 1997; Rathmell and Goodnow, 1998).
DAXX was implicated as a mediator in FAS-induced apoptosis and was shown to
activate the JNK pathway. DAXX interacted with the FAS death domain to activate one
of two apoptotic pathways downstream of FAS – the pathway that includes JNK
activation (Yang et al., 1997). The direct interaction between DAXX and FAS has later
been disputed and it has been proposed that DAXX stimulates FAS regulated apoptosis
through transcriptional activation of genes involved in the FAS pathway (Torii et al.,
1999).
Since its discovery, DAXX has emerged as an important regulator of many nuclear
processes and disease conditions. DAXX is a well-conserved protein and is ubiquitously
expressed throughout the body (Yang et al., 1997; Michaelson et al., 1999; Santiago et
al., 2009). DAXX contains a SUMO-interacting motif, which mediates a large number of
interactions with cytoplasmic and nuclear proteins (Santiago et al., 2009). Despite its
roles in cytoplasmic signalling, DAXX is mostly found in the nucleus (Tang et al., 2004).
It has been implicated in transcriptional regulation via interaction with histones,
transcription factors and other DNA-associated proteins (Mahmud and Liao, 2019). In
the nucleus, DAXX was found to interact with the tumour suppressor promyelocytic
leukaemia (PML) protein, thus localising to PML nuclear bodies (PML-NB) (Torii et al.,
1999). The PML-NB are nuclear substructures shown to regulate gene expression,
transcription factors and chromatin remodelers (Salomoni et al., 2008; Salomoni, 2013).
Additionally, it was shown that DAXX interacts with the X-linked mental retardation and
α-thalassaemia syndrome (ATRX) protein. The DAXX-ATRX complex regulates the
localisation of the replication-independent histone variant H3.3 in telomeres and, thus,
DAXX is a histone H3.3-specific chaperone (Xue et al., 2003; Tang et al., 2004; Goldberg
et al., 2010). It directly binds H3.3 via its N-terminus and facilitates the assembly of H3.3H4 tetramers onto DNA. In a complex with ATRX, DAXX mediates the deposition of
newly assembled nucleosomes in heterochromatin (Drané et al., 2010; Lewis et al.,
2010). The discovery of the DAXX-ATRX nucleosome assembly capacity defined two
distinct H3.3 deposition pathways - one in active chromatin, dependent on the chaperone
HIRA, and another in heterochromatin via DAXX. Indeed, it has been shown that DAXXATRX delivers H3.3 in heterochromatin enriched in G-rich DNA repeats and H3K9me3,
including telomeres and pericentric regions (Drané et al., 2010; Goldberg et al., 2010;
Lewis et al., 2010; Zink et al., 2017).
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Aberrant expression of DAXX is linked to numerous cancers. DAXX was upregulated in
a variety of cancer tissues, including lung, liver, colon, brain, pancreas and many more
(Mahmud and Liao, 2019). Breast, colon and prostate tumours were marked by even
higher DAXX expression. DAXX oncogenic properties are likely underlined by its role in
cell death and survival, DNA repair, gene regulation and chromatin maintenance. DAXX
can promote malignant phenotypes in vitro and in vivo (Mahmud and Liao, 2019).
DAXX is essential for normal early development as its knock-out is mouse embryonic
lethal and induces extensive apoptosis in cells in culture (Michaelson et al., 1999;
Wasylishen et al., 2018). DAXX downregulation in mouse ovarian cells promotes
senescence and DNA-damage response (Pan et al., 2013). However, depleting DAXX
in p53 mutant osteosarcoma cells, induces apoptosis (Zhao et al., 2006). These and
other reports implicate DAXX in cell survival, in addition to pro-apoptotic processes
(Michaelson et al., 1999; Salomoni and Khelifi, 2006).
5.1.1.1.1 DAXX structure
DAXX is composed of folded structural domains linked by intrinsically unstructured
regions (Fig. 5.1). The DAXX helical bundle (DHB) is a highly conserved N-terminal
module composed of four helices (4HB) between amino acids 55-144 (Santiago et al.,
2009; Escobar-Cabrera et al., 2010; Elsässer et al., 2012). It mediates interactions with
several of DAXX’s binding partners, including ATRX (Lewis et al., 2010; Hoelper et al.,
2017). The second evolutionary conserved domain is the central part of the protein
(amino acids 180-397) that binds histones and is, thus, referred to as the histone binding
domain (HBD) (Santiago et al., 2009; Elsässer et al., 2012). It consists of six α helices
which envelope the H3.3-H4 dimer. Specificity for variant H3.3 over H3.1 and H3.2 is
defined by DAXX’s Q225 and H3.3’s G90. Additionally, it has been shown that DAXX
cannot bind histone dimers while incorporated into chromatin, as it competes with
histone-DNA contacts (Elsässer et al., 2012). Before loading onto chromatin, newly
synthesised H3.3 are targeted to PML bodies as H3.3-H4 dimers in a DAXX-dependent
manner. ATRX is also enriched in these subnuclear compartments via DAXX and is likely
required for nucleosome assembly (Xue et al., 2003; Lewis et al., 2010; Delbarre et al.,
2013). A number of other proteins, in addition to histone dimers, also interact with DAXX
through its HBD (Mahmud and Liao, 2019).

Elena Ignatova Stoyanova

121

Insights into the molecular mechanisms of function and regulation of histone crotonylation

Fig. 5.1. DAXX domain structure. DAXX domains are schematically depicted and amino acid
positions shown. SIM: SUMO-interacting motif, 4HB: DAXX helix bundle, HBD: histone-binding
domain, NLS: nuclear localization signal. Figure adapted from Mahmud & Liao, 2019.

In addition to the four helical bundle and histone binding domains, DAXX possesses two
SUMO-interacting domains (SIMs) and an acidic domain (Zhao et al., 2004; Lin et al.,
2006; Santiago et al., 2009). The acidic domain is neighbouring the HBD and strengthens
the affinity for histone dimers (Drané et al., 2010). It also mediates interaction with the
major tumour suppressor p53 and is important for transcriptional repression (Zhao et al.,
2004; Wang et al., 2016).
5.1.1.1.2 Molecular function
As a histone chaperone at telomeres and centromeres, the DAXX-ATRX complex has
been implicated in transcriptional control and integrity maintenance at heterochromatin
(Wong et al., 2010). In euchromatin, H3.3 is deposited at the transcription start sites
(TSS) and body of transcriptionally active genes by HIRA and may influence transcription
(Henikoff, 2008; Goldberg et al., 2010). Some H3.3 in euchromatin is not found at genes
and its deposition at regulatory elements is not entirely HIRA-dependent (Mito, Henikoff
and Henikoff, 2007; Jin et al., 2009; Goldberg et al., 2010). Interestingly, DAXXdependent H3.3 deposition at promoter and enhancers of activity-regulated genes has
been reported in neurons during differentiation (Michod et al., 2012). Additionally, H3.3
loading by DAXX correlated with the transcriptional induction of a subset of these genes.
The results of this study suggest that DAXX chaperone activity may not be confined to
heterochromatin and that DAXX could have broader functions. Taken together, the
above reports implicate DAXX in gene regulation.
Through a combination of biochemical and structural studies, Hoelper et al. identified
that DAXX interacts with H3.3-H4 dimers as part of two distinct complexes. One complex
maintains telomeric and pericentric chromatin and involves ATRX. In the second
complex, DAXX interacts with the histone H3K9 methyltransferase SETDB1, HDAC1
and the transcriptional regulator KAP1 to facilitate retroviral repression (Hoelper et al.,
2017). Furthermore, DAXX has been recognised as a transcriptional co-activator and co-

122

Elena Ignatova Stoyanova

DAXX is a candidate histone crotonyl interacting factor

repressor through interaction with major epigenetic modifiers – HDAC2, DNMT1, CBP
and transcription factors – PAX3, ETS1, MEF2 (Hollenbach et al., 1999, 2002; Li et al.,
2000; Kuo et al., 2005; Flavell et al., 2008; Puto and Reed, 2008)
Taken together, DAXX is a protein implicated in transcription regulation, nucleosome
assembly, apoptosis, cell survival and multiple cancers. Its interaction with histones
underlies many of its functions in chromatin regulation. All of the above makes DAXX’s
potential interaction with histone crotonylation an exciting avenue to explore.
5.1.2 Aims of this chapter
Here I seek to validate the interaction between the shortlisted factors and crotonylated
histones and characterise their role in genome regulation. Through histone tail pulldowns followed by immunoblotting, I try to confirm the selectivity of the candidate
proteins for crotonylated over acetylated histones. The functional link between the
selected factor and histone crotonylation is explored via knockdown and overexpression
studies. Investigation of their role in chromatin regulation and transcription in response
to metabolic stimuli alludes to a place of crotonylation readers in translating metabolic
signals in the intestinal epithelium.

