UNIVERSITY OF
@ LEICESTER

Understanding the contribution of inositol phosphate

signalling to class-1 HDAC complex function

Thesis submitted for the degree of
Doctor of Philosophy

at the University of Leicester

by

Grace Emily Adams BSc (Hons)

College of Medicine, Biological Sciences, and Psychology
Department of Molecular and Cell Biology

University of Leicester

March, 2018



Grace Emily Adams

Understanding the contribution of inositol phosphate signalling to class-1 HDAC

complex function

Abstract:

Class 1 histone deacetylases (HDACs) regulate chromatin confirmation and gene
expression through recruitment to co-repressor complexes. Recently, it was shown
that HDAC3/SMRT binds and is regulated by inositol phosphates (IP) in vitro.
Additionally, complex activity of HDAC1/MTA1 and HDAC1/MIDEAS is enhanced by the
addition of IPs in vitro, indicating conserved regulation. In this work, | aimed to alter
the level of IPs present in the cells through overexpression of a kinase, IPMK, and two
phosphatases, PTEN and SopB, and determine the effect on HDAC activity in vivo. In
addition, | utilised an IPMK knockout embryonic stem (ES) cell line and generated
inducible rescues through a PiggyBac TET system to establish if large scale depletions

of IP levels alter HDAC activity.

We revealed that manipulation of IP through the overexpression of IPMK, PTEN and
SopB does not influence global HDAC activity or histone acetylation levels. Isolation of
overexpressed HDAC3/SMRT in concert with these enzymes, revealed differences in
HDAC3/SMRT complex activity, however, these differences did not correlate with
altered IP levels. Analysis of global HDAC activity, isolated complex activity and HDAC3
target genes in IPMK knockout and rescue ES cell lines further revealed minimal
changes. In conclusion, we were unable to show that IPs regulated the activity of class
| HDAC complexes in vivo. IPMK, HDAC1 and HDAC3 null mice all exhibit early
embryonic lethality suggesting they play essential roles in embryogenesis. Upon
differentiation of TET-IPMK cells, embryoid bodies revealed loss of IPMK leads to
increased cardiomyocyte markers and decreased formation of neuroectoderm
progenitors. Therefore, emphasizing IPMKs important role in gene regulation during
embryogenesis. Our data suggests, that this is not through direct regulation of HDAC

activity, thus highlighting an undiscovered nuclear role for IPMK.
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Chapter 1 Introduction

1.1 Structure and function of chromatin

Cell identity is dependent on cell type specific transcription, regulated in eukaryotes
through organisation of the genome as well as transcription factor access and DNA
modifications. DNA encoding the genetic material is packaged into chromatin in a
highly-organized manner enabling regulation of gene transcription, DNA replication

and repair (Luger & Richmond, 1998a).

DNA associates with histone proteins making up the basic unit of chromatin termed
nucleosomes. The core nucleosome comprises of 146 base pairs (bp) of DNA wrapped
1.65 times around a histone octamer consisting of two molecules of each class of
histone protein, H2A, H2B, H3 and H4 (Figure 1-1) (Luger et al, 1997). These four
histone proteins associate to form two H2A:H2B dimers and a tetramer of H3 and H4
(Luger et al, 1997). Histone proteins are largely globular proteins containing an
unstructured N-terminal tails, rich in basic residues, which protrude from the
chromatin structure (Luger et al, 1997; Luger & Richmond, 1998b). These tails can be
covalently modified which enables the alteration of chromatin compaction (discussed

later).

Following formation of the nucleosome, the chromatin condenses through
histone/histone and histone/DNA interactions leading to the generation of
polynucleosome arrays (Figure 1-1) (Hubner et al, 2013; Luger et al, 1997). The
nucleosomes are joined by approximately 20-60 base pairs (bp) of linker DNA to which
a linker histone protein H1 binds to ensure stability (Thoma et al, 1979). This formation
of the polynucleosome array is considered the 10nm fibre often termed “beads on a
string” conformation due to the 200bp repeating units (Olins & Olins, 1973; Thoma et
al, 1979). In vitro, further organization results in a compacted structure termed the

30nm fibre, which is a flexible helical structure containing 6 nucleosomes per turn



(Figure 1-1) (Hubner et al, 2013; Thoma et al, 1979; Widom & Klug, 1985). During
metaphase, the 30nm fibre forms radial loops which are secured by proteins called
condensins resulting in a higher order structure which is tightly compacted (Maeshima
& Eltsov, 2008; Widom & Klug, 1985). During interphase, the formation of the 30nm
fibre is undetected, instead a more variable chromatin structure containing two
distinct conformations, heterochromatin and eurchromatin is visible (Fussner et al,
2011; Maeshima & Eltsov, 2008; Maeshima et al, 2010). Heterochromatin is
considered the closed form of chromatin and is associated with transcriptionally silent
regions, such as tissue specific loci or X inactivation. Euchromatin is characterised by
an open conformation and is transcriptionally permissive thus correlating with active

genomic loci.

N-terminal tail

H2A H2B Core nucleosome particle
H3 H4

gy .

I Chromatin compaction

BFPEFEREE

e e e “beads on a string”

j Chromatin compaction

D.DDIDDD)

-2 20 2 ) )

Figure 1-1 Schematic of chromatin condensation. The core nucleosome particle is shown

with 146 base pairs of DNA wrapped 1.65 times around the histone octamer consisting of two

of each histone protein H2A, H2B, H3 and H4. The linker H1 histone, binds to DNA in between
the nucleosomes enabling the stability of the 10nm fibre upon chromatin compaction and

assembly of polynucleosome arrays. Further compaction of the 10nm fibre results in formation
of the 30nm fibre, associated with the mitotic chromosome.

30nm fibre



1.2  Epigenetic regulation of chromatin

The organisation of chromatin into higher order structures is not permissive towards
transcription due to the inability of transcription machinery to access critical sequence
motifs in the underlying DNA. Consequently, the cell requires mechanisms to allow the
alteration of the chromatin conformation to regulate DNA accessibility. Multiple
processes have been shown to alter chromatin state in vivo including ATP-dependent
chromatin remodelling, DNA methylation, incorporation of histone variants and post-
translational modifications of histone proteins (introduced later) (Goldberg et al,
2007). These various processes work together to alter the structure of the chromatin
leading to the inheritance of modifications which alter the phenotype observed
without affecting the genetic code, commonly termed epigenetics (Berger et al, 2009;

Dupont et al, 2009).

ATP-dependent chromatin remodelling complexes enable the interconversion of
transcriptionally permissive and non-permissive chromatin thus enabling both
transcriptional repression and activation (Varga-Weisz, 2001). These complexes utilise
energy generated by ATP hydrolysis to reposition nucleosomes through nucleosome
sliding (Vignali et al, 2000). ATP-dependent chromatin remodelling complexes can be
classified into four groups, SWI2/SNF2, imitation SWI (ISWI) the Mi-2 group and the
INO8O family (Hota & Bruneau, 2016). The SWI2/SNF2 family contains yeast SWI/SNF
complex and human BRM and BRG1 complexes which all contain a homologous
ATPase domain containing protein with a C-terminal bromodomain (Varga-Weisz,
2001; Vignali et al, 2000). The ISWI family consists of NURF in Drosophila and RSF in
humans in which the SNF2h protein contains the ATPase domain. The INO80 family
contains the INO80 complex which is involved in many developmental processes
including the regulation of pluripotency through nucleosome remodelling (Hota &
Bruneau, 2016). Mi-2 containing complexes on the other hand contain both ATPase
remodelling capabilities and histone deacetylase activity. In humans, the NuRD
complex contains HDAC1/2 and Mi2a,/B3, which have deacetylase and nucleosome

remodelling activity respectively (Torchy et al, 2015; Xue et al, 1998; Zhang et al,



1998). Accordingly, NuRD couples the two activities together, the nucleosome
remodelling is believed to promote histone deacetylation and repression of gene
transcription through increasing DNA accessibility for transcriptional repressors (Xue et

al, 1998; Zhang et al, 1998).

DNA methylation at CpG dinucleotides is a common epigenetic mark associated with
transcriptional repression, transposon and X chromosome inactivation and gene
imprinting (Law & Jacobsen, 2010). Individual CpG dinucleotides are dispersed
throughout the genome, although CpG islands (regions of GC rich DNA containing
clusters of CpG dinucleotides approximately 200-2000bp in length) are located at gene
promoters where they are primarily un-methylated (Bird, 2002). The cytosine residue
is methylated at the 5’ position in the cytosine ring by the action of de-novo or
maintenance DNA methyltransferases (DNMTs) which transfer the methyl moiety from
S-adenosyl-L-Methionine (SAM) (Jin et al, 2011; Law & Jacobsen, 2010). Methylation of
CpGs is associated with transcriptional repression, due to the inability of transcription
factors to bind methylated DNA or through the binding of methyl CpG binding domain
(MBD) proteins (Bird, 2002). MBD family proteins include MECP2 and MBD2/3 of
which the latter are found in the NuRD complex therefore linking histone deacetylases
to methylated DNA sites (Bird, 2002; Torchy et al, 2015). In 2009, a ground-breaking
discovery led to the identification of Ten Eleven Translocation proteins (TET) which
convert 5-methyl-cytosines to 5-hydroxymethyl-cytsoines (5hmC) (Tahiliani et al,
2009). Consequently, de-methylating the DNA due to passive dilution through DNA-
replication, or active conversion to cytosine via DNA glycosylation and base excision

repair (He et al, 2011; Tahiliani et al, 2009; Valinluck & Sowers, 2007).

1.3 Post translational modifications of histones

The post translational modification (PTM) of histones is a key epigenetic method of
regulating gene expression and chromatin accessibility. Histones had previously been

shown to block transcription prior to the identification of modifications, and removal



of histones led to increased RNA synthesis (Allfrey et al, 1963). In 1964, covalent
modifications, in the form of acetyl and methyl groups, were shown to occur on
histones (Allfrey et al, 1964). Furthermore, analysis of histone acetylation indicated
that RNA expression and thereby transcriptional activation correlated with the
addition of acetyl groups (Allfrey et al, 1964). The determination of the structure of
histones indicated a globular core domain with a basic unstructured N-terminal tail
(Luger et al, 1997). These N-terminal tails extend out of the core nucleosome structure
and create contacts with DNA and adjacent nucleosomes (Luger et al, 1997). This led
to the idea that due to their numerous acetylation sites, histone modifications in the
N-terminal tails are able to alter chromatin structure (Luger et al, 1997). It is believed
that PTMs manipulate histone/histone, histone/DNA and histone/non-histone protein
electrostatic interactions, subsequently altering chromatin compaction and
accessibility, leading to modulation of gene transcription (Hansen et al, 1998; Luger et

al, 1997; Wolffe & Hayes, 1999).

Since their initial discovery, multiple sites of PTMs on histones have been discovered
including: acetylation, methylation, phosphorylation, sumoylation, ubiquitination and
most recently crotonoylation (Berger, 2007; Kouzarides, 2007; Tan et al, 2011). These
modifications occur primarily on the N-terminal tails and are summarised in Table 1-1
(Berger, 2007). Due to the co-localisation of different marks and their ability to recruit
different protein complexes, the “histone code hypothesis” was proposed (Strahl &
Allis, 2000). The combination of histone marks present on a particular nucleosome
defines the chromatin state of the underlying DNA sequence and whether or not it is
likely to be accessible to the transcription machinery. Certain marks are associated
with heterochromatin including H3K9, K27 and H4K20 trimethylation, whilst others are
associated with euchromatin including Lys acetylation (always a positive mark
independent of context) and H3K4, K36 and K79 trimethylation (Table 1-1)
(Kouzarides, 2007). The histone code anticipates that the combination of PTMs act as a
language to be ‘read’ by protein complexes which can modulate their effect on
chromatin structure therefore specifying downstream functions and reflecting

transcriptional states (Strahl & Allis, 2000).



Acetylation H2A
H2B
H3
H4

Methylation H3

H4

Phosphorylation H2A
H2AX
H2B
H3

H4
Ubiquitinylation  H2A
H2B
Sumoylation H2A
H2B
Crotonylation H2A
H2B
H3
H4

K5, K9

K5, 12, 15, 16, 20, 120
K4,9, 14, 18, 23, 27 36, 56
K5, 8, 12, 16, 20, 91
K4, 36, 79

R2,17, 26

K9, 27

K20

R3

T119

S139

S32, S36

S10, 28,73, 6,11, Y41
510, 28

S1

K119

K120

K126

K6, 7, 16, 17

K36, 118, 119, 125
K5, 12, 16, 20, 23, 24, 34
K4,9, 18, 23, 27, 56
K5, 8,12, 16

Activation
Activation
Activation
Activation
Activation
Activation
Repression
Repression
Activation

Mitotic compaction
DNA damage response
Activation
Activation

Mitotic compaction
Activation
Repression
Activation
Repression
Repression
Activation
Activation
Activation
Activation

Table 1-1 Function of post translation modifications. H2A=histone 2A, H2AX = histone 2A
variant X, H2B = histone 2B, H3 = histone 3, H4, Histone 4, K= Lysine, R=Arginine, S= Serine,
T=Threonine, Y=Tyrosine. Adapted and summarised from Banerjee & Charkravarti 2011,
Berger et al 2007; Kouzarides 2007, Musselman et al 2012, Rossetto et al 2012 and Tan et al

2011

1.3.1 Sumoylation and Ubiquitinylation

Sumoylation is the addition of a small ubiquitin-related modifier protein (SUMO) of

100 amino acids to Lys residues, and generally correlates with transcriptional

repression (Nathan et al, 2006). Sumoylation has been detected on H2AK126 and

H2BK6/7/16/17 and several Lys in the N-terminus of H4 and is thought to recruit

histone deacetylsaes (HDACs) and heterochromatin protein 1 (HP1) to repress

transcription (Nathan et al, 2006). Ubiquitinylation of histones involves the addition of

a single ubiquitin moiety of 76 amino acids to a Lys (Cao & Yan, 2012). While



polyubiquitination can occur, the most common modification is mono-ubiquitination
of H2AK119 and H2BK120 which are associated with repression and activation of
transcription respectively (Cao & Yan, 2012; Kouzarides, 2007). The E3 ubiquitin ligase
RING1B part of the polycomb repressive complex 1 (PRC1) mediates H2AK119
ubiquitination (Wang et al, 2004). Deletion of RING1B decreases H2AK119
ubiquitination and increases expression of repressed polycomb genes such as Pax3 in
mouse embryonic stem cells (Endoh et al, 2012; Wang et al, 2004). H2BK120
ubiquitination is catalysed by the E3 ligase complexes RNF20/40 and UbcH6 and is
associated with gene activation due to its disruption of chromatin compaction and

ability to promote RNA polymerase Il elongation (Fierz et al, 2011; Pavri et al, 2006).

1.3.2 Phosphorylation

Phosphorylation of histones involves the addition of a phosphate moiety to serine,
threonine or tyrosine residues, and correlates with transcriptional activation in
interphase cells through the addition of a negative charge (Rossetto et al, 2012).
Several phosphorylated residues have been shown to result in transcriptional
activation including, H3S28, H2T11, H35210 and H3Y41 (Rossetto et al, 2012). Perhaps
the most interesting of the histone phosphorylation sites is H3S10, this residue has
been shown to be phosphorylated by numerous kinases such as mitogen and stress-
activated protein kinases 1 and 2 (MSK1/2) and de-phosphorylated by type 1
phosphatases (PP1) (Banerjee & Chakravarti, 2011; Nowak & Corces, 2004).
Phosphorylation of H3S10 results in transcriptional activation and is able, although not
necessary, to recruit the histone acetyl-transferase GCN5 to histone H3 and promote
H3K14 acetylation subsequently enhancing transcriptional activation (Nowak & Corces,
2004). On the other hand, phosphorylation of H3S10 by Aurora B kinase has been
shown to be essential for chromatin condensation in mitosis as yeast lacking the
modification fail to divide effectively (Banerjee & Chakravarti, 2011; Wei et al, 1999).
These two conflicting activities at the same residue suggest a potentially context
dependent effect whereby the proteins recruited by the modification affect the

outcome of phosphorylation (Nowak & Corces, 2004).



1.3.3 Crotonylation

In 2011, crotonylation of Lys was identified as a novel histone modification (Tan et al,
2011). This modification occurs at 28 sites located at active promoters and enhancers
thus correlating with gene expression, and has since been shown to be enriched at
Oct4, Sox2 and Nanog in mouse embryonic stem cells (Tan et al, 2011; Wei et al, 2017).
p300, a traditional histone acetyltransferase (HAT) can also utilise crontyl-CoA to
cronotylate Lys residues in histones and promote transcription (Sabari et al, 2015).
Furthermore, class | HDACs, HDAC]1, 2, 3 and 8 have also been shown to de-
crontonylate Lys in addition to their classical deacetylase roles (Madsen & Olsen, 2012;
Wei et al, 2017). Although this modification over laps with many acetylation sites
(Table 1-1) and is now believed to utilise the same enzymes for its addition and
removal, it may play a unique role in transcriptional activation and maintenance of

embryonic stem cell renewal (Tan et al, 2011; Wei et al, 2017).

1.3.4 Methylation

Histone methylation is a complex mark occurring on either lysine or arginine residues
which can result in transcriptional activation (H3K4) or repression (H3K9, 27)
(Ruthenburg et al, 2007; Shi & Whetstine, 2007; Zhang & Reinberg, 2001). Arginine
residues including H4R20 can be mono-methylated or asymmetrically/symmetrically
di-methylated through the action of either type 1 protein arginine methyltransferases
(PRMTs) which catalyse mono and asymmetrical methylation, or type 2 PRMTs which
catalyse mono to symmetrical di-methylation (Zhang & Reinberg, 2001). Lysine
residues such as H3K4 and K9 can be mono, di, or tri-methylated via the action of
histone methyltransferases (HMTs) which mediate the addition of a methyl group from
SAM to the lysine residue (Shi & Whetstine, 2007). HMTs contain a catalytically crucial
SET (Su(var)3-9, Enhancer of Zeste and Trithorax) domain which shows a high level of
conservation (Rea et al, 2000). Individual HMTs also show a high degree of substrate
specificity. For example, SUV39H1 mediates the methylation of H3K9, G9a methylate’s
H3K9 and H3K27, whilst H3K4 is methylated by mixed lineage leukaemia (MLL)



MLL1/2/3/4 (Rea et al, 2000; Ruthenburg et al, 2007; Zhang & Reinberg, 2001). These
signals can be removed through the action of histone demethylases. The first histone
demethylase identified was the amine oxidase containing lysine specific demethylase 1
(LSD1) which was shown to de-methylate mono or di-methylated H3K4 (Shi et al,
2004). Since the identification of LSD1, numerous Jumonji (JmjC) domain containing
histone demethylases have been identified all of which show high levels of specificity
(Shi & Whetstine, 2007). JHDM1 is able to demethylate H3K36Me2 (associated with
transcriptional elongation), whist JMJD2A is able to mono- or di- demethylate both
H3K9 and H3K36 and UTX demethylates H3K27 (Agger et al, 2007; Klose et al, 2006;
Tsukada et al, 2006; Whetstine et al, 2006).

Since addition of methyl groups does not alter the charge of the nucleosome, it is
believed that histone methylation exerts its functionality through recruitment of
proteins containing chromodomains, plant homeodomain (PHD) fingers or tudor
domains which all bind methyl groups (Shi & Whetstine, 2007). Following methylation
of H3K9, which is associated with transcriptional repression, HP1 binds H3K9me3 via
its chromodomain and helps mediate gene silencing (Bannister et al, 2001; Jacobs et
al, 2001). On the other hand, methylation at H3K4 results in recruitment of
nucleosome remodelling factor (NURF) via the PHD domain containing BPTF subunit,
promoting nucleosome remodelling and transcriptional activation (Wysocka et al,
2006). Conversely, H3K4Me also enables binding of ING1 a member of the
Sin3/HDAC1/2 complex via a PHD domain, therefore promoting deacetylation and
transcriptional repression, indicating that the recruitment of different protein

complexes can alter the outcome of the methylation signal (Pena et al, 2008).