Results
5.2.1 Validation of candidate crotonyl binders using histone peptide pull-downs
and Western blot analysis
The first step to characterising the prospective crotonyl binders was to validate the
protein-peptide interactions in pull-downs with cellular protein extracts followed by
Western-blot analysis for the candidate factors. I tested their affinity for H4K8cr and
compared it to H4K8ac and unmodified H4K8 (H4K8un) peptides in pull-down
experiments with nuclear HCT116 fractions. H4K8 is the histone residue in the colon
where crotonylation was lost most robustly on antibiotics-mediated microbiota depletion
(Fellows et al., 2018). To draw a comparison to a different histone residue in the colon,
the candidates’ interaction with H3K18cr - a modification that was robustly detected in
the intestinal epithelium and characterised via ChIP-seq, was also tested (Fellows et al.,
2018). Comparison of interactions at acylated H4K8 and H3K18 could extend the peptide
binding repertoire of the identified candidates and could reveal their promiscuity or sitespecificity. In Chapter 4, I presented single SILAC pull-down experiments using H3K18
and H4K8 peptides, which revealed a partial overlap of interacting factors with a few
marked differences (Fig. 4.2). This could indicate that the H4K8 and H3K18 acylation
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interactomes largely overlap as these marks are enriched at TSS of active genes, but
they could also mediate some site-specific effector recognition (Wang et al., 2008).
The binding of ZNF76, RUVBL1 and DAXX to the histone peptides was tested and
compared to that of a known acylation reader with a preference for crotonylation over
acetylation - GAS41 (also called YEATS4) (Li, Zhao, et al., 2016). The anti-ZNF76
antibody used in these assays proved to be unspecific, as instead of the expected band
corresponding to ~ 62 kDa, a primary product smaller than 40 kDa was detected.
Therefore, I did not examine this factor further. Pull-down optimisation experiments,
presented in Appendices section 8.2, suggested a potential preference of DAXX and
RUVBL1 for crotonylated peptides, but binding to the naked beads (‘background’) was
also significant (Fig. 8.2). As the background remained high in all conditions tested,
binding to acylated peptides was in some cases comparable to that of the naked beads
(Fig. 8.2). I wanted to exclude the possibility that the modified peptides were binding to
the beads less efficiently than the unmodified peptides to rule out that an apparent
increased binding at crotonylated peptides is due to interactions with the beads. That is
why, after binding with the primary peptides, any unbound surface of the beads was
blocked with the respective unmodified peptide. Three biological replicates of pull-downs
in low salt (150 mM NaCl) with peptide blocking were probed for RUVBL1 and GAS41
and four replicates for DAXX (Fig. 5.2). No increased binding of RUVBL1 to crotonylated
or acetylated H3K18 was observed (Fig. 5.2a). Nonetheless, the enrichment of RUVBL1
in pull-downs with H4K8ac and H4K8cr in two out of three replicates suggested that the
protein may have a preference for acylated over unmodified H4K8. DAXX, on the other
hand, revealed modest, but consistently higher enrichment in pull-downs with
crotonylated compared to acetylated H4K8 and H3K18 (Fig. 5.2b). This trend was
similar, albeit less pronounced, to that observed with GAS41 (Fig. 5.2c). Relative
enrichment of the histone chaperone in pull-downs with crotonylated over acetylated
peptides makes DAXX a plausible selective crotonylation interacting factor.
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Fig. 5.2. DAXX interacts with crotonylated histone peptides. Pull-downs with H4K8 or H3K18
peptides either unmodified (un), acetylated (ac), crotonylated (cr) or bead control, after bead
unbound surfaces were blocked with the respective unmodified peptide, were followed by
immunoblotting for (a) RUVBL1, (b) DAXX and (c) GAS41. Input is HCT116 nuclear extract. The
varying intensity of the Input bands is due to different amounts of protein loaded per lane. Three
(for RUVBL1 and GAS41) and four (for DAXX) replicates of each pull-down were probed for each
protein. Band intensity relative to the band detected with the respective unmodified peptide are
plotted below each blot.
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5.2.2 DAXX-dependent retention of crotonylated histones
DAXX was found to interact with crotonylated histone tail peptides in pull-downs and in
array experiments, where the latter suggested a direct interaction. If DAXX interacted
stably with crotonylated histones in cells, it would bring them down when precipitated.
Thus, I next wanted to validate that DAXX interacts with crotonylated histones in vivo
through co-immunoprecipitation experiments (IP). To do this, I established a protocol for
the expression of DAXX-GFP in HCT116 cells and utilised a system for GFP-tagged
protein IP – ChromoTek GFP-Trap®. The GFP-Trap® assay works by pulling down GFPfusion molecules with an anti-GFP nanobody coupled to agarose beads. Nanobodies are
engineered molecules, consisting of only a single antigen-binding domain derived from
the IgG’s variable region of camels. This results in an efficient and highly-specific GFPbinding reagent.
Lysates of HCT116 cells expressing DAXX-GFP were incubated with GFP-Trap® (TRAP)
or blocked agarose beads (Mock). The IP and flow-through (unbound) fractions were
analysed for the presence of histone crotonylation using Western blot analysis. Nontransfected cell lysates were used as a negative control for the IPs. No crotonylated
histones were detected in IP fractions from either TRAP or Mock reactions (Fig. 5.3a).
Interestingly, however, histone crotonylation (Kcr) was washed off to different extends in
the unbound fractions (flow-though). Flow-throughs had less crotonylated histones in
TRAP compared to Mock IPs, implying that the presence of the anti-GFP antigen has an
impact on the amounts of crotonylated histones washed off the beads. Intriguingly,
crotonylated histones levels in the flow-throughs of IPs from DAXX-GFP expressing cells
were reduced compared to non-transfected control cell IPs (Fig. 5.3a). Hence, there was
less crotonylated histones washed off in the presence of DAXX-GFP, which suggested
some retention of crotonylated histones depending on the presence of the DAXX-GFP.
As crotonylated histones were not detected in the IP or unbound fractions, I inferred
these histones may be bound transiently by the DAXX-GFP and then released in the
washes.
This prompted me to repeat the experiment, but instead of using non-transfected cells
as a negative control, I employed empty EGFP vector transfection (Fig. 5.3b, c). EGFP
expression is a more suitable control because, as seen before, transfected cells exhibit
changes in histone crotonylation (Fig. 3.4). Immunoblots of IP, washes and flow-through
fractions of TRAP or Mock IPs from EGFP or DAXX-GFP expressing cells revealed a
DAXX-GFP dependent retention of crotonylated histones in the wash fractions (Fig. 5.3b,
c). This indicated that these histones are transiently bound before being washed off the
beads. It is worthwhile to note that crotonylation retention appears to be independent of
the presence of anti-GFP, as it occurs in the Mock IPs, too. The presence of crotonylated
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histones in the wash fractions of Mock IPs may be due to DAXX-GFP interaction with
the beads, independent of anti-GFP. Additionally, the wash fractions enriched in histone
crotonylation (Kcr), were also enriched in histone H3 (Fig. 5.3b, c), which suggested a
potential DAXX-GFP-mediated interaction between beads and histones, including
crotonylated histones.

Fig. 5.3. Crotonylated histones are retained in immunoprecipitation washes in a DAXXdependent manner. HCT116 cells were transfected with DAXX-GFP for 48 h, lysed and
incubated with either anti-GFP (TRAP) or blocked (Mock) agarose beads. The IP, flow-through
and washed fractions were collected for immunoblotting. Western blots of three biological
replicates are shown are shown in (a), (b) and (c).
Non-transfected cells (Control) in (a) and cells transfected with an empty EGFP vector in (b) and
(c) were used as negative controls. In (c) the full-length membrane was probed with anti-GFP to
confirm EGFP precipitation. Immunoblots of the cell lysates used for input (5 % Input) are shown.
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5.2.3 DAXX overexpression does not affect global histone crotonylation levels
Thus far, I have presented data supporting a potential physical interaction between the
chromatin factor DAXX and crotonylated histone tail peptides. To better characterise
their functional relationship further validation of their interaction and functional link in vivo
are needed.
If DAXX is a prime regulator of crotonylation, alterations in DAXX expression might lead
to changes in ‘global’ crotonylation levels. Overexpression assays have previously been
used to demonstrate the ability of writer enzymes to catalyse the transfer of acetyl-CoA
to promote acetylation (Tan et al., 2011). On the other hand, overexpression experiments
are also used to reveal and validate the capacity of eraser enzymes to negatively
regulate HPTMs (Wei, Liu, et al., 2017; Fellows et al., 2018). Thus, I reasoned that if
DAXX is responsible for promoting or reducing histone crotonylation overexpressing
DAXX could be a way to test this.
Cells where DAXX was overexpressed to various extents using a DAXX-GFP vector for
48 h were probed for dose-dependent changes in histone crotonylation (Fig. 5.4).
Western blot analysis of non-sorted cells did not reveal consistent crotonylation (Kcr)
changes that could be linked to altered levels of DAXX. There was a slight overall drop
of histone crotonylation in all conditions tested, which did not correlate with changes in
DAXX expression (Fig. 5.4). Therefore, these fluctuations in Kcr may be attributed to the
transfection process itself, as shown before in my HDAC1 overexpression experiments
(Fig. 3.4). It is worthwhile to note that DAXX-GFP is a fusion protein and is not known
whether it is functional in my experiments. In previously published works using this
vector, it does not become clear if DAXX-GFP has retained its histone chaperone or
transcriptional regulatory activities, for instance (Ishov et al., 1999; Ishov, Vladimirova
and Maul, 2002; Lindsay, Giovinazzi and Ishov, 2009).
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Fig. 5.4. DAXX overexpression does not affect significantly global histone crotonylation
levels. DAXX is overexpressed to varying levels in HCT116 cells via transfection of DAXX-GFP
using indicated amounts of plasmid DNA and Lipofectamine 2000. Controls are non-transfected
cells. DAXX expression and corresponding levels of lysine crotonylation (Kcr) were analysed in
Western blots of whole cell extracts. Relative band intensity of H3cr and H4cr combined is
quantified relative to the loading control – H3.

5.2.4 DAXX knockdown in HCT116 cells does not affect histone crotonylation at
specific heterochromatin loci
DAXX overexpression experiments showed there were no significant changes in bulk
histone crotonylation when DAXX expression was elevated. To more comprehensively
study its role in crotonylation regulation, I utilised small interfering RNA (siRNA) oligos to
downregulate DAXX.
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Fig. 5.5. DAXX knockdown does not affect global histone crotonylation levels. HCT116 cells
are incubated with the given amounts of indicated siRNA and Dharmafect. Whole cell extracts
were used for Western blot analysis of Kcr and LaminB1. Levels of Kcr (H3cr + H4cr) were plotted
relative to LaminB1 (loading control).

A significant reduction in DAXX expression was observed after 48 h with all combinations
of oligo and transfection reagent (Dharmafect) concentrations tested (Fig. 5.5). This
overall testifies for the stable depletion of DAXX using this RNAi approach. The
expression levels of DAXX were not affected by a non-targeting (NT) siRNA control
knockdown, which were retained close to those in the non-transfected control cells (Fig.
5.5 – lanes 1-3). To test if DAXX depletion affected bulk histone crotonylation, Kcr levels
were measured in a range of transfections shown to cause DAXX downregulation (Fig.
5.5 – lanes 5-9). No consistent changes in histone crotonylation could be linked to altered
levels of DAXX expression. There was a drop of lysine crotonylation (Kcr) in DAXX and
NT siRNA control knockdowns (Fig. 5.5 - lanes 2-4), suggesting there is not a DAXXspecific effect.
Thus far, I examined the function of DAXX in regulating global histone crotonylation
levels and did not find compelling evidence for a functional interaction on that level.
However, DAXX could have a more localised effect on crotonylation. It could act to
regulate crotonylation at specific genomic regions or at particular histone residues, for
instance. Since DAXX is a histone chaperone with a role in heterochromatin
maintenance, I hypothesised DAXX could be regulating histone crotonylation at such
chromatin regions. Moreover, I had previously shown that aberrant levels of histone
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crotonylation are identified at heterochromatic loci upon class I HDAC inhibition (Fig.
3.9). Notably, DAXX functionally interacts with class I HDACs (Hoelper et al., 2017).
Thus, to test the role of DAXX in localised histone crotonylation regulation,
heterochromatin-specific changes in lysine crotonylation upon DAXX knockdown were
examined.
The pan anti-crotonyllysine (anti-Kcr) antibody was used to probe the chromatin
association of crotonylated proteins, bona fide primarily histones, in control (NT siRNAtreated)

and

DAXX

knockdown

(DAXX

KD)