1.3.5 Acetylation

Histone acetylation was the first histone modification to be identified and was seen to
correlate with transcriptional activation (Allfrey et al, 1964). The N-terminal tails of
histones are positively charged due to the presence of numerous Lys residues thus
enabling histone/DNA and histone/histone interactions resulting in a compact
chromatin conformation. Lys-Ac neutralises the positive charge on Lys residues,
resulting in decreased histone/DNA interactions, histone/histone interactions and
prevention of H1 binding, leading to an open chromatin conformation, increased
accessibility for transcription factors and RNA polymerase (Figure 1-2) (Hebbes et al,
1988; Hong et al, 1993; Lee et al, 1993; Norton et al, 1989; Ridsdale et al, 1990).
Histone acetyl transferases (HAT) catalyse the addition of an acetyl group to the ¢-
amino group on Lys residues using the donor acetyl-CoA (Figure 1-2) (Sterner & Berger,
2000). HATs are categorised based on their cellular localisation and role, type A HATs
acetylate histones in the nucleus, whilst type B HATs acetylate histones in the
cytoplasm, however, recent research indicates HATs have overlapping functions
(Brownell & Allis, 1996; Garcea & Alberts, 1980; Ruizcarrillo et al, 1975). Type A HATs
can be further categorised into three groups; GNAT (Gcn5-related N-
acetyltransferase), MYST and p300/CBP (Sterner & Berger, 2000). The GNAT family of
HATSs contains the first HAT identified, Gen5 as well as the human homologs hGCN5
and PCAF all of which show homology with a conserved glutamic acid in the HAT
domain (Brownell et al, 1996; Sterner & Berger, 2000). The MYST family contains the
HAT Tip60 which has been shown to have modulated activity upon binding to HIV-1
Trans-Activator of Transcription (TAT) protein (Creaven et al, 1999; Sterner & Berger,
2000). The final family is the p300/CBP family in which p300 and its homolog CREB-
binding protein (CBP) associate together to acetylate histones thus promoting

transcriptional activation (Bannister & Kouzarides, 1996; Ogryzko et al, 1996).
Addition of an acetyl group via HATs primarily occurs at the N-terminal tails of histones

including H3 K4, 9, 14, 18, 36 and H4 K5, 12, 16 and correlates with gene expression.

The distribution of these marks varies across the genome with H3K9 and H3K27
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showing increased acetylation at transcriptional start sites of genes whilst H3K4 and
H4K5/12/16 are acetylated at promoters and transcribed regions of active genes
(Wang et al, 2008). Moreover, acetylation of H4K16 has since been shown to disrupt
higher order chromatin and thus preventing formation of the 30nm fibre (Shogren-
Knaak & Peterson, 2006). Acetylation of histones is not just associated with increased
gene expression. Acetylation of H3K56, H4K5/12 has been shown to occur on histones
in the cytoplasm thus promoting incorporation of the histones into newly synthesized
chromatids (Li et al, 2008). Furthermore, acetylated H4K5 has been linked to re-
activation of transcription post-mitosis indicating it as an epigenetic bookmark whilst
H3K56Ac is involved in the DNA damage response (Vempati et al, 2010; Zhao et al,
2011).

The removal of acetyl groups is catalysed through the action of histone deacetylase
enzymes (HDACs) (discussed later) (Figure 1-2) (Yang & Seto, 2008). HDACs were first
identified in mammals in 1996 and are associated with transcriptional repression due
to the removal of the acetyl groups from Lys-Ac resulting in a more compact chromatin
through the reinstatement of the positive charge on histone tails (Brownell & Allis,
1996; Yang & Seto, 2008). Accordingly, the opposing actions of HATs and HDACs
maintain the steady-state balance of Lys-Ac in cells and therefore regulate

transcriptional activation at specific loci.
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Figure 1-2 Removal and addition of acetyl groups to lysine residues on histones alters
chromatin state. The addition of acetyl groups (red circles and box) to lysine residues by
histone acetyltransferases (HATs) using Acetyl-CoA as a donor, removes the positive charge
from the lysine resulting in open chromatin state (euchromatin) and transcriptionally active
genes. The acetyl group can be bound by a bromodomain containing protein as shown in blue.
Removal of the acetyl group by histone deacetyalses (HDACs) reveals the positive charge on the
lysine (green +), resulting in chromatin compaction and the transcriptional silencing of genes.
Adapted from Yang and Seto, 2008

1.3.6 Readers of histone modifications

As well as their ability to alter the electrostatic interactions of chromatin, histone
modifications also act as signals to recruit proteins to chromatin. These histone reader
proteins enable the histone modification to be interpreted and alter downstream
processes through recruitment of protein complexes (Musselman et al, 2012; Taverna

et al, 2007).

The first bromodomain was identified in the histone acetyltransferase, PCAF and was
found to bind acetylated histones and tether the HAT enzyme to active chromatin
(Dhalluin et al, 1999). Since its initial discovery, several other bromodomain containing
proteins have been identified including, TAF1, a member of the transcriptional
initiation complex TFIID which binds H4K5/K12Ac via a double bromodomain (Taverna

et al, 2007). Binding of epigenetic readers to methylated histones is involved in
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transcriptional activation via the binding of TFIID via TAF3 to H3K4Me3 (Musselman et
al, 2012; Vermeulen et al, 2010). Histone readers can also have dual capacity to bind
epigenetic marks for example BPTF binds H4K16Ac and H3K4Me2/3 thus tethering the
ATP-dependent chromatin remodelling complex NURF to genes and regulating
transcription (Ruthenburg et al, 2011; Wysocka et al, 2006). Those outlined above a
just a few examples of proteins which are able to interpret the histone code through

recognition of PTMs.

1.4 Interplay of epigenetic modifications

Whilst it is possible that histone modifications work independently, they are more
likely to act in concert to alter the chromatin state (Berger, 2007). Cross-talk between
histone modifications and their interactors can occur in several different ways, some of
which are outlined here. Cross-talk between modifications can be in the form of one
modification promoting the occurrence of another. For example, H2B and H2A
ubiquitination are required for H3K4 methylation by the COMPASS (complex of protein
associated with Setl) complex and methylation of H3K27 by PRC2 respectively (Kalb et
al, 2014; Kim et al, 2009). Furthermore, phosphorylation of H3510 results in
transcriptional activation through the recruitment of GCN5 thus promoting H3K14
acetylation (Nowak & Corces, 2004). As well as being required for additional PTMs,
they are also able to collaborate to recruit factors. For example, TFIID and BPTF bind
more strongly to H3K4Me3 when flanked by H3K9Ac/K14Ac (Vermeulen et al, 2010).
Moreover, histone modifications can coordinate different histone modifying enzymes
through the recruitment of multi-component complexes. For example, LSD1 is a
member of the COREST complex which contains HDAC1/2 thus coupling demethylation
of H3K4 and deacetylation of Lys-Ac, thus promoting transcriptional repression (Lee et
al, 2006a). The lysine demethylase UTX associates with MLL2, a H3K4 histone
methyltransferase, enabling the removal of the repressive H3K27me3 mark and
deposition of the activating H3K4Me3 mark causing transcriptional activation (Agger et

al, 2007).
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An alternative form of cross-talk between modifications is in the form of competition
for modification sites and recruitment of histone readers. The same Lys residue could
potentially be modified with different modifications such as acetylation, crotonylation
or methylation (see Table 1-1), suggesting antagonism between different PTMs since
they are bound by unique readers. Furthermore, several histone binding factors can
bind at the same residue but have different effects, however, generally their affinity
for the modified residue is comparable suggesting competition between the binders

can determine the outcome (Rothbart & Strahl, 2014).

The final form of cross-talk between histone modifications is their ability to modulate
adjacent modifications or the binding of effector proteins. The most well-known
example of this form of interplay is phosphorylation of H3S10 during mitosis which
induces dissociation of heterochromatin protein 1 (HP1) bound to adjacent H3K9Me3
sites despite the level of H3K9Me3 remaining constant (Fischle et al, 2005).
Phosphorylation of H3T6 has also been shown to disrupt LSD1 binding to H3K4Me3
residues therefore preventing demethylation of the active mark (Metzger et al, 2010).
The mechanisms outlined above, provide evidence that histone marks are highly likely
to cooperate in their modulation of chromatin. Consequently, the histone code
proposed by Strahl and Allis in 2000, is now thought to resemble a language whereby
modifications and recruitment of effectors are interpreted together in a context and

cell dependent manner leading to functional interplay of downstream processes.

1.5 Histone deacetylase (HDAC) family of proteins

HDACs catalyse the removal of acetyl groups from Lys-Ac on histone and non-histone
proteins (Grozinger & Schreiber, 2002; Yang & Seto, 2008). Affinity chromatography
using the HDAC inhibitor trapoxin led to the identification of the first mammalian
HDAC, now known as HDAC1 (Taunton et al, 1996). HDAC1 is an orthologue of the

yeast protein Rpd3 which had previously been identified as a transcriptional regulator
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(Kadosh & Struhl, 1998; Vidal & Gaber, 1991). HDACs have since been shown to
regulate transcription as well as cellular processes such as cell cycle, metabolism and
differentiation (Bhaskara et al, 2008; Dovey et al, 2010b; Jamaladdin et al, 2014;
Montgomery et al, 2007; Montgomery et al, 2008). Since the identification of Rpd3, 18
mammalian deacetylase enzymes have been identified and grouped into two main
families based on their catalytic domains. The sirtuins (class Ill) require NAD" for their
catalytic activity, whilst the “classical” HDACs (class |, lla, Ilb and IV) are dependent on
Zinc for the removal of the acetyl moiety (De Ruijter et al, 2003; Gregoretti et al, 2004;
Grozinger & Schreiber, 2002; Yang & Seto, 2008).

1.5.1 Classification of histone deacetylases

Following classification into the HDACs and sirtuins, HDACs are characterised based on
their homology to yeast Rpd3 (Class 1) and Hda1 (Class lla and llb) and class IV which
shows homology to both Rpd3 and Hdal, with sirtuins forming class Il (Figure 1-3).
These HDACs differ in structure, function, size and cellular localisation thus enabling

specific interactions and substrates.
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Class HDAC Structure Length Localisation

HDAC1 - HDAC domain —15rs 482 aa Nucleus
- HDAC domain 85
Class | HDAC 2 488 aa Nucleus
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HDAC8  =s° HDAC domain ' 377 aa Nucleus/Cytoplasm
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Figure 1-3 Schematic of the classification of classical HDAC family members. The
eleven human classical HDACs are represented according to their classification. Histone
deacetylase catalytic domain is denoted by the green boxes and is highly conserved. Serine
phosphorylation sites observed in Class | and Class lla HDACs are denoted by the orange boxes
and class lla MEF2 binding sites are indicated by the yellow boxes. Class lib contains HDAC6
with 2 HDAC domains and a SE14 motif important in cytoplasmic localisation (grey box) and a
ubiquitin binding Zinc finger domain (blue box). HDAC 10 contains a Leucine rich domain (red
box). HDAC11 is the only HDAC in class IV and is the simplest HDAC consisting of just a HDAC
domain. Adapted from Yang and Seto 2008

As depicted in Figure 1-3, the Zn** dependent deacetylase catalytic domain is highly
conserved across class |, Il and IV enzymes and is approximately 390 amino acids in
length (De Ruijter et al, 2003). The crystal structure of bacterial histone deacetylase
like protein (HDLP) which has homology to HDAC1, indicated that the catalytic core has
a tubular pocket with an adjacent internal cavity (Finnin et al, 1999). The pocket
becomes narrow in the middle and widens again at the bottom, this coupled with the
hydrophobic and aromatic walls enables efficient binding of the Lys-Ac (Finnin et al,
1999). A Zn** cation is found at the bottom of the pocket coordinated by two
conserved histidine-aspartic acid (His-Asp) pairs which act as a charge relay mechanism
during catalysis (Finnin et al, 1999). A conserved tyrosine residue is also present which
coordinates the intermediate produced during catalysis, this tyrosine is mutated in
class Il HDACs thus accounting for their decreased activity (Lahm et al, 2007). In 2004
and 2005 the structures of class | HDACS8 and class || HDAC homologue were resolved

and revealed that the structure of the catalytic core is comparable to HDLP and largely
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conserved between the classes (Nielsen et al, 2005; Somoza et al, 2004; Vannini et al,

2004).

The class | HDAC group comprises HDAC1, 2, 3, and 8 and are ubiquitously expressed
nuclear proteins (Figure 1-3) (De Ruijter et al, 2003). HDAC1 and HDAC2 are the most
closely related with 82% identity, resulting in functional redundancy in most tissues. As
well as the conserved catalytic domain, HDAC1/2 contain two-tandem casein kinase 2
(CK2) phosphorylation sites in the C-terminus which have been shown to increase
HDAC activity and incorporation into co-repressor complexes (Pflum et al, 2001; Tsai &
Seto, 2002). In vivo, HDAC1/2 are found in 4 co-repressor complexes, Sin3, NuRD,
CoREST and MiDAC (Table 1-2). The incorporation of HDAC1/2 into a complex is
essential for catalysis (discussed later) (Bantscheff et al, 2011; Yang & Seto, 2008).
HDAC3 shares 53% identity with HDAC1 and contains the conserved catalytic domain
and a single serine-phosphorylation site which is regulated by the action of CK2 and
protein phosphatase 4 (PP4) which increase and decrease activity respectively (Yang et
al, 2002; Zhang et al, 2005). Despite the similarities to HDAC1/2 it is incorporated into
a unique co-repressor complex SMRT/NCoR and shows exclusive roles in liver
metabolism and embryogenesis (Bhaskara et al, 2008; Montgomery et al, 2008).
HDACS is the most diverse class | HDAC and is active in isolation (Yang & Seto, 2008).
Like HDAC1/2/3 it contains a serine-phosphorylation site but at the N-terminus and
phosphorylation occurs by protein kinase A at ser-39 resulting in inactivation of the

enzyme (Lee et al, 2004a; Vannini et al, 2004).

The second group of HDACs is class Il which is split into two sub groups, class lla
(HDAC4, 5, 7 and 9) and class Ilb (HDAC6 and 10) (Figure 1-3) (Gregoretti et al, 2004).
Unlike class |, class Ila HDACs are expressed in a tissue specific manner and are found
in both the nucleus and the cytoplasm (De Ruijter et al, 2003). Class Ila HDACs have a
large extended N-terminal domain, making them almost twice as large as class | HDACs
(Figure 1-3). This N-terminal domain contains binding sites for myocyte enhancer
factor-2 (MEF2) and 14-3-3 proteins important in their localisation. Phosphorylation of
the serine residues by calcium/calmodulin-dependent protein kinase (CaMK) creates a

binding site for 14-3-3 proteins which shuttle HDAC4, 5, 7 and 9 out of the nucleus
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leading to de-repression of their target genes (Grozinger & Schreiber, 2000; Wang et
al, 2000). Removal of the phosphorylation sites results in loss of interaction with 14-3-
3 proteins enabling sequestration in the nucleus (Grozinger & Schreiber, 2000). Binding
of MEF2 to the N-terminal domain promotes nuclear localization and subsequent
transcriptional repression at MEF2 target genes, this is inhibited by 14-3-3 export
resulting in myogensis (Lu et al, 2000; McKinsey et al, 2000; Miska et al, 1999).
However, due to a natural tyrosine to histidine substitution within the catalytic site
class Ila HDACs have little enzymatic activity against Lys-Ac substrates, it is thought
that their role in cells is to recruit HDAC3/SMRT/NCoR to target genes, since they
retain an affinity for Lys-Ac (Fischle et al, 2001; Fischle et al, 2002; Lahm et al, 2007).

HDAC6 and HDAC10 make up class Ilb. HDACS6 is distinct from other HDACs due to a
duplicated HDAC domain, both of which are functional (Grozinger et al, 1999).
Furthermore, it contains a C-terminal SE14 domain (Ser-Glu containing
tetradecapeptide) which is important in its localisation to the cytoplasm and a C-
terminal ubiquitin binding Zinc finger domain (Figure 1-3) (Bertos et al, 2004; Hook et
al, 2002). HDACS is a cytoplasmic protein, therefore indicating it has non-histone
substrates, accordingly, it has been shown to deacetylate a-tubulin in microtubules
thus promoting their stabilisation (Hubbert et al, 2002). HDAC10 contains the
conserved deacetylase domain and a pseudo-repeat region with high homology to the
catalytic domain (designated leucine rich in Figure 1-3) (Kao et al, 2002). An emerging
role for HDAC10 is in tumorigenesis, with recent evidence suggesting that it promotes
lung cancer proliferation by interacting with Akt and promoting its phosphorylation

(Yang et al, 2016).

The final group, class IV, consists of HDAC11 alone which has homology to both class |
and class Il HDACs (Gao et al, 2002). HDAC11 contains a conserved catalytic domain
and localises to the nucleus with tissue specific expression (Figure 1-3) (Gao et al,
2002). Recent studies indicate it negatively regulates IL-10 in myeloid cells preventing

their expansion (Sahakian et al, 2015).
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1.5.2 Recruitment of Class | HDACs to DNA via co-repressor complexes

Due to the lack of an intrinsic DNA binding domain and their inactivity in isolation
(HDACS8 excepted), class | HDACs require recruitment to multiprotein co-repressor
complexes for targeting to histones (Kelly & Cowley, 2013). The main class | HDAC co-
repressor complexes include Sin3, NuRD, CoREST, MiDAC and NCoR/SMRT (Delcuve et
al, 2012). HDAC1/2 form the catalytic core of all but N-CoR/SMRT where HDACS3 is the
primary HDAC (Table 1-2). Incorporation of HDAC1/2/3 into these multi-protein
complexes enables recruitment to histones via proteins containing PTM reader
domains and methyl-DNA binding domains (Table 1-2). Furthermore, whilst HDAC1/2
and 3 can associate directly with transcription factor YY1, co-repressor complexes are
able to interact with transcription factors thus targeting them to specific loci (Kelly &
Cowley, 2013; Yang et al, 1996; Yang et al, 1997). For example, CoREST interacts with
RE1-silencing transcription factor (REST), NuRD interacts with Foxp, Sin3 interacts with
Mad/Max and NCoR/SMRT interacts with many unliganded nuclear receptors including
RevErb (Andres et al, 1999; Ayer et al, 1995; Chokas et al, 2010; Zamir et al, 1996).

19



. A ;\4. ﬁ:“\l @ /;)R —;A\\] P TBLR1 4
SIn3AB | mgﬁs\f 1 PLsoi\w/\ (" MIDEAS ) rai NCoR/SMRT
T A R 0 (7@  (OFD 15 o 3
1.2 \.mBD2 / \—a‘b‘?‘(y T
sin3 NURD CoREST MIDAC NCOR/SMRT
Complex Component Enzymatic function/interacting domain
Sin3 HDAC1 /2 Histone deacetylase domain
RbAp46/48 WD40 domain
Sin3A/B PAH motifs
SDS3
RBP1
SAP18 Ubiquitin fold
SAP30 Zinc finger
ING1/2 PHD finger
NuRD HDAC1 /2 Histone deacetylase domain
RbAp46/48 WD40 domain
Mi2o/[3 ATP-dependent chromatin remodelling domain
MDB2/3 Methyl CpG binding domain
MTA1/2/3 ELM2-SANT domain
p66a/f
CoREST HDAC1 /2 Histone deacetylase domain
CoREST 1/2/3 ELM2-SANT domain
LSD1 Lysine demethylase
BHC80 PHD finger
BRAF35 high mobility group (HMG)- box domain
CtBP NAD+ regulated dehydrogenase
MiDAC HDAC1 /2 Histone deacetylase domain
MiDEAS ELM2-SANT domain
TDIF/DNTTIP1 SKI/SNO/DAC domain
N-CoR/SMRT HDAC3 Histone deacetylase domain
HDAC4, 5, 7 Class lla HDAC
SMRT/N-CoR SANT domain and DAD domain
TBL1/TBLR1 WD40 domain
GPS2
JIMIJD2A Histone lysine demethylase/ PHD finger/tudor domain
Kasio Methyl CpG binding domain

Table 1-2 Components of the class | co-repressor complexes. The schematic at the top of
the figure denotes the core components of the co-repressor complexes. The table below
indicates the functional domains and enzymatic function of the components of the complexes

as adapted from Yang and Seto 2008.
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1.5.2.1 Sin3

The two mammalian Sin3 isoforms A and B are 60% identical to each other and 35%
identical to the conserved yeast homolog, with the highest homology present in the 4
paired amphipathic helices (PAH) domains (Ayer et al, 1996). The mammalian Sin3A/B
complex was first identified as a mediator of transcriptional repression through its
PAH2 mediated interaction with Mad-Max (Figure 1-4) (Ayer et al, 1995). The
transcription factor Mad is upregulated during differentiation and associates with Max,
resulting in the transcriptional silencing of Myc-Max regulated genes via Sin3 (Ayer et
al, 1995). The interaction of Sin3 with HDAC1/2 via the histone deacetylase interaction
domain (HID) was later shown to be responsible for Sin3 mediated repression (Figure
1-4) (Hassig et al, 1997; Laherty et al, 1997; Zhang et al, 1997). It is believed that Sin3
acts as a scaffold for interaction with the core-components; Sin3-associated protein 18
(SAP18) and SAP30, suppressor of defective silencing 3 (SDS3) and retinoblastoma
associated protein 48 and 46 (RbAp48/46) (Alland et al, 2002; Hassig et al, 1997; Zhang
et al, 1997). SDS3 interacts with a region overlapping the HID (Figure 1-4) and has been
shown to be important for the integrity of the Sin3 complex and activation of HDAC1/2

(Alland et al, 2002).
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Figure 1-4 Schematic indicating the structure of Sin3 and its interacting domains. A
schematic of mSin3 with the paired amphipathic helices (PAH) denoted by dark blue boxes.
Transcription factors such as Mad-Max and Ikaros bind to PAH2 and core components of the
complex including SDS3 and SAP30/18 bind at the histone deacetylase interaction domain (HID)
(green box) along with HDAC1/2 and RbAp48/46. N and C denote the terminus.

Sin3 does not encode a DNA binding domain and as such requires interacting proteins
to target it to the chromatin (Wang & Stillman, 1990). RbAp48/46 interact with both
HDAC1 and Sin3 and contain WD40 repeats which have been shown to interact with

H4 suggesting they play a role in targeting HDACs to chromatin (Hassig et al, 1997;
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Taunton et al, 1996; Verreault et al, 1996). Additionally, SAP30 contains an N-terminal
Zinc finger domain which has been shown to bind DNA and enhance Sin3/HDAC1
mediated repression (Viiri et al, 2009). Moreover, interaction of ING1 with H3K4me3
via its PHD domain recruits Sin3 to the chromatin (Pena et al, 2008). Furthermore, the
association of Sin3 with transcription factors such as lkaros also promotes the
localisation of Sin3 to gene promoters (Koipally et al, 1999). Sin3 is an essential
complex as it is embryonic lethal and crucial for embryogenesis and T-cell

development (Cowley et al, 2005).

1.5.2.2 NuRD

Nucleosome remodelling and histone deacetylation (NURD) complex was first
described in 1998, and was shown to have both histone deacetylation and ATP-
dependent chromatin remodelling capabilities (Xue et al, 1998). NuRD contains
HDAC1/2 and RbAp48/46 suggesting a conserved catalytic core shared with Sin3 (Xue
et al, 1998; Zhang et al, 1999). Despite NuRDs similarity to Sin3, it contains unique
components including metastasis associated proteins (MTAL, 2, 3) methyl-CpG-binding
domain proteins (MBD2/3), p66a,/p and ATP-dependent chromatin remodelling
proteins Mi-2a,/P (Fujita et al, 2003; Xue et al, 1998; Yao & Yang, 2003; Zhang et al,
1999). The MTA family proteins act as a scaffold for complex formation (Millard et al,
2013). A schematic of the structure of MTA1 is depicted in Figure 1-5 and shows that
HDAC1 and HDAC2 are recruited via the ELM2/SANT domain which along with
1(1,4,5,6)P,4 activates the deacetylase activity (discussed later) (Millard et al, 2013). The
ELM2 also acts as a dimerization domain for the MTA containing complex (Millard et al,
2014; Millard et al, 2013). The presence of Mi-2a,/p enables nucleosome remodelling
at sites targeted by NuRD (Zhang et al, 1998). The complex is believed to be recruited
to chromatin through several different proteins found in the complex as well as
association with transcription factors. RbAp48/46 also known as RBBP4/7 have been
shown to be recruited to two sites in MTA1 (R1 and R2 in Figure 1-5) leading to the
recruitment of 4 RBBP4/7 proteins which can bind H3 (Millard et al, 2016).
Furthermore, MBD2 can bind methylated DNA therefore tethering NuRD to the

chromatin (Zhang et al, 1999). Whilst MBD3 is unable to bind methylated CpGs, it is
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essential for mouse development, and deletion in mouse embryonic stem cells is
associated with failure to differentiate due to increased expression of pluripotency
genes, thus suggesting NuRD is an essential complex involved in the regulation of
pluripotent gene silencing (Hendrich et al, 2001; Kaji et al, 2006). An alternative NuRD-
like complex has been discovered in mouse embryonic stem cells which contains the
core components of NuRD minus MBD3 but with Oct4 and Nanog present, this
complex was termed NODE (Nanog- and Oct4- associated deacetylase) (Liang et al,

2008).
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Figure 1-5 Schematic depicting the interaction domains of MTA1. A schematic of MTA1
indicates a BAH (bromo-adjacent homology) domain which interacts with chromatin. The ELM2
domain potentiates dimerisation and activation and recruitment of HDAC1/2 with SANT and
inositol phosphate. RbAp48/46 are able to bind at interacting domains R1 and R2. Mi-2co/3
interact with the C-terminal domain of the protein. Adapted from Millard et al 2014 and
Millard et al 2016

1.5.2.3 CoREST

CoREST is the co-repressor of RE1-silencing transcription factor (REST), which mediates
the repression of neuronal genes in non-neuronal cells, via its interaction with the C-
terminus of REST (Andres et al, 1999). HDAC1 and HDAC2 were later found to be a
component of the complex and interact with the ELM2-SANT1 domain at the N-
terminus of the COREST protein, most likely through a conserved ELM2/SANT domain
similar to that of MTA1/HDAC1 (Figure 1-6) (You et al, 2001). BRAF35 is a high-mobility
group box protein which is a structural DNA binding protein was also detected in the
CoREST complex which could encourage recruitment to chromatin (Hakimi et al, 2002).
The association of the co-repressor C-terminal binding protein (CtBP) with CoREST was

discovered in 2003 and was shown to be recruited to target promoters via
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transcription factors such as ZEB1 which targets the complex to E-Cadherin (Shi et al,
2003). The CoREST complex contains demethylase activity in the form of LSD1 which
demethylates H3K4Me1/2 and interacts via its tower domain with CoREST at the C-
terminal region containing the linker and SANT2 domain (Figure 1-6) (Shi et al, 2004;
Shi et al, 2005). The binding of LSD1 to CoREST promotes the association of LSD1 with
nucleosomes via the SANT2 domain, which can loosely bind DNA, and the complex
component BHC80, a PHD finger protein which binds unmethylated H3K4, together
prevent methylation of this mark at repressed loci (Lan et al, 2007; Lee et al, 2005;
Yang et al, 2006). The association of LSD1 and CoREST is essential for their stability as
deletion of LSD1 results in a subsequent decrease in COREST at the protein level and
embryonic lethality before 7.5 days, thus highlighting the essential role of COREST
(Foster et al, 2010; Wang et al, 2007). Furthermore, the activity of HDAC1/2 and LSD1
in CoREST are believed to be co-dependent as acetylated histones prevent
demethylation of H3K4 suggesting that the HDAC activity is required for demethylation
via LSD1 (Forneris et al, 2006). Moreover, inhibition of either LSD1 or HDAC1 reduces

the activity of the partner enzyme indicating they function in concert (Yin et al, 2014).

HDAC1 /

HDAC2 @

Figure 1-6 Schematic indicating the interaction domains of COREST with LSD1 and
HDAC1/2. CoREST contains an N-terminal ELM2-SANT1 domain which is responsible for
interaction with HDAC1/2, a linker domain separates the two SANT domains, LSD1 binds via its
SWIRM domain to the linker/SANT2 region, of which the SANT2 domain also has the capacity
to bind DNA. BHC80 and CtBP are not shown as their binding sites remain unknown.

1.5.2.4 MiDAC

The novel HDAC-containing complex, mitotic deacetylase complex (MiDAC), was
identified in 2011 using a suberoylanilide hydroxamic acid (SAHA, a HDAC inhibitor)
derived matrix as bait in a chemoproteomic screen (Bantscheff et al, 2011). This study

indicated that MiDAC is more active in mitotic cells, correlating with the finding that it
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is associated with cyclin A (Bantscheff et al, 2011; Pagliuca et al, 2011). The mitotic
deacetylase-associated SANT domain protein (MIDEAS), contains an ELM2-SANT
domain and forms a complex with HDAC1/2 (Itoh et al, 2015). DNTTIP1, also known as
TDIF1, contains an amino-terminal dimerization domain, which interacts with HDAC1/2
and MIDEAS as well as its self and is responsible for the formation of the dimer of
dimers structure of the complex (Figure 1-7) (Itoh et al, 2015). The C-terminal domain
has the potential to bind both naked DNA and nucleosomes therefore enabling

targeting of the MiDAC complex to chromatin (Itoh et al, 2015).

N C
TDIF/DNTTIP1 SKI/SNO/DAC
HDAC2 DNA/nucleosomes

Figure 1-7 Schematic denoting the interacting domains of DNTTIP1 with HDAC1/2
and MIDEAS. MIDEAS contains a C-terminal ELM2/SANT domain which is sufficient for
interaction with HDAC1/HDAC2. TDIF/DNTTIP1 contains a dimerization domain which is
responsible for interacting with HDAC1/2 and MIDEAS and the formation of the dimer of
dimers structure. The N-terminal SKI/SNO/DAC domain of DNTTIP1 can bind both naked DNA
and nucleosomes thus targeting the complex to chromatin. Adapted from Itoh et al, 2015

1.5.2.5 SMRT/NCoR

Silencing mediator for retinoid and thyroid hormone receptors (SMRT) and its homolog
nuclear receptor corepressor (NCoR) were first identified as corepressors of nuclear
receptors such as thyroid hormone receptor and retinoic acid receptor in the absence
of their ligands (Chen & Evans, 1995; Horlein et al, 1995). They were later shown to
form a complex with HDAC3 which mediates transcriptional repression via hormone
receptors (Guenther et al, 2000; Ishizuka & Lazar, 2003; Li et al, 2000; Wen et al,
2000). HDAC3 interacts with SMRT/NCoR via the deacetylase activating domain (DAD)
which stimulates the deacetylase activity (Codina et al, 2005; Guenther et al, 2001).
The minimal DAD domain is comprised of a 16 amino-acid DAD-specific motif and the

SANT1 domain in the N-terminal region (Figure 1-8) and was shown to undergo large
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structural rearrangements facilitating the interaction of SMRT:DAD with HDAC3 and
substrate access (Codina et al, 2005; Guenther et al, 2001; Watson et al, 2012). Later,
an extended DAD domain of SMRT was shown to wrap around HDAC3 in a conserved
groove forming extensive interactions in a similar manner to the ELM2-SANT domain
of MTA1 (Millard et al, 2013). Mutations and deletions in the DAD domain abolish the
interaction and activation of HDAC3 by SMRT/NCoR, although these two processes can
be separated as indicated by the K449A mutation in SMRTs DAD domain which retains
binding but does not activate HDAC3 (Codina et al, 2005; Guenther et al, 2001).
Furthermore, mutation of residues critical for the interaction of NCoR/SMRT with
HDAC3 render HDAC3 catalytically inactive in mice, yet they are viable (You et al 2013).
Catalytically inert HDAC3 has the ability to rescue the liver specific deletion phenotype
thus suggesting deacetylase independent activity, mediated through the binding of

NCoR/SMRT to chromatin (Sun et al, 2013).

N DAD HID c
GPs2TBIRITBLL | pAac3 HDAC4/5/7 TR RAR

Chromatin

Figure 1-8 Schematic denoting the structural regions and interacting domains of
SMRT/NCoR. SMRT/ NCoR contain 3 repressive domains (RD1, 2, 3), of which RD1 interacts
with GPS2, TBL1 and TBLR1. RD3 interacts with class Ila HDAC4, 5 and 7. ID1 and ID2 denote
the interaction domains 1 and 2 which bind nuclear hormone receptors including thyroid
receptor (TR) and retinoic-acid receptor (RAR). The deacetylase activation domain (DAD) is
made up of the SANT1 domain and an N-terminal extension, which both binds and activates
HDAC3. SANT2 domain of SMRT/NCoR makes up the histone interacting domain (HID) which is
capable of binding to chromatin.

It was previously thought, that the DAD was sufficient for activation of HDAC3,
however, in 2012, Watson et al., resolved the crystal structure of the
SMRT:DAD/HDAC3 complex and revealed Inositol-1,4,5,6-tetrakisphosphate
(Ins(1,4,5,6)P,) at the interface of the two proteins. The interface is depicted in Figure
1-9 and shows Ins(1,4,5,6)P,4in a highly basic pocket, due to its negative charge it was
believed to prevent charge repulsion therefore acting as an intermolecular glue
(Watson et al, 2012). Since the initial discovery of Ins(1,4,5,6)P,4 at the interface it has

been proposed to be a regulator of class | HDAC activity, discussed in more detail later.
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DAD

Figure 1-9 Crystal structure indicating Inositol-1,4,5,6-phosphate bound at the
interface between SMRT/HDAC3. Electrostatic surface representation of Inositol-1,4,5,6-
phosphate (IP;) binding at the interface of DAD-SMRT/HDAC3 (denoted by salmon dotted line)
in a basic pocket (blue). The active site of HDAC3 is shown by the yellow cross. PDB ID: 4A69,
Watson et al, 2012.

The second SANT domain of SMRT/NCoR (Figure 1-8) has been shown to interact with
histone tails, therefore presenting the SMRT/NCoR-HDAC3 complex more effectively to
the nucleosome, this region is termed the histone interaction domain (HID) (Yu et al,
2003). The complex components transducin -like 1 (TBL1) and TBL1-related protein
(TBLR1) are WD40 domain containing proteins which associate with HDAC3 in a
tetramer and are known to interact with histones such as H2B, H3 and H4, thus
targeting the complex to chromatin (Choi et al, 2008; Guenther et al, 2000; Oberoi et
al, 2011; Yoon et al, 2003). Other complex members include G-protein pathway
suppressor 2 (GPS2), which stabilises the complex (Zhang et al, 2002). Interaction of
SMRT/NCoR with class lla HDACs, HDAC4, 5, 7, has also been reported at repression
domain 3 (Figure 1-8) (Fischle et al, 2001; Fischle et al, 2002). Although binding does
not activate their deacetylase activity, it is thought that they act as scaffolding proteins
which target the complex to target genes via transcription factors such as MEF2

(Codina et al, 2005; Fischle et al, 2001; Fischle et al, 2002; Guenther et al, 2001).

Despite the high level of homology observed between SMRT and NCoR, they are not

functionally redundant. Deletion of NCoR and SMRT results in embryonic lethality at
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e15.5 and e16.5 days respectively, the loss of NCoR affects the development of T-cells
and deletion of SMRT results in heart defects (Jepsen et al, 2000; Jepsen et al, 2007).
Furthermore, whilst both NCoR and SMRT affect neural differentiation down the
astrocyte pathway, only SMRT affects overall neural differentiation (Jepsen et al,
2007). These differences are also observed during tissue specific deletions, as deletion
of NCoR in the liver but not SMRT results in metabolic and transcriptional alterations

similar to those seen in the HDAC3 liver specific deletion (Sun et al, 2013).

1.6 HDACs and transcriptional regulation

The correlation between histone acetylation and transcriptional activation is well
established and led to the general mechanism where removal of acetyl groups via the
action of HDACs results in silencing of transcription (Yang & Seto, 2008). Histone
acetylation correlates with transcriptional start sites, promoters, recruitment of TFIID,
and disruption of higher order chromatin (Agalioti et al, 2002; Shogren-Knaak &
Peterson, 2006; Wang et al, 2008). Whereas histone deacetylation is associated with
repression of transcription at promoters and inhibition of cryptic transcription
(Carrozza et al, 2005; Kadosh & Struhl, 1998; Li et al, 2007). Furthermore, treatment of
cells with butyrate, a HDAC inhibitor, has been shown to result in increased gene

accessibility and transcriptional activation (Shogren-Knaak & Peterson, 2006).

Despite the substantial evidence supporting HDACs as transcriptional repressors,
evidence has emerged suggesting they may also enable transcription. Deletion of Rpd3
in yeast, an ortholog of HDAC1, resulted in the downregulation of more genes than
were upregulated (Bernstein et al, 2000). This result was corroborated by inhibition of
Rpd3 with trichostatin A (TSA), an HDAC inhibitor, which resulted in downregulation of
a similar set of genes within 15 minutes (Bernstein et al, 2000). It was later shown by
genome wide chromatin immunoprecipitation (ChIP) studies in human CD4" T cells,
that HDACs co-localise with HATs such as p300 and CPB, at active loci and primed

genes (Wang et al, 2009).
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Since the initial indication that HDACs may enable transcriptional activation, several
studies have identified specific loci to which HDACs are recruited to facilitate
transcriptional activation. HDAC3 was recently shown to enable UCP-1 expression
through the removal of a repressive acetyl mark on co-activator Pgcla, which activates
the transcription factor ERRa. in brown adipose tissue (Emmett et al, 2017). Moreover,
in mammals knockdown or inhibition of either Sin3 or HDAC1/2 resulted in decreased
Nanog expression (Baltus et al, 2009). Subsequently, Sin3 and Nanog have been shown
to co-occupy transcriptionally active genes in ES cells further supporting the role of
HDACs in the facilitation of transcriptional activation (Saunders et al, 2017). It has been
proposed that HDACs enable transcription by removal of Lys-Ac added by HATs to
reset the chromatin state (Dovey et al, 2010a). Thus suggesting that gene activation
requires the cyclical utilisation of HATs and HDACs between RNA polymerase I

recruitment to enable subsequent rounds of transcription (Dovey et al, 2010a).

1.7 Non-histone targets of HDACs

Histones were the first identified target of HDACs, however, since their initial
discovery, several non-histone targets have been identified suggesting they should be
termed lysine specific deacetylates instead. Unsurprisingly, one of the most common
groups of acetylated non-histone proteins are transcription factors, which recruit
HDACs to chromatin. Deacetylation of p53 and E2F1 by HDAC1/2/3 results in their
decreased association with target sites and downregulation of transcriptional
activation (Juan et al, 2000; Martinez-Balbas et al, 2000). Furthermore, deacetylation
of MyoD by HDAC1 in non-muscle cells prevents MyoD mediated myogensis. Upon
differentiation, the interaction of MyoD and HDAC1 is reduced thus enabling the
activation of downstream targets (Mal et al, 2001). Other examples of Lys-Ac includes
the control of cyclin A stability whereby deacetylation by HDAC3 prevents its
degradation during S phase (Vidal-Laliena et al, 2013). In 2009, a high-resolution mass

spectrometry analysis discovered a widespread acetylome in mammalian cells, with
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3,600 lysine acetylation sites on 1,750 proteins. Sites of Lys-Ac include proteins from
all major cellular processes such as cell cycle, splicing, nuclear transport, chromatin
remodeling and transcription (Choudhary et al, 2009). Consequently, it is clear that
acetylation is not a modification unique to histones, but is an abundant post-

translational modification involved in nearly all major processes in the cell.

1.8 Role of class | HDACs in cellular processes

To ascertain the role of histone deacetylases in the development of normal tissues and
cell types, various germline and tissue specific knockout studies have been generated,
thereby enabling the determination of which HDACs are involved in specific

physiological processes.

1.8.1 Germ-line deletion of class | HDACs in mice

All the class | HDACs have been ablated in the mouse germ-line and result in lethality
at various stages (summarised in Table 1-3). Genetic disruption of HDAC1 results in
embryonic lethality before embryonic day (E) 10.5, due to retarded development,
attributed to proliferation defects consistent with an increase in cyclin-dependent
kinase inhibitors p21 and p27 (Lagger et al, 2002). Ablation of HDAC2 results in a
perinatal or adult phenotype dependent on the targeting method utilised. The first
study found that loss of HDAC2 in the mouse germline resulted in perinatal lethality 24
hours after birth attributed to cardiac defects due to increase cardiomyocyte
proliferation (Montgomery et al, 2007). The cardiomyocyte phenotype is linked to
homeodomain only protein (HOP) which interacts with HDAC2, and acts as a regulator
of cardiomyocyte proliferation (Haberland et al, 2009b). GATA4 has also been
implicated as it has been shown to be targeted by HDAC2 and this interaction is
stabilised by HOP leading to regulation of cardiomyocyte proliferation during

development (Reichert et al, 2012). Conversely, two other studies, both of which used
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a gene-trap method to disrupt the HDAC2 gene, resulted in differing phenotypes, one

exhibited partial perinatal lethality (50% died 25 days postnatal), the other study

indicated mice survived to adulthood but with reduced tumour incidence rates (Trivedi

et al, 2007; Zimmermann et al, 2007). HDAC3 knockout mice exhibit embryonic

lethality at a similar time to HDAC1 null mice, with lethality occurring before E9.5, due

to gastrulation defects, indicating HDAC3 is essential in early embryogenesis (Bhaskara

et al, 2008; Montgomery et al, 2008). HDAC8 null mice, like HDAC2 deletions, results in

perinatal lethality, due to inability to repress transcription factors in the cranial neural

crest cells resulting in craniofacial defects and skull instability (Haberland et al, 2009a).

Therefore, despite their overlapping expression and high level of similarity, class |

HDACs have independent roles during the development of the mouse embryo.