HCT116

cells

via

chromatin

immunoprecipitation followed by quantitative real-time PCR (ChIP-qPCR) (Fig. 5.6a).
These experiments indicated that there are no significant differences in Kcr enrichment
in centric and pericentric heterochromatin or other loci tested, including TSS and
intergenic regions upon DAXX KD. This implies no role of DAXX in contributing to histone
crotonylation at the given sites. Since the turnover rate of histone crotonylation are not
fully understood, it is possible that this modification is rather static and its dynamics are
too slow to observe differences in basal conditions. Thus, it could be that changes in Kcr
at heterochromatin when DAXX levels are diminished are only detectable in conditions
where histone crotonylation would normally be promoted. One way to promote histone
crotonylation in cells in culture is by supplementing the medium with the SCFA, crotonate
(Fig. 3.3). To test this, enrichment of histone crotonylation was measured by ChIP-qPCR
in control and DAXX knockdown cells in the presence and absence of 10 mM crotonate
(Fig. 5.6b). No significant differences in Kcr enrichment were measured at the
heterochromatin sites tested. Interestingly, there were no crotonate-dependent changes
in Kcr enrichment in either control or DAXX KD. Altogether, ChIP-qPCR provided no
evidence for the role of DAXX in regulating histone crotonylation at heterochromatic loci.
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Fig. 5.6. DAXX does not regulate histone crotonylation at specific tested heterochromatic
sites. Lysine crotonylation (Kcr) ChIP-qPCR for indicated target loci at TSS or heterochromatic
sites and enrichment plotted as percent of input chromatin. (a) Control (NT siRNA) or DAXX KD
(DAXX siRNA) cells used. Average of two technical ChIP replicates are shown. Error bars are
SD. (b) Control and DAXX KD cells were either treated with 10 mM crotonate or left non-treated
before being used for Kcr ChIP. Average of two biological ChIP replicates are shown. Error bars
are SD.
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5.2.5 There are DAXX-dependent changes in chromatin-associated lysine
crotonylation upon crotonate treatment
Western blot analysis on total histone crotonylation and ChIP-qPCR for specific target
chromatin loci do not support a model for DAXX as a regulator of global histone
crotonylation. ChIP-qPCR looks at only a limited number of chromatin sites and the loci
tested were not verified DAXX targets. To test the effect of DAXX on genome-wide
crotonylation, I performed lysine crotonylation (Kcr) ChIP-sequencing in DAXX KD and
control (NT siRNA-treated) cells in the presence and absence of 10 mM crotonate. In the
SILAC and array screen, DAXX was found to interact with crotonylated H4K8. DAXX was
also identified in Western blot analysis of H3K18cr pull-downs. Detection at both H4K8
and H3K18 would suggest that DAXX may interact with more than one crotonylated
histone residue. Moreover, it is possible that there are additional yet uncovered
crotonylation targets of DAXX. Thus, in order not to miss any site-specific changes, I
used the pan anti-crotonyllysine (anti-Kcr) antibody for this ChIP. Efficient knockdown of
DAXX and effect of crotonate on histone crotonylation were confirmed by immunoblotting
(Fig. 5.7). Two biological replicates of DAXX KD and control cells supplemented with
crotonate (Fig. 5.7b, c) and three biological replicates without crotonate were used (Fig.
5.7a, b ,c).

Fig. 5.7. Validation of treatment of cell for ChIP-seq. Western blots of whole cell extracts of
HCT116 cells for ChIP treated with DAXX siRNA and control (NT siRNA) for 48 h. Cell culture
medium was supplemented with (a) no crotonate or (b) and (c) 10 mM crotonate for the duration
(48h) of the siRNA transfection or left non-treated. DAXX and Kcr (H3cr + H4cr) band intensity
was quantified relative to the loading control – H3, and plotted below each plot.
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I compared the H3K18cr ChIP presented in Chapter 3 with the Kcr ChIP and found a
considerable overlap between Kcr and H3K18cr MACS peaks (Fig. 5.8a) with 65 % of
total peaks shared (Fig. 5.8b). The co-localisation was even more pronounced at TSS
where they shared 70 % of all MACS peaks (Fig. 5.8c). This testifies for the high
correlation between the H3K18cr and Kcr ChIP-seq signals, suggesting that the anti-Kcr
antibody to a large extent detects histone crotonylation signal.

Fig. 5.8. There is a significant overlap between Kcr and H3K18cr genome-wide localisation.
(a) Chromosome view of wiggle quantitation of Kcr and H3K18cr ChIP and Input at Chromosome
4 (1276087881 – 128243980) showing co-localisation of peaks. (b) Overlap of Kcr and H3K18cr
MACS peaks. (c) Overlap of Kcr and H3K18cr MACS peaks at TSS (+/- 500 bp).

MACS peaks were called per replicate ChIP set using the input sample as a reference
(Zhang et al., 2008). The selected fragment size was 300 bp and p-value significance
threshold was 10−5. Similarly to H3K18cr, Kcr marked mainly genes and gene regulatory
regions (Fig. 5.9a, Fig. 3.5). Nearly 80 % of all Kcr MACS peaks were associated with
genes and just over 20 % marked intergenic loci (Fig. 5.9a). 53 % of all peaks were within
gene bodies and about a quarter were at TSS. Interestingly, Kcr enrichment at gene
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starts dropped slightly on crotonate treatment in both control and DAXX KD background
(Fig. 5.9b). This is exemplified by the relative decrease of read counts at TSS on
crotonate supplementation (Fig. 5.9c). A similar pattern with a decrease of reads on
crotonate supplementation is observed for all MACS peaks, suggesting there is an
overall relative reduction in enrichment of peaks of crotonylation when cells are
supplemented with crotonate (Fig. 5.9e, f). This may be analogous to the relative drop of
H3K18cr ChIP-seq reads at TSS and MACS peaks upon HDAC inhibition on MS275
(Fig. 3.6). Thus, a likely explanation for this relative reduction is that there is a genomewide increase in histone crotonylation on crotonate treatment between peaks and a
subsequent drop of relative enrichment of Kcr. Supporting this hypothesis is the small
relative increase of reads outside genes on crotonate supplementation (Fig. 5.9d).
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Fig. 5.9. Kcr is enriched over TSS and is decreased there on crotonate treatment. (a)
Proportion of Kcr MACS peaks at different genomic features: gene body, gene start (TSS +/- 500
bp) and outside of genes. (b) Relative enrichment of log2 reads across probes over gene starts
(+/- 5000 bp). (c) Box Whisker plots of distribution of log2 read counts of running window probes
over TSS (+/- 500 bp) in Input and ChIP replicate sets. (d) Box Whisker plots of distribution of
log2 read counts of running window probes in intergenic genomic regions in Input and ChIP
replicate sets. (e) Box Whisker plots of distribution of log2 read counts over MACS peaks in Input
and ChIP replicate sets. (f) Relative enrichment of log2 reads across all MACS peaks per replicate
set.
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When DAXX was depleted, EdgeR analysis identified only 18 differentially marked Kcr
MACS peaks (Fig. 5.10a). These few differences between NT control and DAXX KD
were almost completely eliminated in the presence of crotonate (Fig. 5.10b). Only a
single probe, associated with the transmembrane protein coding gene TMCC3, was
enriched in Kcr in the knockdown (Fig. 5.10b). Crotonate alone, on the other hand,
caused a larger number of changes in Kcr genome association, with 360 differentially
marked loci (Fig. 5.10c). Crotonate led to an overall increase in Kcr, as 317 of the 360
differentially marked sites were enriched in Kcr compared to non-supplemented NT
controls. Intriguingly, the response to crotonate treatment was considerably attenuated
by DAXX KD, as the number of significantly changing Kcr peaks decreased nearly 3-fold
to 129 (Fig. 5.10d). These differences in the number of crotonate-responsive Kcr loci
cannot be explained by changes induced by DAXX depletion alone, as DAXX KD only
affected Kcr at 18 loci (Fig. 5.10a). Furthermore, crotonate supplementation caused Kcr
changes in different genomic sites in the NT control and DAXX KD backgrounds (Fig.
5.10f). Notably, global levels of Kcr are elevated in response to crotonate even when
DAXX is depleted (Fig. 5.9b, c), demonstrating the effect of DAXX KD on crotonateinduced Kcr changes is not simply due to a failure of DAXX KD cells to respond to
crotonate supplementation. Taken together, these results attest for a role of DAXX in
mediating the effects of crotonate onto chromatin-associated lysine crotonylation. The
largest number of differences (415 differentially marked EdgeR peaks) was identified
between NT control cells supplemented with crotonate and DAXX KD cells in the
absence of crotonate (Fig. 5.10e). Therefore, crotonate treatment and absence of DAXX
have opposing impacts on peaks of lysine crotonylation, which suggests DAXX has a
promoting effect on chromatin Kcr when crotonate is added to cells. Altogether this data
indicates that DAXX is required for a number of crotonate-induced Kcr changes.
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Fig. 5.10. DAXX knockdown reduces chromatin-associated lysine crotonylation changes
on crotonate treatment. EdgeR was used to identify significantly changed MACS peaks of Kcr.
(a) Scatter plot of Kcr MACS peaks (log2) in NT siRNA (Control) and DAXX siRNA-treated (DAXX
KD) HCT116 cells. Significantly differentially marked probes, are highlighted in green if they are
enriched and in orange if they are depleted in DAXX KD relative to Control. (b) Scatter plot of Kcr
MACS peaks (log2) in Control and DAXX KD HCT116 cells, both supplemented with 10 mM
crotonate. Significantly differentially marked probes are highlighted in green if they are enriched
and in orange if they are depleted in DAXX KD relative to Control. (c) Scatter plot of Kcr MACS
peaks (log2) in Control and Control + Crotonate with significantly differentially marked probes
highlighted in green if they are enriched and in orange if they are depleted in Control + Crotonate
relative to Control. (d) Scatter plot of Kcr MACS peaks (log2) in Control and DAXX KD + Crotonate
with EdgeR significantly differentially marked probes highlighted in green if they are enriched and
in orange if they are depleted in DAXX KD + Crotonate relative to Control. (e) Scatter plot of Kcr
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MACS peaks (log2) in Control+Crotonate and DAXX KD with EdgeR significantly differentially
marked probes highlighted in green if they are enriched and in orange if they are depleted in
DAXX KD relative to Control + Crotonate. (f) Scatter plot as in (c) with overlap of EdgeR probes
differentially marked between Control and DAXX KD + Crotonate in blue if they are enriched and
in brown if they are depleted in DAXX KD + Crotonate relative to Control.
Numbers of enriched (UP) and depleted (DOWN) MACS peaks are cited next to each scatter plot.

5.2.6 DAXX-dependent transcriptional changes on crotonate treatment
Next I wanted to examine the impact of crotonate treatment, DAXX KD, and their
interaction on gene expression. To do this, I performed RNA-sequencing in control (NT
siRNA-treated) and DAXX KD HCT116 cells in the presence and absence of 10 mM
crotonate. Western blot analysis of the samples was used to verify the successful
knockdown of DAXX and the effect of crotonate on histone crotonylation (Fig. 5.11). Four
biological replicates per condition were used.

Fig. 5.11 Validation of treatment of cells for RNA-sequencing. Western blot analysis of whole
cell extracts of cells treated with DAXX siRNA or NT siRNA and with or without 10 mM crotonate
supplementation that were used for RNA-sequencing. DAXX and Kcr levels are plotted relative
to the loading control – histone H3.
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DESeq2 analysis revealed a small number of transcriptional changes (82 genes) on
DAXX knockdown (Fig. 5.12a). The most significantly downregulated gene was DAXX,
thereby validating its knockdown (Fig. 5.12a, b). The number of differentially expressed
genes (DEGs) on DAXX KD was significantly affected by addition of crotonate. There
were more than 4-fold more DEGs (357) on DAXX KD in the presence of crotonate,
suggesting a role for DAXX in regulating these genes on crotonate supplementation (Fig.
5.12b). Furthermore, there is a slightly smaller number of DEGs (2269) affected by
crotonate addition in the DAXX KD background (Fig. 5.12d) compared to NT control
(2413 DEGs) (Fig. 5.12c). This would support the notion that DAXX is required for the
induction of a number of transcriptional changes on crotonate treatment.
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Fig. 5.12. DAXX knockdown promotes gene expression changes on crotonate treatment.
(a) Scatter plot of all detected mRNAs (All probes) (log2) in NT siRNA (Control) and DAXX siRNAtreated (DAXX KD) HCT116 cells with DESeq2 genes highlighted in green if they show increased
expression and in orange if they show decreased expression in DAXX KD relative to Control. (b)
Scatter plot of all probes (log2) in Control and DAXX KD HCT116 cells supplemented with 10 mM
crotonate (Crotonate) with DESeq2 genes highlighted in green if they are increased and in orange
if they are decreased in DAXX KD relative to Control. (c) Scatter plot of all probes (log2) in Control
and Control + Crotonate with DESeq2 genes in green if they are upregulated and in orange if they
are downregulated in Control + Crotonate relative to Control. (d) Scatter plot of all probes (log2)
in DAXX KD and DAXX KD + Crotonate with DESeq genes highlighted in green if they are
increased and in orange if they are decreased in DAXX KD + Crotonate relative to DAXX KD. (e)
Scatter plot as in (c) with overlap of DESeq2 between Control and DAXX KD + Crotonate in blue
if they are increased and in brown if they are decreased in DAXX KD + Crotonate relative to
Control.
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Intriguingly, there was a subset of genes distinctly modulated by crotonate, depending
on the presence of DAXX. When NT control cells were compared to DAXX KD +
crotonate they revealed 2098 DEGs – 15 % fewer than the number of DEGs between
NT control and NT control + crotonate (2413) (Fig. 5.12e). To find out if these differences
can be explained by changes induced by knocking down DAXX alone, I compared the
DEGs between NT control and (i) NT control + crotonate, (ii) DAXX KD + crotonate and
(iii) DAXX KD only (Fig. 5.13a). The comparison revealed a large number of genes (691)
uniquely changing their expression following crotonate addition when DAXX is depleted.
Additionally, there were a number of DEGs (1051) that change in response to crotonate
in the NT control, but not in the DAXX KD background. Importantly, these differences in
transcriptional response of the NT control and DAXX KD cells to crotonate
supplementation cannot be explained by the knockdown of DAXX, as DAXX depletion
affected only 82 transcripts (Fig. 5.13a, 5.12a). The presence of distinct sets of genes
responsive to crotonate treatment in the NT control and in DAXX KD cells suggested a
role for the histone chaperone in regulating crotonate-mediated transcriptional changes.
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Fig. 5.13. There is a unique set of DEGs on crotonate supplementation when DAXX is
knocked down. (a) Overlap of DEGs between control (NT siRNA) cells and (i) control
supplemented with 10 mM crotonate (Control + Crotonate), (ii) DAXX is knocked down (DAXX
KD) and (iii) cells supplemented with 10 mM crotonate when DAXX is knocked down (DAXX KD
+ Crotonate). (b) Overlap of upregulated (UP) DEGs between control cells and (i) Control +
Crotonate, (ii) DAXX KD and (iii) DAXX KD + Crotonate. (c) Same as in (b) for downregulated
(DOWN) DEGs.
P-values of hypergeometric statistical test are quoted.
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There was a strong transcriptional response of cells to crotonate addition to the culture
media with a higher number of upregulated (1505) compared to downregulated (908)
genes. This indicated that crotonate addition causes both transcriptional activation and
repression, but is mostly activating (Fig. 5.12c, d). There was a strong correlation
between the transcriptional response to crotonate both in NT control and in DAXX KD
backgrounds. This is shown by R2 = 0.94 between fold changes of the DEGs in the two
experiments (Fig. 5.14a) and is further illustrated in a heatmap format, where the
changes are shown to be concordant (Fig. 5.14b). Thus, crotonate is a metabolite with a
potent transcriptional regulatory capacity that affects the overlapping DEGs in a similar
way. On the other hand, there was no correlation (R2 = 0.002) between DEG in NT control
cells with crotonate addition and DAXX KD without crotonate (Fig. 5.14c, b). This
suggests that crotonate causes a distinct transcriptional response to that induced by
DAXX KD with a small number of overlapping DEGs (26) and no correlation.
Nonetheless, the overlap between upregulated gene sets following crotonate
supplementation in NT control and in DAXX KD cells is highly statistically significant
(p=6.9 x 10-4) (Fig. 5.13b). Thus, there is a potentially meaningful functional overlap
between the gene activating changes caused by crotonate addition and by DAXX
depletion. Downregulated genes’ overlap has a p-value of 0.1, suggesting there is no
interaction between genes that are repressed following crotonate supplementation and
when DAXX is knocked down (Fig. 5.13c). Interestingly, the highest number of
transcriptional differences (4874 DEG) were measured between NT control + crotonate
and DAXX KD (Fig. 5.14e). The stark dissimilarity in gene expression in cells in the
presence of crotonate and in the absence of DAXX points to a strong opposing action of
the two factors on transcription, which is analogous to their effect on Kcr as monitored
by ChIP-seq (Fig. 5.10e).
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Fig. 5.14. Comparison of transcriptional responses to crotonate addition and to DAXX
knockdown. (a) Scatter plot of fold change (log2) of DEGs in NT siRNA-treated HCT116
supplemented with 10 mM crotonate (Control + Crotonate) against DAXX siRNA-treated cells
supplemented with crotonate (DAXX KD + Crotonate). (b) Heatmap of fold change (log2) of DEGs
in Control + Crotonate against DAXX KD + Crotonate. (c) Scatter plot of fold change (log2) of
DEGs in Control + Crotonate against DAXX KD. (d) Heatmap of fold change (log2) of DEGs in
Control + Crotonate against DAXX KD. (e) Scatter plot of all probes (log2) in Control (NT siRNA)
+ Crotonate and DAXX KD with DESeq2 genes highlighted in green if they are enriched and in
orange if they are depleted in DAXX KD relative to Control + Crotonate.
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As shown above, and summarised in Fig. 5.15, there was a large number of
transcriptional changes following crotonate supplementation (Fig. 5.15). To dissect any
overarching functional roles of the affected genes, I carried out gene ontology (GO)
analyses. It revealed an enrichment for upregulated DEGs involved in neurogenesis
upon addition of crotonate (Fig. 5.16a). This is an interesting observation as the cells
used (HCT116) are derived from the colon epithelium and should not normally express
neural-specific genes and pathways. On the other hand, the most highly enriched GO
term associated with the same upregulated DEGs was Wnt signalling, an essential factor
for intestinal epithelial homeostasis. There was an enrichment of genes encoding for
both canonical (e.g. WNT11, WNT3A, BAMBI, FOXO1, EFG, RSPO1, LGR4, SOX2,
LRP4) and non-canonical (e.g. DACT1, DAB2, DKK1, NKD1, ANKRD6) Wnt members.
Wnt has a role in the development and homeostasis of multiple tissues and organs,
including the nervous system (Rosso and Inestrosa, 2013). A closer look into the genes
associated with these enriched GO terms reveals that many of them assigned to neural
processes are also part of the Wnt pathway. A few examples are WNT7A/B, WNT6,
WNT11, several frizzled family receptors (FZD), the LRP4 receptor and SOX2. Genes
downregulated on crotonate supplementation were implicated primarily in genome
regulation and included GO terms such as regulation of gene silencing, chromatin
organisation and histone modification (Fig. 5.16b). A closer look into the genes
contributing to these GO terms revealed many of them encoded for epigenetic modifiers
implicated in transcription, including histone methylation (SETDB1, SETD8, SETD6) and
histone acetylation (P300, GCN5, HDAC5, HDAC7) regulation. Interestingly, among the
genes downregulated by crotonate were a number encoding for bromodomaincontaining proteins (BRD8, BRD2, BAZ2A, TAF1).
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Fig. 5.15. Differentially expressed genes on crotonate treatment. Volcano plot showing the
fold change (log2) against p-value (-log10) of DESeq2 significant mRNAs on supplementing
control (NT siRNA) HCT116 cells with 10 mM crotonate. Genes upregulated at least 1.5-fold are
in green and downregulated at least 1.5-fold are in orange.
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Fig. 5.16. Gene ontology (GO) analysis of differentially expressed genes on crotonate
addition to HCT116 culture medium. (a) GO analysis of biological processes associated with
genes that are upregulated in Control (NT siRNA-treated) cells on 10 mM crotonate
supplementation. Only terms with a –log10 (FDR) > 2.5, and at least 2-fold enrichment are shown.
(b) GO analysis of biological processes associated with genes that are downregulated in Control
cells on 10 mM crotonate supplementation. Only terms with a –log10 (FDR) > 2.5, and at least 2fold enrichment are shown.
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DAXX knockdown induced only a relatively small number of transcriptional changes (Fig.
5.17a) and GO analyses revealed an enrichment of upregulated genes with roles in
apoptosis, death domain receptor regulation, cell proliferation, migration and motility
(Fig. 5.17b). These gene expression changes are concordant with the roles of DAXX in
cell survival, proliferation, pro-apoptotic and oncogenic processes (Mahmud and Liao,
2019).
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Fig. 5.17. Differentially expressed genes on DAXX knockdown are involved in apoptosis.
(a) Volcano plot showing the fold change (log2) against p-value (-log10) of DEGs in HCT116 cells
where DAXX is knocked down (DAXX KD). Genes upregulated at least 1.5-fold are in green and
downregulated at least 1.5-fold are in orange. (b) Gene ontology analysis of biological processes
associated with genes that are upregulated on DAXX KD. Only terms with a –log10 (FDR) > 1.3,
and at least 2-fold enrichment are shown.
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To better understand the contribution of DAXX to crotonate-induced transcription, I
wanted to functionally characterise the genes that change on crotonate addition in NT
control cells, but fail to respond to the same treatment when DAXX is depleted.
Interestingly, GO terms enriched with these genes were very similar to the GO terms
associated with DEGs in control cells supplemented with crotonate. Upregulated genes
had roles primarily in neurogenesis (Fig. 5.18a) and downregulated genes in chromatin
regulation (Fig. 5.18b). Additionally, genes that were only differentially expressed on
crotonate treatment in DAXX KD, but not in control cells, were associated primarily with
roles in autophagy and lipid metabolism (
Fig. 5.19).
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Fig. 5.18. Gene ontology (GO) analysis of genes that fail to change on crotonate treatment
when DAXX is knocked down. (a) GO analysis of biological processes associated with genes
that are upregulated upon 10 mM crotonate supplementation in Control (NT siRNA-treated), but
not in DAXX KD HCT116 cells. Only terms with a –log10 (FDR) > 1.3, and at least 2-fold
enrichment are shown. (b) GO analysis of biological processes associated with genes that are
downregulated upon 10 mM crotonate supplementation in Control, but not in DAXX KD HCT116
cells. Only terms with a –log10 (FDR) > 2.5, and at least 2-fold enrichment are shown.
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Fig. 5.19. Genes differentially expressed on crotonate treatment only when DAXX is
knocked down. (a) Volcano plot showing the fold change (log2) against p-value (-log10) of DEGs
in HCT116 cells when DAXX is knocked down and they are supplemented with crotonate (DAXX
KD + Crotonate). Genes upregulated at least 1.5-fold are in green and downregulated at least
1.5-fold are in orange. (b) Gene ontology analysis of biological processes associated with genes
that are upregulated in DAXX KD + Crotonate, but not in Control + Crotonate. Only terms with a
–log10 (FDR) > 1.3, and at least 2-fold enrichment are shown.
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Transcriptional changes linked to changes in chromatin association of lysine
crotonylation
Crotonate addition to the culture medium induced a large number of transcriptional
changes in HCT116 cells, as it also caused changes in chromatin lysine crotonylation,
most likely histone crotonylation. In Western blot the anti-Kcr antibody predominantly
detects proteins the same size as histones H3 and H4 and Kcr signal strongly correlates
with H3K18cr in ChIP-seq (Fig. 5.8, Fellows et al., 2018). Additionally the same anti-Kcr
antibody (PTM-501) has been previously validated by other groups (Tan et al., 2011;
Bao et al., 2014; Sabari et al., 2015). Thus, it is conceivable that lysine crotonylation
measured in my ChIP experiments represents mostly histone crotonylation.
I found that that nearly half of the DEGs following crotonate supplementation were
marked by Kcr at their TSS (Fig. 5.20a). In general, upregulated genes have gained Kcr
and downregulated genes have lost Kcr ChIP-seq signal were downregulated (Fig.
5.20b). Most of the DEGs undergoing changes of Kcr have gained crotonylation and are
transcriptionally activated. This suggests that increased Kcr signal at genes following
crotonate supplementation leads to the increased expression of a subset of these genes.
From the conditions tested, the largest number of DEGs were observed between
crotonate treatment in NT control cells and DAXX KD cells without crotonate. More than
a quarter of all genes depleted in Kcr were also downregulated in their expression (Fig.
5.20c). This overlap is statistically significant (p=0.013), which suggests a functional link
between genes losing histone crotonylation and their reduced expression in DAXX KD
cells compared to NT control cells with crotonate (Fig. 5.20d). Altogether, my results
point to a coupling between changes in chromatin-associated histone crotonylation and
altered gene expression induced by crotonate supplementation and mediated by DAXX.
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Fig. 5.20. Transcriptional changes on crotonate treatment are associated with chromatin
lysine crotonylation changes. (a) DEGs with Kcr MACS peak at their TSS (+/- 500 bp) in Control
(NT siRNA-treated) cells supplemented with 10 mM crotonate compared to Control. (b) Volcano
plot showing fold enrichment (log2) and DESeq adjusted p-value (-log10) of genes associated
with differential Kcr MACS peaks between Control and Control+Crotonate. Genes are in green if
enriched and in orange if depleted in crotonylation in Control + Crotonate relative to Control. (c)
Downregulated (DOWN) DEGs associated with MACS peaks depleted in Kcr in DAXX KD
compared to Control + Crotonate. P-values of hypergeometric statistical test are quoted. (d)
Volcano plot showing fold enrichment (log2) and DESeq adjusted p-value (-log10) of genes
associated with differential MACS peaks identified in anti-Kcr ChIP-seq between DAXX KD and
Control+Crotonate. Genes are in green if enriched and in orange if depleted in crotonylation on
Crotonate relative to Control.