Histone
Lethality
deacetylase
HDAC1 E10.5
HDAC2 Perinatal or
viable
HDAC3 E9.5
HDAC8 Perinatal

Phenotype

Growth retardation
and proliferation

defects

Cardiac defects

Gastrulation defects

Craniofacial defects

Reference

Lagger et al, 2002
Montgomery et al, 2007

Montgomery et al, 2007
Trivedi et al, 2007
Zimmermann et al, 2007
Bhaskara et al 2008
Montgomery et al 2008

Haberland et al 2009

Table 1-3 Summary of the effect of class | HDAC germline mutations in mice.
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1.8.2 Tissue specific deletion of class | HDACs

Due to the lethality of germline deletion, conditional deletions of class | HDACs were
generated to determine their role in specific tissues. Functional redundancy is often
observed upon ablation of either HDAC1 or HDAC2, with deletion of both required to
result in an aberrant phenotype in many cases including haematopoiesis and cardiac
development (Montgomery et al, 2007; Wilting et al, 2010; Yamaguchi et al, 2010). For
example, deletion of either HDAC1 or HDAC2 alone in the thymus of mice does not
influence development, however double knockouts fail to develop mature T-cells due
to a developmental block leading to neoplastic transformation of immature T-cells at
approximately 15 weeks (Dovey et al, 2013). Additionally, despite the cardiac defects
observed upon ablation of HDAC2 in the developing embryo, deletion of HDAC2 alone
in a cardiac specific manner does not phenocopy this, whilst HDAC1/2 cardiac null
mice show postnatal lethality after 14 days, suggesting multiple abnormalities are
responsible for the HDAC2 germline deletion phenotype (Montgomery et al, 2007).
HDAC3 has a unique role in cardiac development as cardiac specific deletion results in
postnatal death of mice between 3-4 months due to cardiac hypertrophy and the

upregulation of fatty acid uptake and oxidation genes (Montgomery et al, 2008).

HDAC1 null mouse embryonic stem (ES) cells, revealed reduced proliferation and
increased cdk inhibitor p21 expression corresponding with increased acetylation of H3
and H4 at its promoter (Lagger et al, 2002). This defect in proliferation was
compounded by double deletion of HDAC1 and HDAC2 in mouse embryonic fibroblasts
(MEFs) (Yamaguchi et al, 2010). Ablation of p21 was shown to rescue the HDAC1
knockout ES cell phenotype yet was unable to rescue the germline deletion indicating
lethality is not due to reduced proliferation (Zupkovitz et al, 2010). Indeed, deletion of
either HDAC1 or HDAC2 in ES cells revealed normal proliferation but precocious
differentiation upon ablation of HDACL1 indicated by increased cardiomyocyte and
neural markers in embryoid bodies (EBs) (Dovey et al, 2010b). Moreover, a double
knockout HDAC1/2 ES cell line implicated HDAC1 and HDAC2 in mitosis, particularly in

chromosome separation, the lack of S phase deregulation could be due to the lack of a
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G1 checkpoint in ES cells (Jamaladdin et al, 2014). HDAC3 has also been shown to play
a role in cell cycle regulation as HDAC3 null MEFs show a S-phase delay and DNA
damage due to defective double strand DNA repair resulting in apoptosis (Bhaskara et

al, 2008).

Neuronal development is also perturbed by deletion of class | HDACs and their co-
repressors. Deletion of HDAC1 and HDAC2 in the mouse central nervous system results
in postnatal death at around day 7 due to severe brain abnormalities resulting from
the inability of neuronal precursors to differentiate (Montgomery et al, 2009).
Furthermore, ablation of HDAC1 and HDAC2 using an oligodendrocyte specific Cre-
recombinase results in death 2 weeks postnatal, attributed to the stabilisation of 3-
catenin in the nucleus enabling activation of Wnt signalling leading to repression of
Olig2 and prevention of differentiation (Ye et al, 2009). Moreover, Nodal an inhibitor
of neural development is upregulated upon ablation of HDAC1, thereby indicating
Nodal as a target of HDAC1 and neuronal regulation (Liu et al, 2015). The HDAC3 co-
repressor SMRT has been shown to have a critical role in forebrain development
through the prevention of retinoic-acid receptor dependent induction of
differentiation in the absence of a ligand (Jepsen et al, 2007). It has since been shown
through ChIP that in neural stem cells HDAC3 is found at the promoters of genes such
as Pax6 and Sox8 which are transcription factor markers of neuronal development,

thereby implicating HDAC3 in their regulation (Castelo-Branco et al, 2014).

Whilst HDAC1 and HDAC2 are not essential for liver homeostasis, HDAC3 has been
shown to be critical in the regulation of liver metabolism. Liver specific deletion of
HDAC3 in postnatal mice resulted in hypertrophy of hepatocytes leading to an
enlarged liver (Knutson et al, 2008; Sun et al, 2012). The upregulation of carbohydrate
and lipid metabolism genes was shown to be mediated through the recruitment of
NCoR/HDAC3 via PPARy orchestrated by the circadian rhythm (Feng et al, 2011). This
combined with the role of HDAC3 in cardiac metabolism, indicates that HDAC3 is

essential for normal metabolic homeostasis in multiple organs.
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1.9 Inositol phosphates and class | HDACs

Inositol phosphate (IP) molecules are produced from the 6-carbon myo-inositol ring
which can be phosphorylated at all 6 positions enabling the formation of many
different molecules (Irvine & Schell, 2001). These various IPs act as signalling
molecules which can regulate numerous cellular processes including; calcium release
(via Inositol-1,4,5,-trisphosphate), chromatin remodelling (SWI/SNF regulation) and
MRNA export through the binding of inositol hexaphosphate (IPs) to Glel which
stabilises and activates Dbp5 at the nuclear pore leading to mRNA export (Berridge &
Irvine, 1989; Montpetit et al, 2011; Shen et al, 2003; Steger et al, 2003; York, 2006;
York et al, 1999). More recently, Inostiol-1,4,5,6-tetraphosphate (Ins(1,4,5,6)P4) has
been identified at the interface of SMRT and HDAC3 (Figure 1-9), although initially
believed to be a structural co-factor there is now in vitro evidence to suggest it is a

bona-fide regulator of class | HDAC activity (Millard et al, 2013; Watson et al, 2012).

1.9.1 Regulation of class | HDACs by inositol phosphates

In 2012, Watson et al, resolved the X-ray crystallography structure of human HDAC3
bound to the deacetylase activation domain (DAD) of human SMRT (DAD:SMRT). This
elucidated that Ins(1,4,5,6)P4 can be detected at the interface of HDAC3 and
DAD:SMRT in a highly basic pocket, and makes several interactions with HDAC3
(residues His17, Gly21, Lys25, Arg265, Arg301) and DAD:SMRT (residues Lys449,
Tyrd70, Tyrd71, Lys474, Lys475) (Figure 1-10) (Watson et al, 2012). The presence of
Ins(1,4,5,6)P, was believed to be essential for the formation of the HDAC3/SMRT
complex. Previously mutagenesis of Lys449, Tyr470 and Tyr471, all of which interact
with Ins(1,4,5,6)P,4 resulted in a failure of complex formation (Tyr470/471) or
activation of the complex (Lys449) (Codina et al, 2005; Watson et al, 2012).
Furthermore, Arg265 of HDAC3 is located in loop 6 and it is proposed that upon
binding to DAD:SMRT with Ins(1,4,5,6)P,4 loop 6 is stabilised enhancing active site
access, accordingly, mutation of Arg265 to proline abolishes HDAC3 activity (Watson et

al, 2012).
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Figure 1-10 Inositol-1,4,5,6-phosphate forms extensive interactions with HDAC3 and
DAD:SMRT. (A) Electrostatic surface representation of Inositol-1,4,5,6-phosphate (IP;) binding
at the interface of DAD:SMRT/HDAC3 (denoted by salmon dotted line) in a basic pocket (blue).
The active site of HDAC3 is shown by the yellow cross. (B) Detailed structure of interactions of
IP, (stick model) with HDAC3 (cyan) bound to the DAD:SMRT (salmon). Interacting residues in
HDAC3 are shown in magenta and those in DAD are shown in green, interactions are shown via
red dotted lines. PDB ID: 4A69, Watson et al, 2012.

Intriguingly, the residues involved in the interaction with Ins(1,4,5,6)P4in both HDAC3
and DAD:SMRT are conserved in HDAC1/2 and MTA1/2/3 and CoREST1/2/3. Thus
suggesting that Ins(1,4,5,6)P, is a conserved binding partner of class | HDAC complexes
(Watson et al, 2012). Indeed, the structure of HDAC1 in complex with the ELM2-SANT
domain of MTA1 revealed that although Ins(1,4,5,6)P, was not isolated with the
complex, a basic pocket is observed at the interface, similar to that of

HDAC3/DAD:SMRT (Figure 1-11) (Millard et al, 2013; Watson et al, 2012).
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Figure 1-11 Crystal structure of MTA1/HDACI1 reveals a basic pocket characteristic of
HDAC3/SMRTs Inositol-1,4,5,6-phosphate binding pocket. (A) Surface representation of
ELM2-SANT domain of MTA1 (light pink) bound to HDACI (light orange), active site denoted by
yellow cross. (B) Electrostatic surface representation of MTA1 and HDAC1 showing the
interface denoted by light pink dotted line. (C) Electrostatic surface representation of Inositol-
1,4,5,6-phosphate binding at the interface of DAD-SMRT/HDAC3 (denoted by salmon dotted
line) in a basic pocket (blue). (D) Electrostatic representation of MTA1 and HDAC1 shows an
inositol phosphate binding pocket (blue basic pocket) like HDAC3/SMRT. PDB ID: 4BKX, Millard
etal, 2013 and PDB ID: 4A69, Watson et al, 2012.

As the ELM2-SANT domain of MTA1 and the extended DAD domain of SMRT are
sufficient for complex formation without Ins(1,4,5,6)P,, it is believed that binding of
HDAC1/3 to their cognate co-repressors tethers but does not activate HDAC activity in
the absence of Ins(1,4,5,6)P4 (Millard et al, 2013). Accordingly, addition of
Ins(1,4,5,6)P4 to the purified MTA1/HDAC1 complex results in increased activity of
HDAC1 with a K4 of 5uM, similar to the concentration of Ins(1,4,5,6)P,found in
mammalian cells (Barker et al, 2004; Millard et al, 2013). Furthermore addition of
exogenous Ins(1,4,5,6)P4 to the SMRT/HDAC3 complex following high salt washes

increases the activity of HDAC3, revealing a similar K4 of 6M, thereby suggesting that
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IPs activate class | HDAC complexes (Millard et al, 2013). This is further supported by
the addition of Ins(1,4,5,6)P4 to the novel HDAC1 complex, MIDEAS, leading to
upregulated HDAC1 activity of the purified complex (Itoh et al, 2015). In vivo studies by
Jamaladdin et al, 2014, also suggest a role for Ins(1,4,5,6)P,4 as a regulator of HDAC
activity. Mutation of key binding residues in HDACL fail to rescue the lethal phenotype
of HDAC1/2 double knockout ES cells, presumably due to decreased activity
(Jamaladdin et al, 2014). Additionally, inositol pyrophosphates (PP-IP) have been
shown to activate yeast Rpd3, a HDAC1 homolog, and mutation of the corresponding
HDAC3 Ins(1,4,5,6)P, binding residues fails to result in transcriptional responses to

stress signals (Worley et al, 2013).

The stereochemical requirements of IP binding were investigated to elucidate the
requirements for activation and binding to HDACs. Multiple IP species were shown to
activate the HDAC3/SMRT complex and revealed that activation of class | HDAC co-
repressors requires the binding of three adjacent phosphate groups occupying binding
sites A, B and Cin the Ins(1,4,5,6)P4 binding pocket (Figure 1-12) (Watson et al, 2016).
Sites B and C are buried in the complex and have been shown to be important for
binding whilst site A is adjacent to R265 in HDAC3 which has been shown to be
essential for activation not binding (Watson et al, 2016). Site D interacts with the
phosphate group on carbon 1 in the inositol ring and can tolerate a pyrophosphate
inositol mimic on position 1 (1-PA-InsPs) as activation of the complex remains similar to
Ins(1,4,5,6)P4 (Watson et al, 2016). Carbon 2 and 3 of the inositol ring are exposed and
do not interact with the class | HDAC complexes, accordingly, it has been shown that
these sites can tolerate additions without affecting the activation of the complexi.e.
Ins(1,3,4,5,6)Ps and Ins(1,2,3,4,5,6)P¢ are both able to activate to a substantial level
(Watson et al, 2016). Interestingly, Ins(1,4,5)P5 the well-known regulator of calcium
release, is unable to activate the HDAC complexes due to its inability to occupy sites
A,B and C thereby separating the activation of class | HDACs from calcium signalling

(Berridge & Irvine, 1989; Watson et al, 2016).
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Figure 1-12 Stereochemistry of inositol phosphate binding. (A) Structure of Ins(1,4,5,6)P,
(B) Schematic showing the four binding sites in the inositol phosphate binding pocket in green
and phosphates in orange, taken from Watson et al 2016. (C) Surface structure of DAD
(salmon) and HDAC3 (cyan) bound by Ins(1,4,5,6)P, with phosphates numbered in red circles
and binding sites denoted by A,B,C,D in green boxes. (PDB ID: 4A69, Watson et al, 2012.)

1.9.2 The inositol phosphate pathway

To elucidate the importance of IPs as physiological regulators of class | HDAC
complexes, we need to understand the pathway leading to their synthesis. Inositol
phosphate signalling pathways are instigated by the cleavage of phosphatidylinositol-
4,5-bisphospahte (PIP,) by phospholipase C (PLC) resulting in formation of
diacylglycerol (DAG) and Ins(1,4,5)Ps (Figure 1-13) (Berridge & Irvine, 1989). Inositol
polyphosphate multikinase (IPMK) is a key regulator in the sequential production of
inositol tetrakisphosphate (IP4) and inositol pentakisphosphate (IPs) in the IP synthesis
pathway (Figure 1-13). Its homolog in saccharomyces cerevisiae, Arg82 was identified
first in 1999, and has been implicated in transcriptional regulation (Odom et al, 2000;
Saiardi et al, 1999). Whilst the method of IP synthesis in yeast via IPMK is well
established, the mammalian system took longer to elucidate. Initially, in vitro studies
indicated that IPMK could generate Ins(1,3,4,5)P4 or Ins(1,4,5,6)P4 and subsequently
phosphorylate this to produce Ins(1,3,4,5,6)Ps (Fujii & York, 2005; Nalaskowski et al,
2002; Saiardi et al, 2001). The mammalian 2-kinase IPPK then phosphorylates
Ins(1,3,4,5,6)Ps to produce Ins(1,2,3,4,5,6)P¢ (Saiardi et al 2001). However, in 2005 a
study by Verbsky et al., outlining the pathway of inositol hexakisphosphate (IPs)
production in human cells via IPMK and IPPK changed this (Verbsky et al, 2005b). They

suggested the pathway outlined in Figure 1-13 whereby IPMK generates
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Ins(1,3,4,5,6)Ps via Ins(1,3,4,5)P, but also generates Ins(1,3,4,5,6)Ps via an extensive
pathway of dephosphorylation and phosphorylation involving an inositol phosphate 5-
phosphatase (INNP5) and an Ins(1,3,4)P3 5/6Kinase (IP3 5/6-kinase) (Verbsky et al,
2005b). Despite the in vitro evidence Verbsky et al, 2005b, believed that IPMK is more
active on Ins(1,3,4,6)P4 than Ins(1,3,4,5)P, and therefore suggested that this is the
primary intermediate of IPs production in vivo. This is further supported by efficiency
studies which have since shown that IPMK has relatively poor 6-kinase activity in
humans (Chang & Majerus, 2006). Therefore, phosphatase and tensin homolog (PTEN)
is believed to produce Ins(1,4,5,6)P4 through its ability to de-phosphorylate
Ins(1,3,4,5,6)Ps at the D3 position (Caffrey et al, 2001).

Cell membrane i Nucleus

PTE
PIP; % PIP,

PI3K/
PLC PTEN/SopB
l IPMK I(1,4,5)P; — K5 1(1,8,5,6)P, & 1(1,3,4,5,6)Ps— T PK 5 1(1,2,3,4,5,6)P
Akt IPMK
DAG IP3K/ ™ 11 3 4 5)p, — IPMK
i IPMK IPMK
lINPPS

(1,3,4)P; — 5 (1,3,4,6)P,
IP3 5/6 kinase

Figure 1-13 Inositol phosphate synthesis pathway. Cleavage of PIP2 by PLC leads to
generation of Ins(1,4,5)P3 which through the action of multiple enzymes including IPMK, IP3K
(Inositol phosphate 3 kinase), INNP5 (5-phosphatase), IP3 5/6 kinase, IPPK, PTEN and external
pathogen phosphatase SopB, results in the metabolism of various inositol phosphate
molecules. Dotted line denotes in vitro evidence only.

PTEN traditionally is a 3-phosphatase against phosphatidylinositiol 3,4,5-trisphosphate
(PIP3) which leads to the generation of PIP, thus counteracting the activity of PI3K
kinase and preventing the activation of Akt (Maehama & Dixon, 1998). However,
nuclear PTEN also has the ability to act as an IP 3-phosphatase. Although Ins(1,3,4,5)P,4
is not believed to a physiologically relevant substrate of PTEN, it has been shown that
it can actively dephosphorylate Ins(1,3,4,5,6)Ps when transfected into HEK-293Ts, with
an affinity constant (Km) of 7.1uM (Caffrey et al, 2001; Maehama & Dixon, 1998). The
dephosphorylation Ins(1,3,4,5,6)Ps led to an increase in Ins(1,4,5,6)P,4, thus cementing
its role in the pathway denoted in Figure 1-13 (Caffrey et al, 2001). Despite some

evidence to suggest wildtype PTEN is not a physiologically relevant IP 3-phosphatase,
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there is an assumption in the community that PTEN does de-phosphorylate IPs upon
overexpression, thus PTEN was utilised in this thesis to alter the levels of IP (Orchiston

et al, 2004).

The importance of both IPMK and IPPK is exhibited via the severe phenotype of the
knockout mice. Mice deficient for IPMK and IPPK show embryonic lethality at E9.5 and
E8.5 respectively (Frederick et al, 2005; Verbsky et al, 2005a). IPMK null mice show
reduced levels of Ins(1,3,4,5,6)Ps and Ins(1,2,3,4,5,6)P¢ and show morphological
defects including abnormal neural tube folding (Frederick et al, 2005). IPPK ablation in
mice results in a reduction of Ins(1,2,3,4,5,6)Ps and its downstream metabolites,
inositol pyrophosphates (Verbsky et al, 2005a). Accordingly, both IPMK and IPPK

appear to be essential for life and a requirement for accurate embryogenesis.

The environmental pathogen Salmonella Dublin (S.Dublin) has also been shown to alter
IP levels following invasion of epithelial cells resulting in an increase of Ins(1,4,5,6)P,4
via the de-phosphorylation of Ins(1,3,4,5,6)Ps (Eckmann et al, 1997). The S. Dublin
protein, SopB, was later identified as an IP phosphatase which resulted in the increase
of Ins(1,4,5,6)P4 levels (Norris et al, 1998). Its role was further validated using a
Tetracycline (TET) dependent SopB expressing 293 cell line. IPs and IP¢ levels are
almost completely depleted 4-6 hours after SopB induction, and a transient rise in IP4is
observed overtime but gradually decreases below wildtype levels after prolonged

expression (Figure 1-14) (Feng et al, 2001).
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Figure 1-14 SopB induction in human 293 cells reduces the level of inositol
phosphates. Changes in inositol phosphate levels are shown at varying points after induction.
The level of IPs and IPs; decreases as the level of IP, increases but by 8 hours the levels of all
inositol phosphates have dropped compared to wildtype levels. Taken from Feng et al, 2011

1.9.3 Inositol phosphates and transcriptional regulation

The identification of IPMK as an orthologue of the yeast transcriptional repressor
Arg82, led to the implication of IPs in transcriptional regulation. Arg82 is an essential
member of the ArgR-Mcm1 transcription factor complex (Arg80, Arg81, Arg82(IPMK),
Mcm1) where it enables formation of the complex and activates it through the
production of Ins(1,4,5,6)P4 (Odom et al, 2000). Deletion of Arg82 in yeast grown on
arginine or ornithine prevents activation of the ArgR-Mcm1 target genes leading to
inviable strains (El Alami et al, 2003; Odom et al, 2000). Conversely, other studies have
suggested that the poly-aspartate region of IPMK, not its kinase activity is required for
the activation of the ArgR-Mcm1 complex in yeast (Dubois et al, 2000; El Alami et al,
2003). However, Arabidopsis thaliana IPMK, which lacks the poly-aspartate region, can
fully rescue IPMK knockout yeast strains, suggesting that this region is not essential for
regulation (Endo-Streeter et al, 2012). More recently a cis-acting promoter element
has been identified in yeast, which mediates IPMKs kinase dependent and
independent regulation of gene expression through the binding of Mcm1 (Hatch et al,
2017). This element enables IPMK to act as a scaffold protein to recruit the ArgR-
Mcm1 complex, and enables its production of IPs thus activating transcription, thereby
suggesting that both activities are essential consequences of IPMK gene regulation

(Hatch et al, 2017).
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As well as activating transcription factor complexes, there is growing evidence that
IPMK derived Ins(1,4,5,6)P,4 regulates chromatin remodelling. In yeast, upon phosphate
starvation, the transcription factor Pho4 is activated and recruits SWI/SNF and INO80
to the PHOS5 gene enabling chromatin remodelling and transcriptional activation
(Steger et al, 2003). However, it was noted that in IPMK catalytically inactive strains
transcription of PHOS5 was reduced, this was linked to the reduced recruitment of
SWI/SNF and INO80 to the promoter region thereby suggesting IP4 or IPs may be
required for their efficient recruitment (Steger et al, 2003). This is further supported by
Shen et al, 2003 who showed that SWI/SNF is stimulated by Ins(1,4,5,6)P; and IPs.
Furthermore, INO80 appeared to be inhibited by IP¢ and this has since been reported
for the human Ino80 complex (Shen et al, 2003; Willhoft et al, 2016). Despite, the
overwhelming evidence to support Ins(1,4,5,6)P,4 as a cell signalling molecule and a
regulator of transcription, there is some doubt over its physiological relevance. The
concentrations of Ins(1,4,5,6)P, and IPs required (500uM) to stimulate the activity of
SWI/SNF and the inhibition of INO80 by IP¢ (100-250uM) were much higher than the
cellular levels of inositol phosphates (3-9uM, 40-90uM and 20-50uM respectively)
(Barker et al, 2004; Shears et al, 2012; Shen et al, 2003; Willhoft et al, 2016). Despite
these doubits, it is possible that cellular levels of inositol phosphates alter within
individual cellular compartments, which could account for the differences in
stimulatory levels and known whole cell level. Moreover, the calculated inhibitor
constant (Ki) for the human INO80 complex inhibition by IPg is 37£4uM, which is in the
range of cellular IPg levels (20-50uM), thus suggesting this could be a physiologically

relevant phenomenon (Barker et al, 2004; Willhoft et al, 2016).

Additionally, IPMK has been shown to act as a co-activator of p53 mediated expression
and the induction of immediate early genes (IEGs) through the recruitment of CBP (Xu
et al, 2013a; Xu et al, 2013b). Furthermore, the interaction of IPMK with serum
response factor has been shown to promote recruitment of SRF to serum response
elements (SRE) thus stimulating IEF expression (Kim et al, 2013). The co-activator role

of IPMK appears to be independent of its kinase activity, unlike its potential role as a
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co-repressor via class | HDAC complexes, thereby theoretically allowing the separation

of the two processes.

1.10 Mouse Embryonic stem cells

ES cells are derived from the inner cell mass (ICM) of the E3.5 day blastocyst formed
during the pre-implantation stage of mouse embryogenesis. The ICM cells go on to
form the primitive endoderm and the epiblast which gives rise to the three germ layers
of the mouse, a process called gastrulation (Keller, 2005). ES cells were first isolated
from the ICM of blastocysts in 1981, by two groups who explanted the ICM onto a
feeder layer of mouse embryonic fibroblasts (Evans & Kaufman, 1981; Martin, 1981).
Following their isolation, it was determined that ES cells have two properties which
render them distinct to other cell types. Firstly, ES cells are capable of self-renewal
indefinitely whilst retaining a normal karyotype, moreover, these cells can
differentiate into any cell in the body, thus representing the cells they were originally
derived from (Keller, 2005). Importantly, ES cells can recapitulate in vitro
differentiation of the three germ layers (mesoderm, ectoderm and endoderm) of the
developing mouse, thereby mimicking gastrulation and enabling recapitulation of the
early developmental processes of the developing embryo (Doetschman et al, 1985;
Tam & Behringer, 1997). Additionally, in 1984 it was shown that ES cells can be
injected into the blastocyst enabling the formation of chimera mice (Bradley et al,
1984). Homologous recombination techniques established in ES cells enabled the
generation of the first genetically modified mouse using this method, thus enabling in-
depth studies of mouse genetics, development and physiology (Capecchi, 1989;

Thompson et al, 1989).
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1.10.1 Maintenance of pluripotency in ES cells

The self-renewal capacity of ES cells was initially maintained by culture on a layer of
mouse embryonic fibroblasts, termed feeder cells (Evans & Kaufman, 1981; Martin,
1981).The identification of leukaemia inhibitory factor (LIF), led to the ability to culture
ES cells independently of fibroblasts (Smith et al, 1988; Williams et al, 1988). The
docking of LIF to its receptor, gp130, results in the activation of Janus-associated
kinases (JAK) which phosphorylates signal-transducer and activator of transcription 3
(STAT3) (Figure 1-15) (Niwa et al, 1998). STAT3 has been shown to be essential for the
maintenance of ES cell self-renewal as a dominant interfering STAT3 mutant promotes
differentiation, whilst constitutively active STAT3 results in self-renewal (Matsuda et
al, 1999; Niwa et al, 1998). LIF alone is not sufficient to promote self-renewal, bone
morphogenic protein 4 (BMP4), usually present in serum, is also required. BMP4 acts
through the activation of SMAD resulting in the induction of inhibitor of differentiation
(Id) factors which inhibit neuronal differentiation and promote self-renewal (Figure
1-15) (Ying et al, 2003a). Overexpression of Id factors removes the requirement for
BMP4 or serum and enables cells to be cultured in the presence of LIF alone (Ying et al,

2003a).

The autocrine secretion of fibroblast growth factor 4 (FGF4) and binding to its cognate
receptor FGFR2 leads to the activation of MAPK/ERK kinase (MEK) and subsequently
mitogen activated protein kinase (MAPK/ERK) (Figure 1-15) (Kunath et al, 2007). The
deletion of FGF4 in ES cells resulted in decreased differentiation, compared to wildtype
cells, thereby proposing a role of FGF4/MAPK signalling in the promotion of
differentiation (Wilder et al, 1997). Stimulation of glycogen synthase kinase-3 (GSK3)
targets -catenin for degradation preventing association with the transcription factor
Tcf3 (Sokol, 2011). Tcf3 represses pluripotency genes and its association with -catenin
in the absence of GSK3 dissociates Tcf3 from target DNA thus promoting self-renewal
(Martello & Smith, 2014; Martello et al, 2012). Accordingly, a defined media containing
3 inhibitors (3i), which target FGF receptors (SU5402), MEK (PD184352), and GSK3
(CHIR99021), in the absence of LIF/BMP4, enabled serum free growth of ES cells (Ying
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et al, 2008). Recently, a medium containing two inhibitors (PD0315901 (MEK) and
CHIR99021 (GSK3)) and LIF has been defined and termed 2i media (Marks et al, 2012).
ES cells grown in 2i conditions exhibit decreased expression of lineage specific genes,
decreased bivalent domains and DNA methylation suggested to be more
representative of naive ground state pluripotency (Leitch et al, 2013; Marks et al,

2012).

LIF/JAK/STAT3 FGF4/MAPK BMP4/SMAD GSK3/Wnt/B-catenin
SU5402
LIF FGF4 Whnt
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gp130 FGFR2 Dsl/Fzl
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Figure 1-15 Schematic of signalling pathways involved in ES pluripotency
maintenance. LIF mediated activation of STAT3 via JAK results in upregulation of pluripotency
genes. BMP4 signalling via Id factors prevents neural differentiation whist both activation of
MAPK via FGF4 and TCF3 via GSK3 promote the differentiation of ES cells. Arrows denote
activation and flat lines indicate repression.

1.10.2 Transcriptional network of pluripotency factors

A core transcriptional regulatory network consisting of Oct4 (Pou5f1), Sox2 and Nanog,
is also required for the maintenance of ES cell pluripotency. Oct4, is a POU containing
transcription factor, whose expression is restricted to the inner cell mass (ICM) and
epiblast (Nichols et al, 1998). Oct4 is essential for pluripotency as Oct4 deficient
blastocysts produce an ICM incapable of pluripotency (Nichols et al, 1998).
Furthermore, deletion of Oct4 in ES cells leads to formation of trophectoderm cells,

whilst overexpression of Oct4 promotes differentiation towards the mesoderm and
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primitive endoderm lineage (Niwa et al, 2000). These studies suggest that the level of
Oct4 is carefully orchestrated to enable the establishment of pluripotency. Oct4 and
the SRY-box HMG-like transcription factor, Sox2, are believed to work in concert to
regulate pluripotency through the modulation of gene expression including FGF4
(Ambrosetti et al, 1997). Accordingly, deletion of Sox2, results in the formation of
trophoblast cells and the inability to maintain the epiblast state (Avilion et al, 2003;
Masui et al, 2007). Nanog is a homeodomain containing protein critical for the
maintenance of stem cell self-renewal (Mitsui et al, 2003). ES cells deficient for Nanog
exhibit differentiation into primitive endoderm, whilst the overexpression of Nanog
enables self-renewal independently of LIF, thus indicating a clear role in the

maintenance of the pluripotent state (Chambers et al, 2003; Mitsui et al, 2003).

Genome-wide ChlP experiments revealed the binding sites of Nanog, Oct4 and Sox2 in
both human and mouse embryonic stem cells (Boyer et al, 2005; Loh et al, 2006). An
auto-regulatory and feed-forward loop were observed as Nanog, Oct4 and Sox2
promote the expression of each other and other pluripotency regulators whilst
inhibiting differentiation (Figure 1-16) (Boyer et al, 2005). In ES cells, Nanog and Oct4
bind to 3006 and 1083 sites respectively, and co-occupy 345 sites (Loh et al, 2006).
Nanog and Oct4 regulate the expression of their target genes which primarily encode
transcription factors such as STAT3, REST and Essrb all of which modulate the
expression of pluripotency and differentiation genes (Loh et al, 2006). Pluripotency is
also achieved through the activation of Wnt signalling components, whilst inhibiting
Dkk1 a Wnt antagonist, thus promoting self-renewal (Boyer et al, 2005; Loh et al,
2006).
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Figure 1-16 Oct4, Sox2 and Nanog maintain ES pluripotency. Oct4, Sox2 and Nanog,
work together to regulate each other through an auto-regulatory feed-forward loop, resulting
in maintenance of pluripotency through the promotion of factors such as STAT3 and inhibition
of differentiation through the regulation of factors such as GATA6. Taken from (Loh et al,
2011).

1.10.3 Differentiation of ES cells

The ICM of a developing mouse embryo undergoes differentiation to form three
primary germ layers during a process called gastrulation. These three layers go onto to
form all elements of the developing embryo. Prior to gastrulation the cells of the ICM
form a structure termed the primitive ectoderm which is characterised by expression
of FGF5 and repression of Rex1 (Hebert et al, 1991; Keller, 2005). The primitive
ectoderm later forms the epiblast which at the onset of gastrulation at E6.5 forms the
three germ layers (Keller, 2005; Snow, 1977). The primitive streak arises at the
posterior of the embryo from a subset of epiblast cells and coincides with the onset of
gastrulation (Snow, 1977). The movement of epiblast cells through the primitive streak
via epithelial to mesenchymal transition results in the formation of the mesoderm and
definitive endoderm lineages through an intermediate mesendoderm layer

characterised by brachyury and Gsc expression (Keller, 2005; Tada et al, 2005; Tam &
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Behringer, 1997). The mesoderm maintains expression of brachyury and generates the
bone, heart, vascular tissue, muscle and kidney (Figure 1-17) (Tada et al, 2005; Wang &
Chen, 2016). Endoderm loses expression of brachyury and is characterised by
expression of markers such as Sox17 and FoxA2, leading to the formation of the lungs,
liver, pancreas, stomach and intestine (Figure 1-17) (Kubo et al, 2004; Wang & Chen,
2016). Cells at the most anterior region of the developing blastoctyst do not move
through the primitive streak and from the definitive ectoderm lineage noted by the
expression of markers including Nestin and Sox1 (Figure 1-17) (Li et al, 1998; Tam &
Behringer, 1997). The ectoderm delineates into the neuroectoderm which gives rise to
neurons and glial cells, whilst the epidermal ectoderm results in production of the skin
epidermis (Okabe et al, 1996). The process of gastrulation is a tightly regulated process
in which temporal and spatial expression of key transcription factors and modulation
by extrinsic signals such as BMP, Wnt and Nodal designate lineage identity (Murry &
Keller, 2008).
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Figure 1-17 Differentiation of the inner cell mass/ mouse embryonic stem cells.
Differentiation of the inner cell mass cells results in the formation of the primitive ectoderm
and subsequent epiblast leading to the formation of the primitive streak. ES cells form a
primitive ectoderm/epiblast like structure without a primitive streak. From these various
structures, the ectoderm lineage is produced and the mesendoderm differentiates into the
definitive endoderm and the mesoderm lineage.
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In vitro differentiation of ES cells to embryoid bodies (EBs) recapitulates the stages of
gastrulation observed in the developing embryo (Doetschman et al, 1985). The
differentiation of ES cells through mechanisms outlined below, leads to the formation
of a primitive ectoderm like cell lineage which gives rise to the three germ layers
reflecting the programmes seen in the gastrulating embryo (Keller, 2005; Murry &
Keller, 2008; Smith, 2001). After three days of EB culture, they are believed to
represent the point of gastrulation (E6.5) thus enabling the in-depth study of

embryonic development (Doetschman et al, 1985; Snow, 1977).

The in vitro differentiation of ES cells into EBs can be stimulated through several
different methods, one of which involves the culturing of ES cells in non-adherent
conditions in the absence of LIF (Doetschman et al, 1985). The removal of LIF removes
the inhibitory effect of STAT3 expression thus enabling formation of a 3D ES cell
aggregate termed an embryoid body, in which the outer layer is made of primitive
endoderm and the three germ layers are found in the core of the structure
(Doetschman et al, 1985; Keller, 1995; Shen & Leder, 1992). A second method involves
the culture of ES cells on an extracellular matrix such as collagen-coated dishes,
thereby forming a 2D layer of differentiated cells (Nishikawa et al, 1998). A third
method utilises the direct culture of ES on a layer of stromal cells, such as OP9, which
promotes differentiation through cell-cell interactions (Nakano et al, 1994). Lineage
determination of developing EBs can be manipulated through the addition and/or
removal of signalling factors such as BMP4 and Activin A (Keller, 2005). For example,
the addition of retinoic acid, results in enhanced neuroectodermal differentiation
through the induction of Hox genes and neuronal lineage specific gene expression
(Bain et al, 1995; Bain et al, 1996). Conversely, the addition of BMP4 inhibits neural
differentiation through induction of Id factors (Figure 1-15), thereby promoting
mesoderm differentiation(Finley et al, 1999). Furthermore, manipulation of Nodal
signalling through the addition of Activin A can promote the formation of endoderm
and mesodermal lineages and repress neuroectodermal differentiation (Kubo et al,

2004).
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1.10.4 Modulation of chromatin structure in ES cells

Unlike differentiated cells which exhibit high levels of heterochromatin, ES cells display
chromatin which is transcriptionally permissive and highly accessible (euchromatin)
(Boyer et al, 2006). The chromatin of ES cells is vastly dynamic as demonstrated by the
loose association with heterochromatin protein 1 (HP1) and histone linker H1. This is
essential for the ability of ES cells to differentiate as replacement of H1 with an
isoform which binds DNA with a greater affinity decreases the ability of ES cells to

differentiate (Meshorer et al, 2006).

Whilst genes required for the maintenance of self-renewal and pluripotency of ES cells
are actively expressed, lineage specific genes show minimal transcription in ES cells.
Many of these developmental genes encode transcription factors such as the Sox
family, and have been shown to been marked by both activating (H3K4Me3 and
H3K9Ac) and repressive (H3K27Me3) histone marks, termed bivalent domains. It is
postulated that the presence of the opposing marks enables the low-level transcription
observed in ES cells to be rapidly upregulated during differentiation, thereby
suggesting that bivalent marks poise these sites for transcription (Azuara et al, 2006;
Bernstein et al, 2006). Upon differentiation, these bivalent domains are lost with genes
showing either H3K27Me3 or H3K4Me3 depending on the lineage established
(Bernstein et al, 2006). Oct4, Sox2 and Nanog have been shown to be bound at several
bivalent domains indicating that they may be acting to either activate or repress
transcription here (Bernstein et al, 2006). Interestingly, it has been reported that
nearly all developmental genes bound by Oct4, Sox2 and Nanog co-occupy with the
polycomb repressive complex 2 (PRC2) (Lee et al, 2006b). Furthermore, deletion of
EED, a component of PRC2, results in abnormal differentiation in the presence of Oct4
due to the concomitant loss of H3K27Me3 at neuronal lineage genes, therefore
indicating the importance of PRC2 in the repression of lineage specific genes (Azuara et

al, 2006).
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As well as regulating lineage specific genes, histone modifying complexes are also
believed to be involved in the regulation of pluripotency. Sox2 has been shown to
interact with the Sin3A/HDAC1 complex enabling the binding of mSin3A/HDAC1 to the
Nanog promoter and ensuring positive regulation of Nanog (Baltus et al, 2009). The
binding of Sin3A/HDAC1 to the Nanog promoter is lost during differentiation,
accordingly, knockdown of the Sin3A complex results in decreased Nanog expression
(Baltus et al, 2009). Moreover, as previously mentioned the alternative NuRD complex,
NODE, interacts with Oct4 and Nanog and is believed to repress developmental genes
as shown by the increased differentiation upon NODE knockdown (Liang et al, 2008).
Additionally, HDAC3 has been shown to deacetylate MEF2 which inactivates it and
prevents myogenesis, suggesting a crucial role for HDAC3 in the prevention of muscle

differentiation (Gregoire et al, 2007).

Upon differentiation, mass gene expression changes are observed and histone
modifying enzymes have been implicated in this process. The histone
methyltransferase, G9a has been implicated in the silencing of Oct4 during
differentiation, through the addition of H3K9 methyl marks leading to the recruitment
of HP1 (Feldman et al, 2006). Furthermore, deletion of MBD3, a component of the
NuRD complex, results in an inability to repress Oct4 expression thereby preventing
differentiation occurring, even in the absence of LIF (Kaji et al, 2006). Initially, it was
observed that inhibition of histone deacetylases by treatment with TSA prevents
differentiation, there by implicating them in the process of differentiation (Lee et al,
2004b). Since then, deletion studies have indicated the role of HDACs in
embryogenesis, for example, deletion of HDAC1 in ES cells results in aberrant
differentiation including increased cardiomyocytes and neural markers (Dovey et al,
2010b). These results suggest that histone deacetylation is not only involved in the

initialisation of differentiation but also in controlling lineage determination.
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1.11 Project Aims

Numerous in vitro studies have indicated the activating role of IP on the activity of
class | HDAC co-repressor complexes as discussed in section 1.9. A few studies have
attempted to link inositol phosphates to the regulation of class 1 HDACs in vivo, with
the primary study attempting to rescue the lethal phenotype of HDAC1/2 knockout ES
cells with IP binding mutants (Jamaladdin et al, 2014). However, the physiological role
of IP on the activity of class | HDACs remains unclear. Therefore, we aimed to elucidate
the physiological role of IP in vivo using several systems. Initially, to manipulate the
levels of IP present in ES cells by overexpression of SopB, PTEN and IPMK and measure
the effect on HDAC activity (1.9.2). Latterly, we aimed to utilise the IPMK knockout ES
cells generated by Frederick et al, 2005 to determine whether there is any difference

in the level of HDAC activity when compared to wildtype cells (Frederick et al, 2005).

The second aim of this project was to explore the regulation of HDACs by IPs during
the cell cycle. IPs alter throughout the cell cycle as does the level of histone
acetylation, however, it has been reported that the level of HDAC3 does not (Barker et
al, 2004; Bhaskara et al, 2010; Dangond et al, 2001; Unnikrishnan et al, 2010).
Consequently, it is possible that the regulation of IP levels could be responsible for the
changes in HDAC activity. Accordingly, by synchronising wildtype ES cells we aim to
measure the activity of HDACs at various stages of the cell cycle and determine

whether the level of IP are responsible for any changes observed.

The final aim of this project was to assess the effect of IPMK deletion during ES
differentiation. Frederick et al, 2005, generated an IPMK knockout mouse line which
showed embryonic lethality before E9.5 indicating that IPMK is essential for
embryogenesis. Furthermore, HDAC1 and HDAC3 have also been shown to be essential
for embryogenesis during this period (see section 1.8.1). Accordingly, we aimed to
generate EB’s from ES cells with and without IPMK and to determine the effect on the
development, and to see whether any defects observed are related to those observed

in the HDAC knockout systems.
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Chapter 2 Materials and Methods

2.1  Culture of mouse embryonic stem cells

IPMK knockout mouse embryonic stem cells (ES) cells, kindly provided by John York,
and E14 ES cells were used for experimental work outlined in this thesis. All ES cell

culture and techniques used are described in the following section.

2.1.1 Thawing of ES cells

Corning® 100mm TC-Treated Culture dishes (Corning, 430167) were coated with 0.1%
gelatin:PBS solution. 1.5ml Cryovials (Corning, 450487) were thawed rapidly and added
to 9ml of warm ES culture medium (M15+LIF) before centrifugation at 200xg for 3
minutes to remove residual DMSO. Cells were resuspended in M15+LIF and plated
onto tissue culture plates once excess gelatin was removed. ES cells were maintained
by regular media changes and splitting every 2-3 days, and incubated in a 5% CO,

incubator at 37°C.