Discussion
Validations of SILAC and microarray crotonyl-interacting candidates through peptide
pull-downs followed by immunoblot analysis suggested that DAXX binds acetylated and
Elena Ignatova Stoyanova

155

Insights into the molecular mechanisms of function and regulation of histone crotonylation

crotonylated H4K8 and H3K18 with a moderate, but consistent preference for crotonyl
(Fig. 5.2b). RUVBL1, on the other hand, demonstrated similar affinity for acetylation and
crotonylation on the H4K8 peptides (Fig. 5.2c).
There was a retention of crotonylated histones in immunoprecipitations of DAXX (Fig.
5.3). This indicates that there may be a DAXX-mediated interaction with these histones.
However, DAXX is an H3.3 histone chaperone and enrichment of crotonylated histones
was correlated with higher levels of histone H3. Thus, it is possible that increased binding
to crotonylated histones by DAXX-GFP reflects binding to histone H3.
DAXX overexpression and knockdown did not have a significant effect on total histone
crotonylation. Thus, I found no evidence of DAXX as a regulator of global histone
crotonylation. This observation is supported by the anti-Kcr ChIP-seq and RNA-seq data,
where there are very few changes on DAXX KD. Evidence for the role of DAXX in
regulating both chromatin-associated Kcr and gene expression is provided by
experiments where cells are exposed to the effects of the SCFA, crotonate (Fig. 5.10,
Fig. 5.12). Crotonate has a well-established role in promoting histone crotonylation (Tan
et al., 2011; Sabari et al., 2015). The absence of DAXX affects the response of cells to
crotonate by reducing the number of Kcr changes. Thus, DAXX depletion is
counteracting the changes induced by crotonate on Kcr, presumably histone
crotonylation. This is supported by the observation that DAXX KD and crotonate in
control cells have the largest number of differences in anti-Kcr ChIP-seq peaks.
Similarly, DAXX KD alters the transcriptional response of HCT116 to crotonate by
reducing the number of DEGs following crotonate supplementation, implying that DAXX
is required for a subset of these changes. Furthermore, the greatest number of
transcriptional changes were between the presence of crotonate and absence of DAXX
(Fig. 5.14). This points to the opposing effect of the two factors not only on chromatin
crotonylation, but also on gene expression. There was a statistically significant
overrepresentation of genes downregulated on DAXX KD compared to control +
crotonate that are also depleted in Kcr (Fig. 5.20c). This would suggest a functional link
between changes in crotonylation and gene regulation between the two treatments.
It is worthwhile to note that DAXX is a histone chaperone that facilitates H3.3-containing
nucleosome assembly and deposition (Drané et al., 2010; Lewis et al., 2010). Thus, any
changes in the abundance of histone crotonylation caused by changes in DAXX
expression may be due to DAXX’s histone deposition activity irrespective of its
interaction with crotonylation. Hence, a histone lysine acetylation and/or an unmodified
H3 ChIP-seq in parallel with Kcr would serve as good control for this. As DAXX is a H3.3specific chaperone, a ChIP for this specific histone variant may be most suitable. If
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chromatin changes in Kcr are independent of changes in H3.3, this would indicate DAXX
is functionally linked to crotonylation on other histone proteins. Additionally, Western blot
analysis for Kcr in conjunction with H3 of the chromatin fraction of control and DAXX KD
cells would indicate if DAXX has a crotonylation-dependent nucleosome assembly
activity. Nonetheless, significant changes in Kcr ChIP signal were only detected when
crotonate was added to the cell culture medium and, on its own, DAXX KD had a very
small effect on Kcr (Fig. 5.10). The latter suggests that differences in Kcr when DAXX is
depleted are crotonate-dependent and are mediated by crotonylation.
Gene ontology analyses revealed that crotonate leads to upregulation of genes involved
in neural development (Fig. 5.16a). This is surprising, considering these analyses were
performed with HCT116 cells, which are colon epithelium derived cells. Interestingly,
genes involved in Wnt signalling were strongly enriched when cells were exposed to
crotonate. Wnt signalling is an essential process that regulates stem cell maintenance
and proliferation in the intestinal crypts and, thus, ensures epithelial renewal. Mutations
in the Wnt pathway are major drivers of oncogenesis (Czerwinski, Shroyer and Spence,
2018). Among the enriched genes following crotonate supplementation, there are some
that encode for canonical and non-canonical Wnt members. The canonical pathway
depends on β-catenin downstream signalling, whilst the non-canonical acts
independently (Ackers and Malgor, 2018). The role of the canonical Wnt, but not the noncanonical pathway, has been well-established in gut development (Kriz and Korinek,
2018). On the other hand, both the canonical and non-cannonical Wnt pathways have
been implicated in neural stem cell and differentiation regulation (Rosso and Inestrosa,
2013). Besides their place in neurogenesis, some of these genes have been found to
have roles in colon cancer progression (WN6, WNT11, FZD8) or suppression (WNT9A)
(Ouko et al., 2004; De Calisto et al., 2005; Schmidt et al., 2007; Ossipova and Sokol,
2011; Boyd et al., 2015; Ali, Medegan and Braun, 2016; Kramer et al., 2017; Zheng and
Yu, 2018; Ji et al., 2019). Others, like FZD4 and FZD9 regulate the enteric nervous
system, a network of neurons that regulate the gastrointestinal tract (Di Liddo et al., 2015;
Nothelfer et al., 2016). These analyses suggest that crotonate addition promotes a robust
upregulation of Wnt signalling genes in HCT116 cells. In vivo these pathways may be
important for signalling via the enteric nervous system or in cancer-related processes.
qPCR for selected Wnt marker genes could be one way to test if SCFA activate the Wnt
signalling pathway.
On the other hand, crotonate-repressed genes were involved in chromatin-related
processes, including epigenetic regulation of gene expression (Fig. 5.16b). The Kcr
ChIP-seq data suggests that this could be, at least in part, through mechanisms of
regulation of histone crotonylation. The genes associated with these GO terms include
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epigenetic writers, erasers and readers. Thus, crotonate could be relaying its gene
regulatory effects, at least in part, via the downregulation of epigenetic modifiers.
Interestingly, among the genes downregulated by crotonate were a number encoding for
bromodomain-containing proteins (BRD8, BRD2, BAZ2A, TAF1). As the BRDs are the
major histone acetylation reader domains, their downregulation by crotonate may signify
a decrease in acetylation in favour of crotonylation and a subsequent reduction in
expression of BRD genes. Further investigation into the mechanisms of gene regulation
by crotonate is required. Examining its effects on crotonylation on different histone
residues with established roles in gene regulation and ChIP-qPCR for some of the target
genes of interest could strengthen this link.
Knocking down DAXX promotes the expression of genes with roles in apoptosis, which
fits with the function of DAXX in regulation of programmed cell death and cell survival
processes (Fig. 5.17). For instance, DAXX-deficient embryos and cell lines undergo rapid
apoptosis (Michaelson et al., 1999; Chen and Chen, 2003). Other genes impacted by
DAXX KD are involved in cell motility, chemotaxis, proliferation, which are all processes
that DAXX is known to be implicated in. Interestingly, DAXX downregulation increased
motility, migration and proliferation of colon cancer cells, including HCT116 cells and
promoted carcinogenesis (Chen, Lee and Tzeng, 2019; Liu et al., 2020). Genes that
show only changes on crotonate addition when DAXX was knocked down are linked to
terms enriched in autophagy regulation (
Fig. 5.19). DAXX has been reported to suppress autophagy and DAXX KD to induce
autophagy gene activation (Lorena, John and Tony, 2015; Puto, Benner and Hunter,
2015). My data suggests histone crotonylation or other metabolic changes induced by
crotonate may have a role in these processes, as well. On the other hand, genes that
failed to respond to crotonate supplementation in DAXX KD had largely overlapping
functions to the genes modulated in control + crotonate (Fig. 5.18). This suggests that
genes differentially expressed on crotonate in a DAXX-dependent manner are not
enriched in a unique subset of processes.
Altogether, the data presented in this chapter lead me to postulate a role for the histone
chaperone DAXX in histone crotonylation and transcription when cells are exposed to
the SCFA crotonate. A subset of transcriptional changes can be functionally linked to
crotonylation modulation. This poses the possibility that DAXX facilitates crotonateinduced histone crotonylation. A speculation is that if there are changes in Kcr associated
with changes in an interacting protein, it could be for one of two reasons: (1) the
interacting factor could either be aiding crotonylation incorporation into DNA, e.g. a
chaperone or (2) protecting it from being removed by erasers through staying bound to
it, for instance. In the latter case, the protein could also be a histone crotonylation reader,
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involved in mediating downstream effects of the modification. Nonetheless, considering
that DAXX is involved in histone deposition, a plausible scenario is that the chaperone
aids the chromatin incorporation of crotonylated histones. Further discussion on this
functional link is presented in General Discussion section 6.3.
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6 General Discussion