ES cells frozen in a 96-well Clear Flat Bottom Polystyrene TC-Treated plate format
(Corning, 3595) were revived from -80°C by rapidly thawing and the addition of 100ul
of pre-warmed M15+LIF and mixing by pipette. Each well was then transferred to a
pre-gelatinised 96 well plate and a further 100ul of 1X M15+LIF (0.5X final volume) was

added to each well before incubating in a 5% CO, incubator at 37°C.

2.1.2 Passaging of ES cells

After seeding, ES cells were split every 2-3 days once 75-90% confluent. Media was
aspirated off before washing twice in 1X Dulbecco’s Phosphate Buffered Saline (DPBS,
Gibco, 14190). TryplLE solution was added to cells and incubated at 37°C until cells had
lifted off the plate. M15+LIF was added to neutralise the TrypLE solution and the cell

suspension was spun for 3 minutes at 200xg. The supernatant was aspirated off and
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the cell pellet was resuspended in fresh M15+LIF and split onto new pre-gelatinised

plates. The plates were placed in the 5% CO, incubator at 37°C.

Cells in 96 well plates were split by washing twice with 100ul !X DPBS, 50ul of !X
TrypLE was added, which after incubation, was neutralised with 150pl of fresh
M15+LIF. 150l of fresh M15+LIF was added to pre-gelatinised plates and the cell

suspension was split 1:3 between three 96 well plates to allow for replica plating.

2.1.3 Generation of PiggyBAC TET IPMK Inducible ES cell lines

The PiggyBAC system utilises a naturally occurring transposon to enable stable
transgene incorporation into TTAA sites within the host genome in the presence of a
transposase (Ding et al, 2005; Wilson et al, 2007). To generate stable PiggyBAC TET
IPMK inducible cell lines 5x10°5 cells were seeded onto a 6 well plate 24 hours prior to
transfection. The following day 2.5ug of transposase (Systems, Bioscience, PB210PA-1)
and 2.5ug of the PiggyBAC TET IPMK Inducible plasmid (see section 2.6.1) (Glover et al,
2013) were transfected into cells with 10ul of Lipofectamine2000 as outlined in 2.4.1.
24 hours post transfection cells were plated at low density (5000 or 10,000 cells per
10cm plate) and treated with 1ug/ml Puromycin + M15 + LIF (Sigma, P8833-10MG) for
10 days. Following formation of single cell colonies, 50ul of 1X TrypLE (0.25X final
volume) was added to each well of a 96 well round bottom plate (Nunc, 163320) and
single cell colonies were isolated from a 10cm low density plate. The 10cm plate was
washed twice in 1X DPBS and 10ml of 1X DPBS was added to the plate which was
transferred to a microscope. Single cell colonies were isolated with a P20 Gilson
pipette and added to a well containing TrypLE. After 5-10 minutes in TrypLE, 150pl of
1X M15+LIF (0.75X final volume) was added to each well and the cell suspension was
transferred to a pre-gelatinised 96 well flat bottom plate (Corning, 2595) for long term
expansion. Following isolation cells were treated with 1ug/ml Doxycycline hyclate

(Dox) (Sigma, D9891-1G) to induce expression of the transgene.
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2.1.4 Freezing ES cells

ES cells were dissociated from the plate using TrypLE as described in 2.1.2. Once spun,
the cell pellet was resuspended in 1X freezing media, 1ml was added to a cryovial
(Corning, 450487) and placed in the -80°C in a cryopreservation freezing container,
after 24-48 hours the vials were transferred to liquid nitrogen for long term storage.
96 well plates were frozen through the addition of TrypLE as described in 2.1.2, and
neutralised in 50ul of 2X freezing media. The plates were sealed with autoclave tape

and wrapped in several layers of blue roll before being placed in the -80°C freezer.

2.1.5 Population doubling assay

The population doubling time of IPMK knockout cells and control cells was analysed by
plating 5x10™ cells in triplicate onto a 6 well plate (VWR, 734-2323). Total and live cell
counts were taken daily in triplicate for 4 days using an automated cell counter
(BioRad TC-10). The proliferation time was calculated using the following equation:
Population doubling = (Txlog2)/[log(Total) — log(Initial)]
T = Time (hours)since plated
Total = Total or Live cell count on given day

Initial = Initial number of cells seeded

2.1.6 In Vitro Differentiation of ES cells

ES cell lines were assessed for differences in in vitro differentiation potential and gene

expression alterations using two different methods outlined below.

2.1.6.1 Differentiation into Embryoid Bodies (EBs)

ES cells were differentiated into Embryoid Bodies in the absence of LIF using
DMEM:F12 differentiation media. ES cells were detached from the plate using TrypLE
and neutralised in M15+LIF. Cells were spun and then resuspended in DMEM:F12
media. The cell suspension was counted and 5x10"* cells were resuspended in 10ml of
DMEM:F12 differentiation media. From this diluted stock of cells, 100l (500 cells)

were plated per well of a 96 well low attachment round bottom plate (Corning, 7007).
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The cells were incubated in 5% CO, at 37°C for 10 days with daily imaging and
measured using GNU image manipulation program (GIMP, version 2.8.18). EBs were
measured along the x and y axis, this value was normalised to a scaling factor and
these measurements were then averaged to determine the size of the EBs. Cells were
fed with 50ul of DMEM:F12 differentiation media on days 5 and 7. If EBs were cultured

in the presence of Dox, they were fed with fresh media + 1ug/ml Dox on days 3 and 6.

2.1.6.2 Retinoic acid induced differentiation of ES cells

ES cells were induced to exit pluripotency with the presence of retinoic acid (RA) in the
absence of LIF using DMEM:F12 differentiation media. ES cells were detached from the
plate as outlined in 2.1.6.1 and plated down at 1x1076 on a 10cm plate in DMEM:F12 +

1uM Retinoic acid. Media was changed every 2-3 days before harvesting on day 5.

2.1.7 Cell cycle Synchronisation of ES cells

To determine differences in inositol phosphate levels and HDAC activity during the cell
cycle, cells were synchronised using a Cdk1 inhibitor Ro3306 (Merk Millipore,
Calbiochem, 217699). This inhibitor synchronised cells at the G2/M border, by
blocking cells in G2 through Cdk1 inhibition. Cells were plated down at 3x10" for a
60mm plate and 2x10"° for a 100mm plate. The following day cells were treated with
10uM Ro3306 for 14 hours overnight. After treatment, cells were washed 3 times in 1x
PBS and then treated with 30ng/ml Nocodazole (Sigma, M1404) for 2 hours. After 2
hours the cells were released by washing 3 times in PBS and samples were collected

every 1-2 hours for analysis.
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2.1.8 Media and reagents used for culture of ES cells

Standard ES cell culture medium (M15 + LIF)

1X Knockout Dulbecco’s Modified Eagle Media (GIBCO,10829-018)
1X Foetal Bovine Serum (Seralab, EU 000F)

100X Glutamine/Penicillin/Streptomycin (GIBCO, 10378-016)
50mM - mercaptoethanol (Fischer Scientific, 125472500)

Leukaemia Inhibitory Factor (LIF, Synthesised In House)

2i media

1X Knockout Dulbecco’s Modified Eagle Media (GIBCO,10829-018)
100X Glutamine/Penicillin/Streptomycin (GIBCO, 10378-016)
50mM - mercaptoethanol (Fischer Scientific, 125472500)

Leukaemia Inhibitory Factor (LIF, Synthesised In House)

Per 50 ml of stock 2i media the following were added:

e 1uM MEK inhibitor (PD0325901) (Sigma, A3734)

e 3uM GSK inhibitor (CHIR99021) (Sigma, P20162)

e B-27 Supplement (Thermo Fischer Scientific, 17504044)
e N2 Supplement (Thermo Fischer Scientific, 17502048)

Differentiation media (DMEM:F12)

1X Dulbecco's Modified Eagle Medium: F-12 (GIBCO, 11320-033)
1X Foetal Bovine Serum (Seralab, EU 000F)

100X Glutamine/Penicillin/Streptomycin (GIBCO, 10378-016)
50mM - mercaptoethanol (Fischer Scientific, 125472500)

500ml (83%)
90ml (15%)
eml (1X)
600ul
(0.05mM)
25l
(1000U/ml)

500ml (99%)
6ml (1X)
600ul
(0.05mM)
25l
(1000U/ml)

Sul
6ul
1ml
500ul

500ml (89%)
56.2ml (10%)
6ml (1X)
600yl
(0.05mM)
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Retinoic acid differentiation (DMEM:F12 + RA)

1X Dulbecco's Modified Eagle Medium: F-12 (GIBCO, 11320-033)
1X Foetal Bovine Serum (Seralab, EU 000F)

100X Glutamine/Penicillin/Streptomycin (GIBCO, 10378-016)
50mM - mercaptoethanol (Fischer Scientific, 125472500)

100mM Retinoic acid

TryplLE
1X TrypLE Express (GIBCO, 12604021)

0.1% gelatin
1X Dulbecco’s Phosphate Buffered Saline (GIBCO,14190144)

2% Gelatin from Porcine Skin (Sigma, G1890)

1X Freezing media

1X Knockout Dulbecco’s Modified Eagle Media (GIBCO,10829-018)

1X Foetal Bovine Serum (Seralab, EU 000F)
1X DMSO hybri-max (Sigma, D2650)

2X Freezing media

1X Knockout Dulbecco’s Modified Eagle Media (GIBCO,10829-01)
1X Foetal Bovine Serum (Seralab, EU 000F)
1X DMSO hybri-max (Sigma, D2650)

500ml (89%)
56.2ml (10%)
6ml

600ul
(0.05mM)
600ul
(10uM)

500ml

475ml
25ml

40%
50%
10%

60%
20%
20%
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2.2  Culture of Human Embryonic Kidney-293T cells

The Human Embryonic Kidney-293T (HEK-293T) cell line was used in several of the
experiments outlined in this thesis. All HEK-293T culture techniques and reagents are

described below.

2.2.1 Thawing and maintenance of HEK-293T cells

HEK-293T cells were thawed from 1.5ml cyrovials by rapidly warming and adding to
9ml of warm HEK-293T culture medium (M10) before being centrifuged at 200xg for 3
minutes. Cells were resuspended in M10 and plated onto a Corning® 100mm TC-
Treated Culture dishes (Corning, 430167) coated with 0.1% gelatin:PBS with excess

removed. Cells were grown in a 5% CO; incubator at 37°C and passaged every 2-3 days.

2.2.2 Passaging of HEK-293T cells

HEK-293T cells were passaged at 75-90% confluency. M10 media was removed from
the cells and they were gently washed twice in DPBS. After the addition of TrypLE to
the cells, M10 was used to neutralise and the cell suspension was spun at 200xg for 3
minutes. After pelleting, cells were resuspended in fresh M10 and split onto new pre-

gelatinised plates and incubated at 37°C with 5% CO,.

2.2.3 Freezing HEK-293T cells

HEK-293T cells were frozen from an 80% confluent 10cm plate through the addition of
TrypLE as outlined in 2.2.2. Cells were resuspended in freezing media and 1ml was
aliquoted into 1.5ml cyrovials. These were placed in a cryopreservation freezing
container and placed in the -80°C. After 1-2 days the cyrovials were transferred into

liquid nitrogen.
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2.2.4 Maedia and reagents used for culture of HEK-293T cells

Standard HEK-293T culture medium (M10)

1X Dulbecco’s Modified Eagle Media (GIBCO, 41965-039) 500ml (89%)
1X Foetal Bovine Serum (Seralab, EU-O00F) 54ml (10%)
100X Glutamine/Penicillin/Streptomycin (GIBCO, 10378-016) 6ml (1X)
TrypLE

1X TrypLE Express (GIBCO, 12604021) 500ml

0.1% gelatin
1X Dulbecco’s Phosphate Buffered Saline (GIBCO,14190144) 475ml

2% Gelatin from Porcine Skin (Sigma, G1890) 25ml

Freezing media

1X Dulbecco’s Modified Eagle Media (GIBCO, 41965-039) 40%
1X Foetal Bovine Serum (Seralab, EU-000F) 50%
1X DMSO hybri-max (Sigma, D2650) 10%

2.3  Culture of Human Embryonic Kidney-293F cells

The Human Embryonic Kidney-293F (HEK-293F) cell line was used in several of the

experiments outlined in this thesis, and were kindly provided by John Schwabe.

2.3.1 Passage of HEK-293F cells

HEK-293F cells were cultured in 60ml cultures in 250ml conical tissue culture flasks.
Cell density was counted using a glass haemocytometer, once a density of
approximately 1.5-2x10"° cells/ml was reached, cells were split to 0.35x10° cells/ml
and made up to a final volume of 60ml using standard HEK-293F culture media. Cells

were cultured in a humidified shaking incubator at 37°C, 5% CO, at 120 rpm.
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2.3.2 Media used for the culture of HEK-293F cells

Standard HEK-293F culture medium

FreeStyle™ HEK-293F Expression Medium (Gibco, 12338-018) 1L

2.4 Plasmid transfection

2.4.1 Lipofectamine2000 transfection

Transfection of ES cells and HEK-293T cells with plasmids was carried out on various
plate sizes using Lipofectamine 2000 (Invitrogen, 11668-019). The day prior to
transfection, cells were seeded according to plate size as outlined in Table 2-1. 24
hours after seeding, Lipofectamine2000 was added at a 1:2/1:3 ratio of
DNA:Lipofectamine2000 to Opti-MEM® Reduced Serum Medium (Thermo Fisher,
31985062), this was incubated at room temperature for 5 minutes. Meanwhile DNA
was added to Opti-MEM® Reduced Serum Medium depending on plate size (Table 2-1)
and incubated at room temperature. After 5 minutes, the diluted DNA and
lipofectamine2000 were combined and incubated for 20 minutes after gently mixing.
Following incubation, the mixture was added to the culture media dropwise and the

plate was gently swirled to allow maximum coverage of cells.

Plate size | Number of cells | Amount of Amount of DNA | Amount of
seeded Opti-MEM® added Lipofectamine2000

Reduced added
Serum Medium

10cm 3x10°6 2x 500l 10pg 20pl

6cm 5x10'5 2x 300l 4ug 12ul

6 well 2.5x10'5 2x 2500l 3ug 9ul

48 well 5x10"4 2x 25ul 0.5ug 1ul

Table 2-1. Transfection conditions for Lipofectamine2000
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2.4.2 Polyethylenimine (PEl) transfection

HEK-293F cells were transfected with PEI in the following way for a 30ml culture. 30ug
of DNA was added to a 15ml falcon tube and diluted in 3ml of PBS. 120ul of PEI
(0.5mg/ml, pH7.5) was added to the DNA:PBS and lightly vortexed before incubation at
room temperature for 20 minutes. During the incubation period HEK-293F cells were
counted using a haemocytometer and cells were seeded at 1x10A6/mI, the 3ml
transfection reagent was added and the culture was made up to 30ml with fresh
FreeStyle™ HEK-293F Expression Medium before being incubated for 48 hours in a
humidified shaking incubator at 37°C, 5% CO2 at 120 rpm.

2.5 Protein and Enzyme analysis

2.5.1 Protein extraction from ES cells and HEK-293T cells

24 hours after transgene transfection, media was removed from the plate and cells
were washed in PBS. 1ml of PBS was then added directly to the cells to allow removal
via a plastic cell scraper (Fisher Scientific, 08-100-240). The cell suspension was
transferred to a 1.5ml eppendorf and spun for 3 minutes at 200xg. Cells were re-
suspended in 2-3X packed cell volume of cell lysis buffer or HDAC assay lysis buffer
depending on downstream applications. The lysates were incubated at 4°C with
rotation for 30 minutes, and centrifuged at 14000xg at 4°C for 20 minutes. The
supernatant was transferred to a new eppendorf. Protein concentration was
determined using a Bradford assay as follows. 1ml of 1X Bradford reagent (diluted %
from stock) (BioRad 500-0006) was used per sample to obtain an absorbance at A595.
The absorbance of the standards Oug/ul, 1.25ug/ul, 2.5ug/ul, 5ug/ul, 10ug/ul with BSA
diluted in lysis buffer was used to generate a standard curve from which protein

concentration of samples were interpolated.
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Cell Lysis Buffer:

e 50mM Tris HCIl pH 8.0

e 250mM NacCl

e 0.5% Igepal

e 0.5% Triton-X

e Protease Inhibitor Cocktail (Sigma, p8340-1ml)

HDAC Assay Lysis Buffer:

e 50mM Nacl

e  50mM Tris HCl pH7.5

e 0.3% Triton-X

e 5% Glycerol

e Protease inhibitor tablet EDTA Free (Roche, 05 892791001)

2.5.2 Protein extraction from HEK-293F cells

48 hours post transfection cells were harvested into a 50ml falcon tube and
centrifuged for 10 minutes at 2755xg. The pellet was resuspended in 1ml of 293F cell
lysis buffer and pipetted up and down 10-12 times. The cell suspension was sonicated
for 10 seconds on 10 seconds off for 3 cycles and spun at 25,000xg at 4°C for 20

minutes. The supernatant was used in a flag resin pull down as outlined in 2.5.5.2.

293F Cell Lysis Buffer:

e 100mM KAc

e 50mM Tris pH 7.5

e 5% Glycerol

e 0.3% Triton X

e Protease Inhibitor tablet EDTA Free (Roche, 11873580001)

2.5.3 Histone extraction

Cells were harvested and whole cell extract was made as outlined in 2.5.1 or 2.5.2.
Pellets were then resuspended in 2-3X packed cell volume of 0.4N H,SO4and
incubated overnight at 4°C with rotation. The following day, samples were spun for 20

minutes at 14,000rpm at 4°C. The supernatant was transferred to a fresh 1.5ml
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eppendorf and used to analyse histone acetylation marks by western blotting as

outlined in 2.5.4.

2.5.4 Immunoblotting

30ug of protein extract or an equal volume of histone extract were prepared for gel
electrophoresis by adding an equal volume of 2x protein loading buffer and boiling at
100°C for 5 minutes. Samples were loaded onto a 4-12% Bis-Tris-PAGE gel (Invitrogen,
NP0323) and run at 140V for approximately 1 hour in running buffer. The protein was
then transferred to a PVDF membrane (Merk Millipore, Immobilon-FL IP FLO0010) by
transferring for 1 hour at 30V in a transfer tank filled with transfer buffer.

After transferring, the membrane was blocked for an hour at room temperature in 1:1
odyssey blocking buffer:PBS (Li-CoR, 927-40000) with rotation. The membrane was
then probed with a primary antibody in 3ml of odyssey blocking buffer at an
appropriate dilution (Table Al 1) for 1 hour at room temperature with rotation. The
membrane was then washed 3 times for 10 minutes with rotation in PBST (PBS + 0.1%
Tween). Following washing, the membrane was probed with a IRDye conjugated
secondary antibody in blocking buffer + 0.1% Tween + 0.01% SDS (Table A1 1) for 1
hour and then washed twice with PBST and once with PBS alone. The membrane was
then scanned using the Odyssey Infrared Imaging System (Li-COR Biosciences) and

guantitation of relative protein level was performed.

Running Buffer (Invitrogen, NP0002-02):

e 50mM MES (2-(N-morpholino)ethanesulfonic acid)
e 50mM Tris Base

e 0.1% SDS

e 1mM EDTA, pH7.3

Transfer Buffer (Biorad, 161-0771)

e 25mM Tris
e 192mM Glycine pH8.3
e 20% Methanol
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2X protein loading buffer

e 240mM Tris HCl pH 6.8

e 6%SDS

e 30% Glycerol

e 16% PB-Mercaptoethanol

e 0.0075% bromophenol blue

2.5.5 Immunoprecipitation

Two different types of Immunoprecipitation assays were used to perform different

experiments outlined in this thesis and are detailed below.

2.5.5.1 Dynabead Immunoprecipitation

Protein G Dynabead (Thermo Fisher, 10003D) Immunoprecipitations (ImPs) were
carried out in ES cells. Protein extract was made from a full 100mm plate as outlined in
2.5.1 using ImP lysis buffer. Whilst the protein extract was incubating 40ul of Protein G
Dynabeads were washed three times in 500l of ImP lysis buffer and incubated with
1ug of antibody with rotation at 4°C for 30 minutes. After incubation, the beads were
washed three times in 500ul of ImP lysis buffer. Protein samples were normalised to
5mg/ml and 300ul was added to each ImP and incubated overnight at 4°C with
rotation. The following day the beads were washed with 500ul of ImP lysis buffer three
times, and resuspended in 100ul of ImP lysis buffer. 20ul of the bead suspension was
used in immunoblotting to check the pull down and the remaining 80ul was used in a

HDAC assay as outlined in 2.5.6.