The regulation of histone crotonylation
6.1.1 Class I HDACs decrotonylate histones
My new findings demonstrate the decrotonylation potential of class I HDACs and support
work from our and other groups regarding their role as decrotonylases (Wei, Liu, et al.,
2017; Fellows et al., 2018; Kelly et al., 2018). This advance expands the functional
repertoire of these important enzymes to short-chain lysine acylations other than
acetylation and suggests that HDACs may be even more promiscuous with the ability to
recognise and ‘erase’ an even wider range of acylations. This is alluded to by
observations that HDAC1, HDAC2 and HDAC3-NCoR catalyse butyryl removal from
H3K18 in vitro (Fellows et al., 2018). To date, the Zn2+-dependent HDAC1-3 are known
to accept and catalyse the removal of one additional acyl substrate – hydroxybutyryl
(Huang et al., 2018). Studies that explore the enzymatic capacity of HDACs beyond
deacetylation could contribute to functional investigations of this family of enzymes that
have established roles in cancer and which are important epigenetic drug targets
(Balasubramanian, Verner, & Buggy, 2009; Yixuan Li & Seto, 2016).
As most of the biology of these major enzymes has been assigned to acetylation
regulation, the emerging possibility that HDACs regulate many more modifications
highlights the potentially overlooked, but important facet of their function. Identification
of additional HDAC substrates is, therefore, valuable for recognising HDAC’s full
enzymatic potential. Better understanding of their diverse targets beyond acetylation is
essential for elucidating the mechanisms through which they contribute to cellular
processes in health and disease. Moreover, this could allow for more specific drug
development targeting class I HDACs. Kinetic studies examining the specificities of the
eraser enzymes for varied acyl substrates would be key in directing the efforts of these
advancements. Mutant variants of eraser enzymes with capacity to remove only some
acyl PTMs from histones could serve as tools to uncouple the functions of different
acylations. For instance, Wei et al. engineered an HDAC mutant with intact
decrotonylase, but impaired deacetylase activity (Wei, Liu, et al., 2017). In their study
the authors used it to differentiate between the transcriptional capacities of histone
crotonylation and acetylation in vivo. In a recently published work, Spinck et al. used
directed evolution to derive structural HDAC variants with selectivity for butyryl
substrates and used them to increase the crotonylation-to-butyrylation ratio in cells
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(Spinck et al., 2020). Such studies demonstrate the exciting prospects of research on
enzyme-substrate specificity in relation to histone acylations. Directed engineering of
epigenetic modifiers allows for functional uncoupling of different HPTMs and can open
the door to selective targeting of their downstream effects on gene regulation.
Importantly, my work advances our understanding of how acylation is controlled by
providing functional insights into histone crotonylation regulation by HDACs. I found that
class I HDACs affect this modification genome-wide and in a different way compared to
acetylation. This observation provides evidence for a functional distinction between the
two marks and their regulation. My ChIP-seq analysis also shows that crotonylation is
not confined to genes and TSS, but is also found in intergenic regions and this
occurrence is also regulated by class I HDACs. What these regions are and whether they
have some regulatory function can be explored to further elucidate the role of histone
crotonylation in genome regulation. Histone crotonylation has previously been found to
mark enhancers, for instance (Tan et al., 2011; Sabari et al., 2015; Fellows et al., 2018).
How crotonylation’s association with active (H3K27ac and H3K4me1), primed
(H3K4me1) or poised (H3K27me3 and H3K4me1) enhancer histone marks is controlled
by HDACs could complement our knowledge of chromatin regulation upon HDAC
inhibition (Heintzman et al., 2007; Creyghton et al., 2010; Rada-Iglesias et al., 2011).
My findings show that HDAC inhibition led to the spread of H3K18cr and H3K18ac
outside of genes, pointing to the major role of these enzymes in keeping the two marks
enriched at genes (Fig. 6.1). Importantly, the regions of spread included pericentric
heterochromatin, a chromosomal feature with essential roles in maintaining genome
stability, normally characterised by a deacylated state. What the heterochromatin
landscape there looks like in terms of other acylations is not known, but my data implicate
crotonylation regulation by HDACs in these regions. Probing the distribution of other
histone acylations could shed light on their role in regulating these regions and any
functional differences between them. Uncovering the complete HPTM landscape at
heterochromatin would be important in understanding epigenetic regulation during
replication and the associated pathological processes when dysregulated.
I have examined changes in crotonylation on H3K18 upon HDAC inhibition in pericentric
heterochromatin loci. H3K18 has been found to be deacetylated at pericentric loci by the
histone deacetylase SIRT6 (Tasselli et al., 2016b). SIRT6 inhibition caused pericentric
satellite repeats to escape the silencing mechanisms keeping them in check and
increased satellite transcription. Aberrant transcription of these pericentric repeats gave
rise to mitotic defects and cellular senescence (Tasselli et al., 2016b). My data suggests
that crotonylation could also be a contributing factor to these processes. Whether this
would be controlled by the deacetylase SIRT6 remains to be uncovered. Several Sirtuins
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(SIRT1-3) have been shown to act as decrotonylases, demonstrating that
decrotonylation is not confined to the Zn+ dependent family of HDACs (Bao et al., 2014;
Wei, Liu, et al., 2017). Thus, histone crotonylation is under the control of a number of
eraser enzymes and it would be interesting to find out how they work together.
Extending the studies of crotonylation mechanisms to telomeric targets would be exciting
as it is a mark that has been implemented in telomere maintenance via regulation of
telomere controlling genes (Fu et al., 2018). Increased histone crotonylation has been
shown to expel HP1α from heterochromatin, but also to accumulate at sites of dense
heterochromatin marked by HP1γ in sex chromosomes in testis (Tan et al., 2011; Wei,
Mao, Tang, Zeng, Gao, Lu, et al., 2017).
Taken together, my work implicates histone crotonylation regulation by HDACs as an
important factor in its genome-wide distribution and as a potential contributing factor to
intergenic and heterochromatin region maintenance.
6.1.2 Histone crotonylation during the cell cycle
In my thesis, I present novel data on the regulation of histone crotonylation and the role
of class I HDACs during the cell cycle. I show that histone crotonylation fluctuates in a
cell-cycle dependent manner, as it is upregulated in S-phase, following HDAC-mediated
depletion in G1-arrested cells. This makes crotonylation a candidate for an important
mark during replication and expands the repertoire of histone marks regulated by class
I HDACs during this process (Bhaskara et al., 2008; Bhaskara, Jacques, James R.
Rusche, et al., 2013). It also highlights that decrotonylation during the cell cycle is an
active, enzymatically regulated process, which implies that it could be functionally
important. In the intestinal epithelium, crotonylation on H4K8 was enriched in the crypt
compartment. This compartment is characterised by rapid cell proliferation and stem cell
self-renewal. Altogether these data point to a role for histone crotonylation in chromatin
dynamics during the cell cycle and, importantly, during replication.
Maintaining the chromatin state and propagating histone marks with every replication
cycle is crucial for the correct inheritance of epigenetic information. During this process,
the replication fork works closely with chromatin remodelling factors and histone
modifiers, such as HDACs, to re-establish the chromatin landscape (Jasencakova and
Groth, 2010). This is a process that involves the action of a number of histone
chaperones and chromatin assembly factors, e.g. CAF1 (Krude, 1995, 1999). The factors
involved in histone crotonylation establishment during S-phase are still to be elucidated.
There are particular histone modifications that mark newly replicated DNA and are
important for the correct functioning of the replication machinery. Some of these
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evolutionary conserved marks occur on de novo deposited histones (Annunziato, 2005;
Groth et al., 2007). Newly synthesised histones get modified by cytoplasmic histone
modifiers, such as HAT1 (Sobel et al., 1995; Parthun, 2007). H3K18ac is such a mark,
intricately linked to chromatin replication and is established on newly-synthesised
histones preceding nucleosome assembly (Jasencakova et al., 2010). I observed cellcycle dependent dynamics similar to that of H3K18ac for histone crotonylation, which
may implicate the two marks in the same processes.
6.1.3 SCFA regulate histone crotonylation
In chapter 3, I demonstrated that histone crotonylation is found in the mouse intestinal
epithelium, suggesting that it is an epigenetic mark with a relevant role in this tissue. The
colon epithelium is in direct contact with a populous microbial community and is
significantly impacted by microbiota-derived SCFA (Donohoe et al., 2011; den Besten et
al., 2013). Mine and others’ work show that SCFA can act as potent acylation modulators
in cells in culture and, thus, histone crotonylation is a candidate for a metabolicallyregulated mark in the colon (Tan et al., 2011; Sabari et al., 2015; Fellows et al., 2018).
Such a model is supported by studies where SCFA are shown to influence histone
modifications in different tissues. For instance, Krautkramer et al. show that dietmicrobiota interactions can mediate epigenetic reprogramming and direct differential
gene expression accordingly via SCFA in multiple tissues, including the colon
(Krautkramer et al., 2016). Additionally, butyrate regulates histone acetylation and
transcriptional changes in healthy colon homeostasis and in colon cancer (Donohoe et
al., 2012, 2014) and microbiota depletion leads to reduced histone crotonylation and
acetylation in the colon through lowered availability of the SCFA, butyrate, propionate
and acetate (Fellows et al., 2018). These changes in histone crotonylation on microbiotadeprivation have been linked to changes in transcriptional responses in the colon
(Fellows et al., in preparation).
To complement these models, measurements of the concentrations of crotonate in the
intestinal lumen would provide useful information on the physiological relevance of this
SCFA in epigenetic regulation in the colon. Sabari and colleagues determined that the
intracellular abundance of crotonyl-CoA in cells in culture (HeLa) are 1000-fold lower
than acetyl-CoA and below the Km of the crotonyltransferase P300 (Sabari et al., 2015).
If this is matched in vivo in the colon, it would provide the means for small fluctuations in
precursor availability (through the presence of low crotonate concentrations) to influence
histone crotonylation. While crotonate is likely much less available in the lumen than
butyrate, it may still be present at a physiologically relevant concentration there to affect
histone crotonylation and gene expression (Igarashi et al., 2017).
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My work extends the current knowledge of the impacts of SCFA on gene regulation by
mapping crotonylation genome-wide after crotonate supplementation in colon carcinoma
cells, presented in chapter 5. It suggests crotonate can both activate and repress genes,
which is in line with previously published works (Bao et al., 2014; Sabari et al., 2015;
Ruiz-Andres et al., 2016). Thus, it appears that the effects of crotonate on gene
expression may be contextual. What factors define their response is not yet clear, but
these may involve chromatin context, cell type or additional signalling and metabolic
conditions. Kcr ChIP-seq analysis indicates that some of the transcriptional responses
could be due to changes in histone crotonylation - a subset of genes upregulated by
crotonate are also enriched in crotonylation. The chromatin profiles of lysine
crotonylation on crotonate addition provide a novel angle to the mode of histone
crotonylation regulation by SCFA. My ChIP-seq data complements Western blot analysis
which shows that crotonate promotes bulk histone crotonylation. The Kcr ChIP data
confirm the overall upregulation of the mark, and also suggest a spread of crotonylation
outside of genes in the presence of crotonate (Fig. 6.1). Therefore, crotonate
supplementation might contribute to genome regulation through epigenetic mechanisms
involving heterochromatin or distal regulatory elements. Investigation of these
mechanisms would provide more insights into how SCFA can regulate epigenetics in the
intestine. Dissecting specific types of cis-regulatory elements (enhancers, insulators)
and heterochromatin (simple repeats, α satellites, transposons, retroviruses), where
histone crotonylation is modulated by SCFA would be a valuable contribution to our
understanding of the metabolic impact on gene regulation in the intestinal epithelium.
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Fig. 6.1. Histone crotonylation spread outside of genes on HDAC inhibition or crotonate
supplementation. Usually histone crotonylation (and acetylation) is enriched at TSS, which
produces strong ChIP-seq signal at gene starts relative to the rest of the genome. HDACs
inhibition by MS275 or crotonate supplementation promotes a genome-wide increase of histone
crotonylation and spread outside of genes, causing a relative drop of ChIP-seq peaks at TSS.

Acyl-mediated interactions at H4K8 and H3K18
Acetylation on H4K8 and H3K18 have been linked to positive transcriptional regulation
and are found at most active promoters (Wang et al., 2008; Fellows et al., 2018).
However, the site-specific interactions they mediate have not been extensively studied.
The proteomic screens presented in chapter 4 shed light on proteins with preference for
acetylated over crotonylated H4K8 and H3K18 binders. My SILAC experiments highlight
a number of selective acetyl-interacting factors with key roles in chromatin biology and a
range of oncogenic processes. One of them is BRD9, which is being targeted by
epigenetic drugs to fight cancers (Martin et al., 2016; Krämer et al., 2017; Brien et al.,
2018). These results validate the general inability of bromodomains to recognise crotonyl
moieties. Most BRDs are capable of binding acetyl and the one-carbon longer propionyl
groups and are not able to recognise longer chain acylations (Vollmuth and Geyer, 2010;
Flynn et al., 2015). A conserved asparagine that anchors the acetyl group via hydrogen
bonding is proposed to contribute to the domain’s specificity for its substrates (Flynn et
al., 2015). Substitutions at this position cause loss of acetyl binding or altered acyl
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preference. Another key BRD binding site residue is a hydrophobic ‘gatekeeper’. The
gatekeeper is typically a branched amino acid (isoleucine or valine) that limits the size of
the pocket and, thus, the ability of most BRDs to accept longer moieties (Filippakopoulos
et al., 2012). BRDs, such as BRD9 and the second bromodomain of TAF1 (TAF1(2)),
that have been reported to accommodate the larger butyryl and crotonyl groups,
respectively, have a tyrosine gatekeeper instead (Flynn et al., 2015). Therefore, nonbranched gatekeeper residues seemed to define larger binding pockets that could
accommodate extended acyl chains.
The specificity of BRD9 for acetyl over crotonyl moieties demonstrated in my screen is
important as it indicates differential downstream regulation between the two
modifications and could allow for their specific targeting. It may also mean that metabolic
or other stimuli that promote histone crotonylation over acetylation could naturally
counteract BRD9 activity. Additionally, altering the abundace between acetylation and
crotonylation could provide the basis for specific targeting of the BRD9-containing
SWI/SNF GBAF complex, which was selectively pulled-down with acetylated peptides.
SWI/SNF subcomplex-specific inhibition is important for addressing subunit-specific
pathogenicities (Hohmann and Vakoc, 2014; Mayes et al., 2014). Moreover, my finding
implicates the important oncogenic factor, BRD9, and its associated binding partners in
metabolically-regulated epigenetic response in the colon, where acylations on H4K8 are
modulated by microbiota and SCFA depletion.
During the course of this project, several reports of studies investigating binders of
different histone acylations have been published. Work from the Schneider group
compared interactions at H3K14acetyl, propionyl (pr) and butyryl (bu) (Kebede et al.,
2017). This investigation found a largely overlapping set of protein binders to acetylated
and propionylated peptides, where the BAF complex components were prominently
represented. On the other, the BAF complex subunits were not enriched in pull-downs
with H3K14bu. My SILAC analysis are in line with and build on the results of the Kebede
et al. study (Kebede et al., 2017). Importantly, I find a SWI/SNF complex to specifically
recognise acetylated H4K8 and H3K18. The subunit-specific GBAF complex identified in
my assay differs from the complexes reported for H3K14ac and H3K14pr. My work also
identifies H4K8ac and H3K18ac as novel candidate substrates for the GBAF complex.
Taking into account the considerable overlap of acetyl and propionyl binders and the
reported ability of BRD9 to bind propionylated residues, it is plausible to speculate that
GBAF is recruited to propionylated histones, too. BRD9’s ability to also bind butyryl
marks would suggest recruitment to sites of butyrylation. If proven, a finding that BRD9
and GBAF bind acetylated, propionylated and butyrylated histones, would highlight this
complex’s selectivity against crotonyl. Such a strong discrimination against crotonylation
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could prove a valuable tool in dissecting and targeting different acylations and their
functions. It could also demonstrate a previously unidentified capacity of a BAF complex
to recognise butyrylation. Such recognition would likely be an exception from the general
SWI/SNF affinity, as BRD9 and another BRD, CECR2, uniquely bind butyrylated
substrates among bromodomains (Flynn et al., 2015).
Despite this potential exception, the depletion of BRD9 and other BAF components from
pull-downs with crotonylated peptides fits with a report that BAF complexes do not bind
butyrlated lysine (Kebede et al., 2017). The crotonyl and butyryl groups are structurally
highly similar with longer carbon chains than acetyl and propionyl. These differences are
the basis of selective acyl recognition and, thus, could define the general preference of
SWI/SNF for shorter acylations. Interestingly, in contrast to interactions at H3K14ac and
H3K14pr, the screen presented by Kabede et al. does not identify a large number of acylspecific readers and their associated complexes for H3K18bu (Kebede et al., 2017). This
is in line with the lack of known acyl reader domains among the crotonyl interactions that
I identified.
Another study by the Kutateldze lab, identified the DPF domain of the acetyltransferase
MORF as a global acyl interactor with a preference for butyrylation at H3K14 (Klein et
al., 2017). This finding expands the substrate recognition of this DPF domain, which was
previously shown to be a favourable reader of crotonyllysine (Xiong et al., 2016). Klein
and colleagues did not test MORF DPF binding to crotonylated substrates, but instead
focused on acetylation, butyrylation, 2-hydroxyisobutyrylation (hib), and succinylation
(su) on H3K14. They detected DPF interactions with all modifications tested and
observed the strongest affinity to butyryl (Klein et al., 2017).
MORF DFP is not the only identified reader of longer chain acylations. The crotonylreader YEATS domain of GAS41 and its yeast homolog Yaf9 were found to read histone
succinylation in a pH-dependent manner (Wang et al., 2018). In an acidic environment
(pH < 6.0) these YEATS domains bound well succinyl on several different H3 lysine
residues (H3K14suc, H3K56suc, H3K79suc, and H3K122suc) with a preference for
H3K122suc. Upon an increase in the pH to 7.4, GAS41 showed decreased affinity for
H3K122suc and increased binding to H3K122cr and H3K122ac. The authors attribute
this increased affinity of GAS41 for the negatively charged succinyl in lower pH to a
histidine residue (His43) within the YEATS binding pocket that can get protonated and
gain a positive charge. The pH-dependence of the interaction can have an important
physiological relevance to the varying pH environments between organelles within a cell
(Casey, Grinstein and Orlowski, 2010).
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Another YEATS-domain containing protein, Taf14, was recently reported to be an
important mediator between cell metabolic states and epigenetic gene regulation through
histone crotonylation (Gowans et al., 2019). Histone crotonylation was found to fluctuate
during the yeast metabolic cycle (YMC), peaking when β-oxidation occurs and
decreasing concomitantly with an increase in acetylation. A balance between
crotonylation and acetylation on H3K9 provided the fine-tuning of temporal expression
of metabolic and energy-demanding genes. Importantly, the impact of crotonylation on
transcriptional control was dependent on Taf14. Overall, increased crotonylation
accompanied cellular adaptation to lower energy availability via downregulation of
growth-promoting genes. Taf14-H3K9cr interaction was essential for mediating these
transcriptional changes.
Taken together, advancements in our knowledge on the molecular readout of histone
acylations are driving our understanding of their roles in fundamental nuclear processes,
metabolic regulation and cancer. These advances allude to the intricate fine-tuning of
transcriptional responses to environmental stimuli by chromatin-regulating pathways and
open up new possibilities for precise drug targeting development.

DAXX potentiates crotonate-dependent histone crotonylation
and transcriptional changes
The histone chaperone DAXX is a nuclear factor with pervasive roles in chromatin
regulation from nucleosome assembly to DNA replication (Mahmud and Liao, 2019)
(Mahmud,2019). However, DAXX has not been implicated in acylated histone
recognition so far. The chaperone is only known to functionally interact with acetylation
as it downregulates this histone mark at specific target genes through interaction with
HDAC1 (Yao et al., 2014). In my thesis work, I generated data to support the selective
physical interaction of DAXX with crotonylated over acetylated histones. My work
revealed that DAXX may mediate changes in histone crotonylation and gene expression
upon crotonate supplementation in the HCT116 culture medium. A subset of the
transcriptional responses affected by DAXX depletion can be functionally linked to its
effects on histone crotonylation. These results are exciting as SCFA are physiologically
relevant metabolites and I find evidence that their impact on gene regulation could be
partly translated through DAXX. How this multifunctional protein mediates these changes
is not yet known. Further exploration of the link with histone acylations could present this
multifunctional protein in a new light, placing it within the epigenetics-metabolism
interplay.
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I found that the depletion of DAXX counteracts the effects of crotonate supplementation
on histone crotonylation and transcription, suggesting DAXX promotes these changes.
As DAXX facilitates the deposition of H3.3-H4 dimers into chromatin in a replicationindependent manner, it may be involved in aiding incorporation of crotonylated histones
into DNA (Fig. 6.2) (Drané et al., 2010; Elsässer et al., 2012; Delbarre et al., 2013). Such
a model would explain its influence on chromatin crotonylation profiles, as well as the
associated transcriptional changes. DAXX is generally responsible for histone deposition
in heterochromatin outside of replication, whilst another chaperone – HIRA – regulates
this process at active chromatin (Goldberg et al., 2010). However, if most crotonylation
is associated with active chromatin, how does the heterochromatin factor DAXX fit into
the picture? One possibility is that DAXX’s activity is not strictly restricted to repressive
chromatin. A function for DAXX outside of heterochromatin is suggested by a study from
the Salomoni lab which reported DAXX-dependent histone deposition at the promoters
of active genes (Michod et al., 2012). Thus, DAXX could interact with and incorporate
crotonylated histones at genes (Fig. 6.2).
Another scenario for DAXX-crotonylation interaction could be that the chaperone
associates with only a subset of histone crotonylation found outside of genes (Fig. 6.2).
My ChIP-seq data shows that crotonylation is not limited to genes and is also found in
intergenic regions. Importantly, following either HDAC inhibition or crotonate addition,
crotonylation was increased outside of genes and within heterochromatin. It could be
that this intergenic crotonylation enrichment is dependent on DAXX. In this case, DAXX
may interact and regulate only a subset of crotonylation within the genome. A subsetspecific interaction would explain why DAXX knockdown affects crotonylation only in the
presence of crotonate. It would also be in line with my data which suggested that DAXX
is not a global histone crotonylation regulator.
The interaction between DAXX and histone crotonylation at heterochromatin requires
further investigation because of its potential implications in the maintenance of these
chromosome regions. A speculation is that DAXX incorporates crotonylated histones into
heterochromatin under specific circumstances, such as when provided with metabolic
stimuli that promote crotonylation (Fig. 6.2). Perhaps crotonate supplementation leads
to an increased number of newly synthesised histones becoming crotonylated leading
DAXX to be associated with more crotonylated histones. Alternatively, these histones fail
to get properly decrotonylated when incorporated in heterochromatin in the presence of
DAXX, potentially leading to alteration of the heterochromatin state. What the functional
implications of this may be on mitosis, genome integrity and chromatin replication merits
further exploration.
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Future studies on the interaction of SCFA, histone crotonylation and DAXX would
uncover their functional relationship. Chromatin immunoprecipitation of DAXX in the
presence and absence of crotonate could be used to test if DAXX’s genome localisation
is affected by SCFA. Association of DAXX with sites of crotonylation enrichment would
indicate that the chaperone is involved in crotonylated histone deposition or is recruited
at sites of crotonylation.