ImP Lysis Buffer:

e 250mM NacCl

e 20mM HEPES pH 8.0

e 0.5% Igepal

e 1mM EDTA

e Protease inhibitor tablet (Roche, 05 892791001)
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2.5.5.2 Flag resin Immunoprecipitation

Post transfection of HEK-293Fs protein extract was made as outlined in 2.5.2 and
quantified using a standard Bradford assay, at this point some of the lysate was set

aside for a whole cell extract HDAC assay (described in 2.5.6). The remainder of the

protein was added to 40pl of Anti-Flag M2 affinity resin (Sigma, A220) washed 3 times

with 1ml of 293F Cell Lysis Buffer and spun for 1 minute at 6000xg. The protein-resin
mix was incubated with rotation at 4°C for 30 minutes, before being washed 3 times
1ml of 293F Cell Lysis Buffer and spinning for 2 minutes at 6000xg at 4°C. The beads
were then washed twice in 1ml of Cleavage Buffer with centrifugation at 4°C for 2
minutes at 6000xg. An equal volume of cleavage buffer was added to the resin and
15pl of the mix was removed as a control. The remainder of the resin was incubated
overnight at 4°C with 1ul of 0.1mg/ml TEV protease (Tobacco Etch Virus nuclear-

inclusion-a endopeptidase).

Following overnight incubation, the TEV treated resin samples were spun at 6000xg,
4°C for 2 minutes. The supernatant was collected and used for a coomassie blue gel
and a HDAC assay as outlined in 2.5.6. 15ul of TEV treated resin was collected in the
same way as the pre-TEV treated beads to act as a control for cleavage.

The coomassie blue gel was run by loading 10ul pre-TEV treated resin, TEV treated

resin and the supernatant on a 4-12% Bis-Tris-PAGE gel and running at 125mA for

in

35minutes. The gels were then stained with Instant Blue (Expedeon, ISBIL) for an hour

and pull down was analysed by densitometry using ImagelJ (version 1.49v).

Cleavage Buffer:

e 50mM Tris HCl pH 7.5
e 50mM KAc

e 5% Glycerol

e 0.5mM TCEP

66



2.5.6 Histone deacetylase assay

The activity of histone deacetylases was analysed via a BOC-(Ac)Lys-AMC based assay.
This relies on HDACs to remove the Acetyl group from the Lysine residue allowing the
fluorescent AMC molecule to be cleaved off by the addition of trypsin. The AMC can
then be detected with an excitation wavelength of 353nm and emission wavelength of

448nm in a plate reader.

The amount of sample used in the assay depended on the upstream application, 30ug
of protein from whole cell extract (2.5.1 and 2.5.2) , or 20ul of resuspended Dynabeads
(2.5.5.1) or 1pl of flag resin supernatant or 5ul of a 1 in 5 dilution of the supernatant
depending on amount of protein pulled down (2.5.5.2). The protein sample was made
up to a total of 40ul with deacetylase buffer and 10ul of 50uM BOC-(Ac)Lys-AMC
(Sigma, SCP0168) was added, this was then incubated at 37°C for 30 minutes with
gently shaking in the dark. The reaction was stopped by addition of 50ul of developing
solution, incubated for 10 minutes at room temperature and analysed using a plate

reader (Perkins Elmer 2030 Victor™ X5).

Deacetylase buffer:

e 50mM Tris HCl pH 7.5
e 50mM Nacl

Developing solution

e 2uM Trichostatin A (TSA) (Sigma, T8525)

e 10pg/ul Trypsin from Porcine Pancreas (Sigma, T0303-1G)
e 50mM Tris pH7.5

e 50mM Nacl

67



2.6  Plasmid Generation and Preparation

2.6.1 Generation of PiggyBAC TET inducible plasmids

A PiggyBAC TET inducible plasmid was kindly provided by the McGrew lab at The Roslin
Institute, University of Edinburgh (Glover et al, 2013). IPMK was cloned into the
plasmid by first cleaving 1-2ug of the plasmid with the restriction enzyme Hpal (NEB,
R0105S) for three hours at 37°C. The cleaved plasmid was run on a 1% agarose gel at
100 volts for 30 minutes and purified using the QIAquick gel extraction kit (Qiagen,
28704).

At the same time as the digest and purification of the plasmid, IPMK cDNA was PCR
amplified with primers designed to add homology arms to the fragment (Table A3 6)
using KOD Hot Start DNA Polymerase (Merk Millipore, 71086-3) as described in 2.6.2.
After the PCR reaction was complete, the reaction was run on a 1% agarose gel and

the band was purified from the gel using Qiagen Gel Extraction kit (Qiagen, 28604).

The purified plasmid and PCR product were then taken forward into an infusion
reaction kindly provided by The University of Leicester, Protein Expression Laboratory,
PROTEX, run by Dr. Xiaowen Yang. The reaction required 2pul of the PCR fragment and
cleaved plasmid combined with 3pul of the infusion reaction. The reaction mix was
incubated at 37°C for 20 minutes followed by incubation for a further 20 minutes at
50°C before transformation into a- Select Chemically Competent Bronze Cells (Bioline,

BIO-85025) as outlined in 2.6.3.
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2.6.2 KOD Hot Start DNA Polymerase

KOD HOT Start DNA Polymerase (Merk Millipore, 71086-3) was used to generate PCR

fragments used in cloning due to its high-fidelity and proof-reading capabilities. The

reaction mix is shown in Table 2-2. The PCR parameters used for the BioRad T100™

Thermocycler are described in Table 2-3.

Reaction Component

Amount required for a 50ul Reaction

10X KOD Hot Start Buffer Sul

25mM MgS0O, 3ul

2mM dNTPs Sul

10puM Forward Primer 1.5pul

10puM Reverse Primer 1.5ul
Template DNA Up to 500ng
KOD Hot Start DNA Polymerase 1ul

Betaine 13ul

DMSO 0.5ul

Water Up to 50ul

Table 2-2 KOD Hot Start Polymerase Standard Reaction Mixture

Temperature (°C) | Time (Minutes)

95 2:00

95 0:10

Primer Tm 0:30

70 0:45 35 cycles
75 7:00

4 Hold

Table 2-3 KOD Hot Start PCR Thermocycler reaction parameters
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2.6.3 Transformation and DNA plasmid preps of alpha- Select

Chemically Competent Bronze cells

a- Select Chemically Competent Bronze Cells (Bioline, BIO-85025) were transformed
with 1-2ug of DNA or 5ul of a ligation reaction according to the manufacturer’s
instructions. Once the cells were plated onto LB-AGAR plates with antibiotic
(100pg/ml Ampicillin (Sigma) or 15ug/ml Kanamycin (Sigma)) they were incubated at
37°C overnight. The following day colonies were picked and placed in 5ml of LB for
mini-preps and 200ml of LB for maxi-preps, both with antibiotics (100pg/ml Ampicillin
or 15ug/ml Kanamycin) and were incubated at 37°C with shaking overnight. Cells were
then harvested and glycerol stocks (used for subsequent preps) were made with 500
of culture and 500ul of 50% glycerol and stored at -80°C, the remaining culture was
used for mini-preps or maxi-preps. Mini-preps and Maxi-preps were carried out using
Qiagen kits according to the manufacturer’s instructions (Qiagen, 27106 & Qiagen,

12362).

2.7 Flow Cytometry

2.7.1 GFP expression analysis

For analysis of transfection levels by GFP, HEK-293F cells were harvested by spinning
for 10 minutes at 2755xg. All other cells analysed were harvested by trypsinisation as
outlined in 2.1.2 and 2.2.2. Cell pellets were washed once in PBS before being
resuspended in 500-1000ul of PBS and transferred to FACS analysis tubes (Falcon,
352054). Cells were immediately analysed on the BD FACSCanto® for GFP analysis in
the FITC-A channel, cells were gated based on Forward SCatter (FSC) and Side SCatter
(SSC).

2.7.2 Analysis of Cell Cycle Phases by Propidium lodide (Pl) staining

For analysis of cell cycle synchronisation ES cells were collected by addition of TrypLE
as outlined in 2.1.2. Cells were washed once in PBS before being resuspended in 500-

1000ul of -20°C 70% ethanol to fix the cells. Cells were stored in the -20°C until FACS
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analysis could be carried out. Upon analysis an equal volume of PBS was added to the
cells before spinning for 5 minutes at 200xg. Cells were then washed in 500ul of PBS to
remove any excess ethanol. The cell pellet was resuspended in 500ul of Propidium
lodide (PI) stain (500ul PBS, 50ug/ml PI (Invitrogen, P3566), 10ug/ml RNaseA (Sigma,
R4642)) and incubated in the dark at room temperature for 30 minutes. FACS analysis
was then carried out on the BD FACSCanto® using FSC and SSC to gate cells and

analyse Pl staining in the PE-A laser channel.

2.8 Reporter assays

2.8.1 Reporter assay transfection

24 hours prior to transfection, HEK-293T cells were plated out onto a 48 well plate
with 50,000 cells per well as outlined in 2.2.2. Reporter assay transfections were
carried out using Lipofectamine2000 at a 1:2 ratio according to the manufacturer’s
instructions. The concentrations of each plasmid used in the reporter assay is outlined
in Table 2-4. The -galactosidase construct and the Thymidine Kinase-Luciferase
construct were kindly provided by Peter Watson from the Schwabe lab. A full list of all
plasmids used in the reporter assay transfections can be found in the appendix (Table

A3 7).

Plasmid concentration (ug /well)

Thymidine Kinase- | All other
[-galactosidase
Luciferase plasmids

0.18 0.23 0.1

Table 2-4. Concentrations (ug) of plasmids transfected per well for a reporter assay.

After transfection cells were incubated in the 5% CO; incubator at 37°C for 48 hours

after which they were harvested. The cells were washed in PBS once and then 140l of
1X Reporter assay lysis buffer was added per well. The plate was incubated for 2 hours
at room temperature on a plate shaker before being placed in the -80°C for a minimum

of half an hour before proceeding to downstream analysis.
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5X Reporter Assay Lysis Buffer

e 6.25mM Tris HCl pH 7.8
e 0.01M DTT

e 0.01M EDTA

e 50% Glycerol

e 5% Triton-X

2.8.2 -galactosidase and Luciferase Luminescence assays

Analysis of the reporter assays is a two-step process with analysis of the [3-
galactosidase taking place first to act as a transfection control between the samples.
Then the Luciferase assay is carried out to determine the level of transcriptional

repression occurring in each condition.

The cell lysates were removed from the -80°C and thawed on ice, 80ul of lysate was
aliquoted into a 96 well clear plate and 100ul of 3-galactosidase Substrate (made from
B-galactosidase Stock Solution) was added per well. The plate was incubated at 37°C
until a yellow colour began to appear in the wells. The absorbance at 420nm was then
measured using the Perkins ElImer 2030 Victor™ X5 plate reader. Following the [3-
galactosidase assay, Luciferase expression was analysed using a Luciferase Reporter
Assay Kit (BioVision K801-200) according to the manufacturer’s instructions with the

Perkins Elmer 2030 Victor'™ X5 plate reader.

[-galactosidase Stock Solution

e 0.06M Na,HPO,
e 0.01MKCI

e 1mM MgCl,

e 0.04mM NaH,P0O,

[-galactosidase Substrate

e 10ml B-galactosidase Stock solution
e 20mg ONPG
e 35ul B-Mercaptoethanol

Luciferase assay absorbance values were normalised to the [3-galactosidase

absorbance values and data was plotted relative to the Thymidine kinase-Luciferase
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control sample (see equation below) to determine percentage changes in gene

expression.

Lucifase absorbance

= Normalised Luciferase
B galactosidase absorbance f

Transform normalised luciferase:

Y = Z
K
Y = normalised lucifase value
K = Averaged Thymidine Kinase Luciferase values
Transform Transformed normalised lucif erase values:
Y=KxY

Y = Transformed lucifase value

k=100%

2.9 RNA extraction and quantitative real time-PCR analysis

Prior to RNA extraction and analysis by quantitative real time-PCR analysis (qRT-PCR)
all surfaces, centrifuges and pipettes were cleaned with RNaseZap (Sigma, R2020) to

remove any trace amount of RNase and prevent any inadvertent digestion of RNA.

2.9.1 RNA extraction from ES cells and EBs

RNA was extracted from ES cells on a 100mm plate by washing cells twice in 1X DPBS
and lifting cells of the plate in TrypLE solution. The cells were neutralized in M15+LIF
and spun down at 1100rpm for three minutes. RNA was extracted from EB’s by
harvesting them from a 96 well plate and washing the plate in PBS before spinning at
1100rpm for three minutes. The cell/EB pellet was stored at -80°C or RNA was
extracted immediately. To the pellet 500-1000pl of TRI reagent (Zymo Research,
R2050-1-200) was added and the Direct-Zol™ RNA MiniPrep Kit (Zymo Research,
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R2052) was used to isolate the RNA according to the manufacturer’s instructions. After

isolation, RNA was quantified using a nanodrop.

2.9.2 cDNA generation

A reverse transcriptase reaction was carried out to generate complementary DNA
(cDNA) using g-script (Quanta, 84034). cDNA was made using 500ng of RNA, 4ul g-
script and made up to a 20pl reaction with water, the reaction was incubated in a PCR
thermocyler (BioRad, T100™ Thermocycler) as outlined below in Table 2-5. After

incubation cDNA was diluted 1:5 with RNase/DNase free water and quantified.

Temperature (°C) | Time (Minutes)
25 5:00

42 30:00

85 5:00

12 Hold

Table 2-5 Parameters used for cDNA generation in BioRad PCR thermocycler.

2.9.3 gRT-PCR analysis of cDNA

cDNA was analysed by qRT-PCR using a BioRad CFX Connect™ Real-Time PCR Detection
System. Samples were analysed using SensiFAST™ SYBR as outlined in Table 2-6 and
the parameters used were outlined in Table 2-7. Primers used for each gene (Table A2

1) were used from the Harvard primer bank (Wang et al, 2012).

Reagent Volume

SensiFAST™ SYBR Sul

20uM Forward/Reverse primer mix | 0.5ul

cDNA 2ul

H,O 2.5pl

Table 2-6. Reaction mix used for qRT-PCR
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Temperature (°C) Time (Minutes)

95 15:00

95 0:10

50-60 0:30 40

72 1 minute + plate read cycles

Melt curve 65 295 in 1°C increments | Plate read every 0.05 seconds

Table 2-7. Parameters used for qRT-PCR run on BioRad CFX Connect™ Real-Time PCR

Detection System

gRT-PCR data was analysed by normalising the threshold cycle (Ct) value against the
reference gene B-actin Ct value, these normalised values are termed ACt values. The
ACt values were used to generate the AACt values by comparing the sample to a
calibrator sample, such as a control sample. The change in gene expression was

calculated using the following equation:

Change in gene expression = 2722¢t = Relative Quantity (RQ)

2.10 Measurement of Inositol Phosphate levels

2.10.1 Inositol phosphate extraction

Inositol phosphates were isolated from cells using the method outlined in (Barker et al,
2010). Adherent cells were washed once in PBS and then 1ml of Ice cold 5%
Trichloroacetic acid (TCA) was added to the plate. The plate was incubated on ice for
20 minutes, after which cells were scrapped off. The plate was washed in 0.5ml of 5%
TCA to ensure maximum recovery of cells. Suspension cells were pelleted and 1ml of
ice cold 5% Trichloroacetic was added and the cells were incubated for 20 minutes on
ice. After incubation, all samples were centrifuged at 6000xg for 10 minutes at 4°C.
The supernatant was transferred to a 15ml tube and the sample was washed 4x with
1ml of water saturated diethylether. 50ul of 0.1M EDTA pH 7.4 was added to the

sample brought to neutrality using trimethylamine. The samples were freeze dried
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overnight and sent to Dr Andrew Bottrill in the Protein and Nucleic Acid Chemistry

Laboratory (PNACL) for analysis by HPLC-mass spectrometry the following day.

2.10.2 Analysis of Inositol Phosphates by Anion Exchange

Chromatography/ Tandem Mass Spectrometry

Inositol phosphates were identified at PNACL using anion exchange chromatography
with tandem mass spectrometry as described in (Liu et al, 2009) using an Agilent 1100
HPLC system (Agilent, Santa Clara, CA) and a 4000 Q-Trap mass spectrometer (Sciex,
Framingham, MA). Following isolation of IPs as described in 2.10.1 the freeze-dried
sample was re-suspended in 110l of 5% methanol (Solvent A). 55ul of this solution
was then transferred to an HPLC vial and 50l was injected into a 150 x 1mm BioBasic
anion exchange column (ThermoFisher Scientific, Waltham, MA) maintained in a
column heater at 25°C. The IPs were eluted at a flow rate of 0.1mL/min using a
gradient (%B) of 200mM ammonium bicarbonate (Solvent B) thus changing the ionic

strength as shown in Table 2-8.

% %
Phase of Time
Solvent | Solvent
separation | (minutes)
A B
Sample 0 100 0
Loading 3 100 0
Sample 8 55 45
Separation 28 25 75
Sample 29 10 90
Elution 32 10 90
Column 33 100 0
Wash &
50 100 0
Equilibration

Table 2-8 Conditions used for separation by HPLC. This table shows the phase of
separation in the HPLC and the time at which the solvent gradient was altered with 200mM
ammonium bicarbonate to elute the inositol phosphates from the anion exchange column.
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Following HPLC separation the output was directly sprayed into the TurboV
electrospray ion source of the 4000 Q-Trap mass spectrometer. The ion spray voltage
was -4200V, temperature (TEM) 300 °C and declustering potential -30V. The 4000 Q-
Trap was used as a triple quadrupole to collect selected reaction monitoring (SRM)
data with both Q1 and Q3 tuned for unit resolution as shown in Table 2-9. Data
recorded from the 4000 Q-Trap was analysed by Andrew Bottrill at PNACL by
integrating the area under the peak using Skyline (64-bit) 3.6.0.10493 (MacLean et al,

2010).
Collision
Inositol Q1 Q3
Detection Energy
Phosphate | Precursor | Product
Time (msec) | applied
detected size size
in Q2 (V)
Inositol 419.0 321.0 100 -20
Phosphate
419.0 223.0 100 -20
3
Inositol 499.0 401.0 100 -30
Phosphate
499.0 321.0 100 -30
4
Inositol 579.0 481.0 100 -35
Phosphate
579.0 401.0 100 -35
5
Inositol 659.0 579.0 100 -40
Phosphate
659.0 561.0 100 -40
6

Table 2-9 Selected Reaction Monitoring transitions used. This table outlines the SRM
transitions used for each inositol phosphate species, were Q1 indicates the size of analyte ion
isolated in Quadrupole 1, Q3 denotes the size of analyte ion isolated and measured in
Quadrupole 3 following collision energy being applied in Q2 (Quadrupole 2). Detection time
denotes the time between each iterative detection of each fragment pair.
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Chapter 3 Investigating the effect of SopB, PTEN and
IPMK on HDAC activity

3.1 Chapter aims

In this chapter, | aimed to establish a link between IP levels and the deacetylase
activity of class 1 HDAC complexes in vivo. Inositol-1,4,5,6-tetrakisphosphate
(Ins(1,4,5,6)P4) was first co-purified in complex with the deacetylate activation domain
(DAD) of SMRT and HDAC3 and was later shown to activate the complex in vitro
(Millard et al, 2013; Watson et al, 2012; Watson et al, 2016). Bioinformatic studies
indicated that residues important for the interaction between Ins(1,4,5,6)P4 and class |
HDAC complexes are conserved, suggesting Ins(1,4,5,6)P,is a conserved activator.
Indeed, the structure of MTA1 bound to HDAC1 revealed an inositol phosphate binding
pocket and exogenous addition of Ins(1,4,5,6)P; to MTA1/HDAC1 and
HDAC1/MIDEAS/DNTTP1 robustly activates the complexes (Itoh et al, 2015; Millard et
al, 2013).

To corroborate the role of Ins(1,4,5,6)P4 as a regulator of HDAC activity in vivo, a
method was required to alter the levels of IP. This was done by overexpressing the
phosphatases SopB, PTEN and the kinase IPMK (see section 1.9.2), and measuring the
effect on HDAC activity in HEK-293 cells. These enzymes are all involved in the
regulation of IP as outlined in Figure 1-13. Recent research by (Watson et al, 2016)
suggest that several isoforms of IP can activate the SMRT/HDAC3 complex providing
there are three contiguous phosphates. Consequently, due to the action of SopB,
PTEN and IPMK, their manipulation should alter the quantities and ratios of IP4, IPsand
IPs present, and potentially HDAC activity. As HDAC1 and HDAC2 represent
approximately 50% of the total HDAC activity in mammalian ES cells (Jamaladdin et al,
2014). | expected to observe an alteration in HDAC activity and subsequently establish

a link with IP and HDAC activity in vivo.
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It is important to note that when the experiments outlined in this chapter were carried
out, our laboratory did not have a method to measure inositol phosphate levels in
cells. As a result, the data presented below, was interpreted and new experiments
planned based on experimental data previously published on the effect of these
enzymes. Since these experiments have been carried out we have developed a method
to measure inositol phosphates from cells which is described at the end of this

chapter.