Fig. 6.2. A model of the role of DAXX in promoting histone crotonylation. On crotonate
supplementation, free H3.3 histones get crotonylated by HATs, such as p300/CBP. DAXX binds
histone dimers containing crotonylated replacement histone H3.3 bound to H4 and incorporates
them in a replication-independent manner into either 1) heterochromatin/intergenic regions,
following loss of nucleosomes or 2) gene promoters where there is a high nucleosome turnover
to regulate gene expression.
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Secondary effects of DAXX knockdown on histone crotonylation cannot be completely
ruled out. As discussed previously, changes in histone crotonylation chromatin profiles
following DAXX knockdown could be attributed to fewer histones deposited on DNA,
regardless of their modification status. However, the effect of DAXX depletion on
reducing crotonylation in this case would suggest that all crotonate-induced histone
crotonylation takes place only on newly assembled nucleosomes. To test if crotonate
promotes crotonylation only on new nucleosomes, techniques that probe newly
deposited histones, such as SNAP-Tag, could be used (Clément et al., 2016).
The question of how DAXX binds crotonylated histones remains elusive and requires
detailed mutagenesis and structural studies. I speculate that this is through its histone
binding domain, not known to bind acylated moieties (Elsässer et al., 2012). This would
be an exciting future investigation, as it could identify novel crotonyl-interacting modules.
Taken together, my data points to a functional relationship between histone crotonylation
and the chaperone DAXX in the presence of SCFA. Whether these metabolic responses
are mediated via a direct interaction between DAXX and the crotonyl moiety or through
some secondary epigenetic changes is still to be elucidated. Irrespective of the nature of
their interaction, my work highlights an interplay between SCFA, DAXX and gene
expression through histone crotonylation. Such a relationship is potentially highly
relevant to the epigenetic regulation of cells in the intestinal epithelium.

Conclusions
In my thesis work I provide new knowledge on the mechanisms that control the function
and regulation of histone crotonylation, a physiologically relevant mark in the intestinal
epithelium. My findings implicate crotonylation in novel cellular processes, such as cell
cycle regulation and heterochromatin maintenance, and identify it as a substrate for the
major regulatory enzymes, HDACs, during these processes. My work also uncovers
mechanisms of histone crotonylation and gene expression regulation through SCFA,
which is particularly relevant to the intestinal epithelium. This and other published work
supports a model where histone crotonylation is regulated by the intestinal microbiota in
the colon. Through proteomic screens, I identify candidate crotonyl interactors that could
translate these changes into functional chromatin events. The chromatin factor DAXX
potentiates metabolically-driven changes in chromatin-associated histone crotonylation
and transcription. How DAXX mediates these epigenetic signals requires further
validation and mechanistic characterisation of this interaction.
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In summary, through unbiased characterisation of selective crotonyl-interacting factors,
I expand our understanding of the role of histone crotonylation in metabolic regulation of
chromatin. Uncovering the place of crotonyl-interacting factors in gut physiology is
invaluable for the appreciation of the crosstalk between environment (diet, microbiota)
and intestinal biology. Because these processes are implicated in homeostasis,
inflammation and cancer, this work is key to understanding epigenetic pathways in
colonic health and disease.
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8 Appendices

Peptide pull-downs do not reveal any highly specific and
abundant H4K8cr readers
The first step to identifying candidate factors with an affinity for crotonylated histones
was to try and pinpoint proteins binding crotonylated, but not unmodified histones. To
test if there would be any highly specific and abundant candidate readers, histone
peptide pull-downs using either unmodified (un) or crotonylated (cr) H4K8 peptides and
HCT116 nuclear protein fractions were performed. To minimise non-specific ionic
interactions, high stringency conditions were used in the peptide pull-downs. The binding
incubations of the peptide with the extracts was performed at high salt (420 mM NaCl)
and followed by three high salt washes to remove unspecific binders. The pulled-down
protein mixes were separated on a gradient PAGE gel, which achieves a high resolution
separation of proteins with a large range of molecular weights, and silver stained (Fig.
8.1). Silver staining allows for the highly sensitive detection of proteins, following
electrophoresis. The silver ions bind proteins and following reduction, an image of silver
particles is developed, allowing for the visualisation of protein bands (Merril et al., 1981;
Chevallet, Luche and Rabilloud, 2006). Using this approach, I aimed to pinpoint any
bands uniquely present in pull-downs with the crotonylated peptide that would
correspond to proteins or complexes specifically affinity-purified with crotonylation.
Nonetheless, a comparison between the two pull-down elutions did not reveal any
obvious distinct bands (Fig. 8.1), suggesting a more sensitive method of detection may
be needed for distinguishing the interaction partners of the two differentially modified
H4K8 residues.

Elena Ignatova Stoyanova

209

Insights into the molecular mechanisms of function and regulation of histone crotonylation

Fig. 8.1. No highly specific abundant crotonyl-specific interactors. Silver nitrate staining of
high salt (420 mM NaCl) pull-downs from HCT116 nuclear extracts with H4K8 peptide either
unmodified (un) or crotonylated (cr). Elutions were resolved on a 4-12% PAGE gel before staining.
Empty beads not incubated with extract and the nuclear extract used as input were included as
controls.
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Candidate crotonylation interactor pull-down optimisation
When pull-down binding reactions were carried out in low salt buffer (150 mM NaCl),
there was high background binding to the naked beads (Fig. 8.2a). Nonetheless, an
increased binding of RUVBL1 to H3K18cr compared to H3K18ac was observed.
Additionally, preference of DAXX for both H3K18cr and H4K8cr was detected. Increasing
the stringency of the pull-down binding conditions to 300 mM NaCl (high salt) did not
eliminate background binding and abrogated GAS41 interaction with the H4K8 peptides.
High salt, however, revealed specificity of RUVBL1 and DAXX for H4K8cr (Fig. 8.2b).
Pull-downs where the low salt binding buffer was supplemented with 0.5 % Bovine
Serum Albumin (BSA) showed preferred binding of the proteins to crotonylated
compared to unmodified peptides (Fig. 8.2c). However, the background binding to beads
still remained high. When high salt buffer was used in combination with BSA, all binding
to H4K8 and H3K18 was lost (Fig. 8.2d). Modifying the elution method by sample
incubation at room temperature rather than boiling also did not reduce non-specific
binding to the beads. A preference of DAXX for the crotonyl-containing peptides could
still be detected (Fig. 8.2e). GAS41 could not elute from the beads without boiling.
Altogether these pull-down optimisation experiments suggest there may be a preferential
interaction of DAXX and RUVBL1 with crotonylated histones. However, background was
detectable in all conditions tested, hindering the ability to draw definitive conclusions.
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Fig. 8.2. Candidate crotonylation interactor validation pull-down optimisations. Pull-downs
from HCT116 nuclear extracts with H4K8 or H3K18 peptides either unmodified (un), acetylated
(ac) or crotonylated (cr) or no peptide (beads), and followed by immunoblotting with antibodies
for the indicated candidate proteins. Input is the corresponding protein input in the reaction. Band
intensity relative to the band detected with the respective unmodified peptide are plotted below
each blot. Pull-downs were carried out in the following conditions:
(a) 150 mM NaCl binding buffer (Low salt); (b) 300 mM NaCl binding buffer (High salt) ; (c)
150 mM NaCl binding buffer, supplemented with 0.5 % BSA; (d) 300 mM NaCl binding
buffer, supplemented with 0.5 % BSA; (e) 150 mM NaCl binding buffer, supplemented
with 0.5 % BSA and beads were not boiled at elution.
Washes were with 300 mM NaCl buffer when binding was at 150 mM NaCl and with 500 mM
when binding was at 300 mM NaCl.
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Fig. 8.3. In-gel digestion of SILAC pull-down samples for LC-MS/MS. SILAC pull-down
samples were separated on 4-12 % gradient SDS-PAGE gels and stained with Coomassie Blue.
Each sample was cut into 9 fractions as indicated and processed for LC-MS/MS analysis. Forward
(Fwd) and Reverse (Rev) samples for each of the following experiments: (a) H4K8ac compared
to H4K8un; H4K8cr to H4K8un; H4K8cr compared to H4K8ac. (b) H3K18ac compared to
H3K18un; H3K18cr to H3K18un; H3K18cr compared to H3K18ac. (c) three biological replicates
(A, B and C) of H4K8cr compared to H4K8ac. Input mix of even quantities (1:1) of heavy and light
protein extracts was also analysed to confirm equal input protein amounts into the heavy and light
pull-downs.
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Fig. 8.4. H4K8 SILAC pull-downs ratio distributions. (a) Histograms of Forward (H/L) and
Reverse (L/H) SILAC ratio distributions before and after normalisation in (a) H4K8acetyl
compared to H4K8unmodified; (b) H4K8crotonyl compared to H4K8unmodified; (c) H4K8crotonyl
compared to H4K8acetyl. Dotted vertical lines indicate where SILAC ratio is 1.
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Fig. 8.5. H3K18 SILAC pull-downs ratio distributions. (a) Histograms of Forward (H/L) and
Reverse (L/H) SILAC ratio distributions before and after normalisation in (a) H3K18acetyl
compared to H3K18unmodified; (b) H3K18crotonyl compared to H3K18unmodified; (c)
H3K18crotonyl compared to H3K18acetyl. Dotted vertical lines indicate where SILAC ratio is 1.
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Fig. 8.6 Proteome microarrays incubated with H4K8 peptides. Scans of fluorescent (a)
streptavidin-532 or (b) GST-650 signal of HuProt arrays incubated with either H4K8ac or H4K8cr
biotinylated peptides and then with streptavidin-532 and anti-GST-650 in a replicate of
experiments – Exp1 and Exp2.
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