3.2 Overexpression of SopB, PTEN and IPMK alone does not
affect global HDAC activity in HEK-293F cells

Inositol phosphates have been shown to regulate HDAC activity in vitro, however, in
vivo evidence is relatively limited. To understand the contribution of IPs in the
regulation of global HDAC activity in cells, we examined the effect of addition of
exogenous SopB, PTEN and IPMK in HEK-293F cells. We hypothesised that HDAC
activity should decrease with transfection of SopB due to its ability to decrease the
level of IPs in cells over time (Feng et al, 2001). The effect of PTEN is more complex
due to its potential ability to de-phosphorylate both IPsand IP, therefore, an increase
or decrease in HDAC activity might be expected due to the ability of IPs to activate
HDAC3/SMRT in vitro (Caffrey et al, 2001; Maehama & Dixon, 1998; Watson et al,
2016). It was theorized that overexpression of IPMK would increase HDAC activity
through its ability to generate IPs as outlined in Figure 1-13. This is further supported
by overexpression of rat IPMK in rat-1 cells resulting in an increase in IPs (Fujii & York,
2005). Protein expression and transfection rate was analysed 48 hours post
transfection of SopB, PTEN and IPMK using western blotting and FACS analysis
respectively (Figure 3-1a+b). SopB exhibited a lower transfection rate potentially due
to its relative toxicity to cells as an environmental pathogen, through its action to
modulate endoplasmic reticulum to golgi transport, modulation of endosome to
lysosome trafficking and causing wide spread actin rearrangements in host cells

(Bakowski et al, 2010; Dukes et al, 2006; Perrett & Zhou, 2013). The transfection rate
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of IPMK could not be assayed due to a lack of GFP tagged protein, however, it is clearly
expressed at a detectable level in the cells (Figure 3-1a). Following conformation of
expression, HDAC activity was analysed using a standard HDAC assay, no significant
change in global HDAC activity was observed (Figure 3-1c). The result suggests that
manipulation of inositol phosphate levels (based on previously published data, see
section 1.9.2) does not alter the activity of HDACs at a global level. However, the
transfection rate of SopB, PTEN and IPMK was not 100%, accordingly, IP levels may
remain sufficiently high enough to maintain HDAC activity at the control level. A
further explanation for the lack of change in global HDAC activity is that the changes
occur at the level of the complex e.g. SMRT/HDAC3. Accordingly, these changes might
be masked by compensatory effects of other HDAC complexes believed not to be
regulated by IPs such as Sin3A which lacks an identifiable ELM2-SANT domain (Millard
et al, 2013).

80



IPMK
Control

5§ E 2z x
A5 g E g
. SopB
Tubul i
B

Control- 0% GFP positive SopB — 50.1% GFP positive PTEN — 72.5% GFP positive

-Hgk.zggs HOACYDAD + PTEN + SopB ¢ IPMK 111215 271115 HEK:263F PTENSopBIPMK MDACIDAD yansfection Sop 271115 HEK-203F PTENS0pBAPMK HDAC MOAD transfection-PTEN
#
=¥
LEE ™
EE
R AR TSR e
FITC-A
C
600000
> 400000+
>
£
@
Q
<
2
200000+

N o N
° °_’oQ Q«("

&

Figure 3-1 SopB, PTEN and IPMK expression have no effect on global HDAC activity
SopB, PTEN and IPMK expressing plasmids were transfected into HEK-293F cells, 48 hours
following transfection whole cell extract was harvested to determine deacetyalse activity. Prior
to whole cell extract, some cells <10% were isolated for FACS analysis of GFP-tagged proteins
SopB and PTEN. (A) Western blots of whole cell extract were carried out to determine
expression of SopB, PTEN and IPMK as well as HDAC3. Tubulin was used as a loading control
and used to normalise the HDAC assay. (B) Fluorescently activated cell sorting data in the FITC-
A channel shown for control cells and IRES GFP SopB and PTEN transfected cells to determine
the level of transfection of SopB and PTEN. (C) Deacetylase activity was assayed using whole
cell extract and a standard deacetylase activity assay (see methods) Mean deacetylase activity
where n=3 £SD shown.
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3.3 Changes in HDAC activity become apparent upon
overexpression of SMRT/HDAC3 in parallel with SopB, PTEN
or IPMK.

Since global HDAC activity was not affected by addition of exogenous SopB, PTEN or
IPMK we next looked at the effect of overexpressing these enzymes in conjunction
with SMRT/HDAC3. The SMRT/HDAC3 complex was chosen as it is reported to be more
sensitive to addition of IPs in HDAC assays than MTA1/HDAC1 (Watson et al, 2016).
The original structure was solved using the DAD domain of SMRT consisting of residues
389-450, however, this can only form a complex with HDAC3 in the presence of
Ins(1,4,5,6)P4. As a result throughout this thesis an extended DAD domain of SMRT
(called Xt-DAD) comprising of residues 350-480 was utilised as this construct is able to

mediate interaction with HDAC3 in the absence of Ins(1,4,5,6)P4 (Millard et al, 2013).

Xt-DAD SMRT (here on out termed SMRT) and full length HDAC3 were overexpressed
in conjunction with the inositol phosphate perturbing enzymes (SopB, PTEN and IPMK)
in HEK-293F cells. 48 hours post transfection expression was analysed by FACS analysis
and western blotting (Figure 3-2b + c). Enhanced expression of HDAC3 was observed
(48 fold) compared to the wild type cells (Figure 3-2b). FACS analysis indicated
transfection and expression of both SopB and PTEN, although SopB was expressing at a
lower rate than in previous experiments (Figure 3-2c). An HDAC assay of the lysate
revealed a significant reduction in HDAC activity upon expression with either SopB (p-
value = 0.0196) or PTEN (p-value = 0.0388) (Figure 3-2a). This suggests that IP may
become limiting upon overexpression of HDAC3. Surprisingly, IPMK doesn’t have an
effect on global HDAC activity, despite good levels of protein expression (Figure 3-2c).
Nonetheless, this is not confirmation of altered IP levels. Although overexpression of
IPMK has been reported to increase IPs levels in rat cells, and some isoforms of IPs
have been shown to activate HDAC3/SMRT in vitro, we did not know whether we are
altering inositol phosphate levels to a high enough degree to detect a change in HDAC

activity (Fujii & York, 2005; Watson et al, 2016).
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Figure 3-2 Overexpression of SopB and PTEN but not IPMK with SMRT/HDAC3
changes global HDAC activity. (A) Deacetylase activity was measured 48hours post
transfection. Statistical significance (p-value) was calculated using Two-tailed T-test. Mean
Deacetylase activity values are shown where n=3 £SD (B) Western blots were carried out to
check expression of the constructs and tubulin and HDAC3 were assayed to normalise the HDAC

assay. (C) FACS analysis in the FITC-A channel to determine transfection rate of IRES GFP SopB
and PTEN containing cells.
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3.3.1 Changes in HDAC activity are not reflected in histone acetylation

levels

The changes in HDAC activity prompted us to examine global histone acetylation levels
in cells co-expressing SopB, PTEN or IPMK with SMRT/HDAC3. However, quantitative
western blotting revealed minimal changes in H3 or H4 acetylation levels (Figure 3-3).
Interestingly we observed a slight decrease in H3K56Ac (0.6 fold) and H3K27Ac (0.7
fold) and H4K5Ac (0.6 fold) when SMRT/HDAC3 was overexpressed alone, rationalised
by its enhanced expression compared to the wildtype cells (Figure 3-2b). Simultaneous
expression of SMRT/HDAC3 and IPMK results in a slight decrease (0.5 fold) in H3K56Ac
similar to that of the SMRT/HDAC3 alone sample. Class | and Class Il HDACs have
previously been implicated in the deacetylation of H3K56Ac thus explaining why we
see a change (0.6 fold) upon overexpression of SMRT/HDAC3 (Das et al, 2009a;
Vempati et al, 2010). Moreover, significant alterations in H3K56Ac levels are known to
occur in HDAC1 and HDAC1/HDAC2 knockout cell lines with a fold change of 1.6 and 4

respectively (Dovey et al, 2010b; Jamaladdin et al, 2014).

The other histone mark which appears to show a minor change is H3K27Ac (0.7 fold
decrease upon overexpression of HDAC3/SMRT), this mark is associated with the
region surrounding the transcriptional start site and enhancer regions of active genes
(Creyghton et al, 2010; Wang et al, 2008). There is evidence for local increase of
H3K27Ac upon deletion of HDAC3 in embryonic stem cells at retinoic acid target genes
suggesting that we are potentially seeing a more global effect (Urvalek & Gudas, 2014).
H4K5Ac also appears to show a slight decrease upon HDAC3/SMRT overexpression.
This mark is involved in epigenetic memory of transcription activation post mitosis
(Zzhao et al, 2011). H4K5Ac has been shown to be perturbed when SMRT or NCoR are
impaired by siRNA targeting, implying it is a target of HDAC3 deacetylation (Bhaskara
et al, 2010).

Overall, simultaneous expression with either SopB, PTEN or IPMK appears to result in

little to no change in histone acetylation levels relative to the wildtype sample. Since
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we only see limited changes in HDAC activity at a global level (Figure 3-1a) this is
perhaps unsurprising. In addition, multiple studies suggest knockdown or knockout of
various HDACs including HDAC1/2 and HDAC3 do not result in widespread global
histone acetylation changes; rather it yields local changes (Bradner et al, 2010;
Montgomery et al, 2008; Oehme et al, 2009). This would therefore go some way to

explain why we do not see a reduction when IP manipulating enzymes are co-

expressed with SMRT/HDAC3.
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Figure 3-3 Effect of inositol phosphate manipulation of histone acetylation levels
Quantitative western blotting was used to determine the level of global H3 and H4 acetylation
levels. Histones were extracted from wildtype cells and those transfected with SMRT/HDAC3 +
SopB, PTEN or IPMK 48 hours post transfection. Acetylation levels were normalised to the total
amount of H3/H4 quantified using an Odyssey scanner relative to the wildtype control.
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3.4 Isolation of a SMRT/HDAC3 complex reveals differences in
HDACS3 activity upon co-expression with SopB, PTEN and
IPMK

The slight changes observed in global HDAC activity upon overexpression of Xt-DAD
SMRT/HDAC3, compelled us to isolate the complex through a flag resin pull down of
the flag tagged Xt-DAD SMRT protein. This enabled isolation of HDAC3 and the

removal of any confounding effects of other HDAC complexes.

Flag tagged Xt-DAD SMRT (residues 350-480) and full length HDAC3 were co-expressed
with SopB, PTEN and IPMK (flag tag removed) in HEK-293F cells for 48 hours. Following
transfection (48 hours), a sample of cells were isolated and used to determine the level
of transfection efficiency of GFP tagged protein (SopB and PTEN) (Figure 3-4a). The
GFP levels revealed relatively low expression levels of SopB (30%) potentially due to its
role as a virulence factor in Salmonella dublinl. PTEN revealed a transfection rate of
75%, indicating a high level of transfection and suggesting the majority of cells in the
sample will have perturbed IP levels. Upon confirmation of transfection, whole cell
lysate was extracted from the remaining cells co-expressing Xt-DAD SMRT, HDAC3 and
SopB/PTEN or IPMK. Western blots were run to check expression of the proteins prior
to flag resin pull down (Figure 3-4b). As can be observed, all conditions were
expressing HDAC3 at a high level, similar to the SMRT/HDAC3 alone condition.
Furthermore, IPMK, SopB and PTEN were all detectable by western blotting suggesting

a good level of transfection.
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Figure 3-4 Confirmation of transfection in HEK-293F cells Xt-DAD SMRT and full length
HDAC3 were co-expressed with SopB/PTEN or IPMK for 48 hours in HEK-292F cells to determine
the effect of these phosphatases and kinases on HDAC3 activity. (A) After 48 hours some cells
were isolated for FACS analysis in the FITC-A channel to determine transfection rate of the
transfected cells which were expressing GFP tagged proteins (SopB and PTEN) (B) Whole cell
extract was also generated 48 hours after transfection to enable western blot analysis to
confirm expression of HDAC3 and the inositol phosphate manipulating enzymes, Tubulin was
used as a loading control.

Meanwhile the remaining whole cell lysate was immediately incubated with flag resin
beads for half an hour, Tobacco Etch Virus protease (TEV) was added to the beads
overnight and supernatant was isolated the following day. A coomassie blue gel was
run to check pull-down of both the Xt-DAD SMRT and HDAC3 (Figure 3-5a). The
purified complex was then used in an HDAC assay to determine any differences
between samples (Figure 3-5b). The HDAC assay was then normalised to the amount of
HDACS3 in each sample relative to the SMRT/HDAC3, calculated by densitometry

analysis of the coomassie blue gel (Figure 3-5a).
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Figure 3-5 Isolation of Flag tagged SMRT/HDAC3 complex reveals differences in
HDACS3 activity with expression of SopB/PTEN/IPMK. Xt-DAD SMRT and full length
HDAC3 were co-transfected with SopB/PTEN or IPMK for 48 hours in HEK-292F cells to measure
HDAC activity in relation to perturbed IP levels (A) Flag tagged Xt-DAD domain of the
SMRT/HDAC3 complex was isolated using whole cell extract passed through a flag resin and
the purified complex (shown in black boxes) (B) Deacetylase activity was analysed using the
isolated complex flag. Activity levels were normalised to the HDAC3 band on the coomassie
blue gel. P values were generated using Two-tailed T test where n=3 +SD.
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Previously in the global HDAC assay we saw a decrease in activity with SopB (p-value =
0.0196) and PTEN (p-value = 0.0388), but no change in IPMK (Figure 3-3a). Upon
isolation of the SMRT/HDAC3 complex we also observed a decrease in HDAC activity in
cells transfected with SopB (p-value = 0.0134) (Figure 3-5b); further indicating that a
reduction of inositol phosphate levels reduces SMRT/HDAC3 activity (Feng et al, 2001;
Norris et al, 1998). PTEN has a more significant p-value of 0.0034 (Figure 3-5b),
suggesting that the effect of PTEN on the global HDAC assay was perhaps due to its
influence on HDAC3 activity. Interestingly, isolation of HDAC3 enables us to see an
increase in SMRT/HDACS3 activity upon co-expression with IPMK (p-value = 0.0033)
(Figure 3-5a). This suggested that the increased HDAC3 activity observed is due to an
increase in IP, potentially IP4 or IPs as has previously been witnessed (Fujii & York,

2005).

3.4.1 Effects of manipulating inositol phosphates are altered by

catalytically dead enzymes

As previously stated, although we know these enzymes are expressed in cells, at this
stage we had no way of determining whether the levels of IP were being altered.
Consequently, a literature search was carried out to identify catalytically inactivating
mutations in SopB, PTEN and IPMK. The aim of this was to reverse the effects seen by
the enzymes and therefore go some way to confirming that we were affecting IP
levels. The IP phosphatases, SopB and PTEN both contain the consensus sequence
Cysteine-(X)s-Arginine where X denotes any amino acid. Mutation of the critical
cysteine residue in SopB (C460) and PTEN (C124) to alanine renders the enzymes
catalytically inactive (Caffrey et al, 2001; Communi & Erneux, 1996; Weng et al, 2001).
IPMK also contains a consensus sequence in its catalytic core (proline(P)-xxx-
aspartate(D)-x-lysine(K)-x-glycine(G)) (Shears et al 2004). Mutation of the key
aspartate residue in human IPMK (D144) to alanine renders the enzyme inactive due to

an inability to position ATP (Gonzalez et al, 2004; Nalaskowski et al, 2002).
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Flag-tagged Xt-DAD SMRT and HDAC3 were co-expressed with SopB, SopB C460A,
PTEN, PTEN C124A, IPMK (flag tag removed) or IPMK D144A in HEK-293F cells. 48

hours post transfection cells were harvested and transfection efficiency was analysed

by FACS (Figure 3-6a). Whole cell extract was made to confirm expression of the
mutant proteins via western blotting, no change in expression between wildtype or

mutant versions of all IP manipulating proteins was observed (Figure 3-6b).
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Figure 3-6 FACS analysis and western blotting of SopB, PTEN, IPMK wildtype and
mutant protein expression Xt-DAD SMRT and full length HDAC3 were co-transfected with

wildtype or catalytically dead SopB/PTEN or IPMK for 48 hours in HEK-292F cells to deterimine
if changes in HDAC activity are related to catalytic activity. (A) 48 hours post transfection, cells

were analysed for GFP tagged protein expression (SopB and PTEN proteins) to determine
transfection levels. (B) Whole cell extract was generated from remaining transfected cells to
determine expression of all proteins. Mutation of key catalytic residues appears to have
minimal impact on protein expression.
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Isolation of the HDAC3/SMRT complex and analysis of HDAC activity revealed a
reduction in complex activity from cells expressing SopB and SMRT/HDAC3 (p-value =
0.0273) (Figure 3-7b). This decrease in activity is not observed upon expression of the
SopB C460A mutant, indicating that the phosphatase activity of SopB is responsible for
the decrease in HDAC activity. Interestingly, wildtype (WT) PTEN produces a small
reduction in HDAC activity (although p-value=0.1571), while the C124A mutant
decreases HDAC activity even further (p-value=0.0394) (Figure 3-7b). This is surprising
and suggests that the mutant had some residual activity remaining, or that the
phosphatase activity was not responsible for the change. Overexpression of IPMK
failed to increase HDAC activity, yet the mutant significantly decreased complex
activity compared to both the SMRT/HDAC3 and IPMK/SMRT/HDAC3 samples (p-
value=0.0306 and 0.0007 respectively). This was unanticipated as a catalytically
inactive IPMK should have no effect on the levels of inositol phosphates if endogenous
IPMK is still present. One possible reason for this reduction is that the D144 residue is
involved in ATP binding, not inositol phosphate binding (Gonzalez et al, 2004).
Therefore, it is possible that IP3 is binding to the IPMK D144A mutant but not being
released by the enzyme due to a lack of phosphorylation; leading to the mutant acting

like a ‘sponge’ for IP3 thus causing an overall reduction in inositol phosphate levels.
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Figure 3-7 Catalytically dead enzymes alter the effect on SMRT/HDAC3 activity in a
deacetylase assay. Xt-DAD SMRT and full length HDAC3 were co-expressed with wildtype or
catalytically dead SopB/PTEN or IPMK for 48 hours in HEK-292F cells to determine if changes in
HDAC activity are related to catalytic activity. (A) Whole cell extract was isolated from co-
transfected cells and passed through a flag resin to isolate the HDAC3 complex. TEV-treatment
of the flag resin released the HDAC3 complex from the resin and is shown in the coomassie blue
gel. (B) The purified HDAC3 complex was used in a standard deacetylase assay to determine
HDAC activity of the purified complex from samples expressing wildtype or catalytically dead IP
manipulating proteins. Deacetylase activity was normalized to the HDAC3 band on the
coomassie gel by densitometry. Statistical significance was calculated using Two-tailed T test
(p-value) where n=3 +SD.
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3.4.2 Altering the method of normalisation alters the effect observed

on HDAC3 activity.

In general, it was observed that samples containing SopB and occasionally IPMK,
isolated less HDAC3 than controls. Concerns about the normalisation technique led us
to alter the method to examine whether the results were affected. Subsequently, the
coomassie blue gel was run and the ratio of HDAC3 pulled down relative to the
SMRT/HDAC3 was calculated and then this normalized amount of protein was added
to the HDAC assay (Figure 3-8). The results observed using this new method of

normalisation differed from those previously witnessed.

Previously, expression of WT SopB with SMRT/HDAC3 resulted in a decrease in HDAC3
activity (Figure 3-5b). However, using the modified normalisation method, SopB no
longer caused an effect (Figure 3-8b). Furthermore, expression of SopB C460A resulted
in an increase in HDAC3 activity compared to the SMRT/HDAC3 alone. These results
suggest that either SopB is not influencing IP levels, or that it is not affecting the
activity of HDAC3. Additionally, PTEN revealed an increase in HDAC3 activity compared
to the SMRT/HDAC3 control, (p-value = 0.0136). Mutation of PTEN (C124A) abolished
this effect, bringing down complex activity to that of the SMRT/HDAC3 control (Figure
3-8b). This suggests that PTEN is de-phosphorylating IPs to generate IP, but not IP4 as
previously believed. IPMK consistently increased the level of complex activity
observed, (p-value = 0.0003), however, the mutant failed to remove the effect of the
enzyme, suggesting a more stringent mutant involving K146 may be required (Figure
3-8b). The differences in the two sets of results (Figure 3-5 and Figure 3-8) indicate
that alterations in normalisation techniques can greatly alter the results. Since at this
stage in the project we still had no way of measuring IP levels, it was difficult to
interpret the results accurately. Therefore, we could not determine which way of
normalising the assay was appropriate, thus highlighting further, the need for an

effective method to measure inositol phosphate levels.
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Figure 3-8 Effect on HDAC3 activity is affected by normalisation technique used. Xt-
DAD SMRT and full length HDAC3 were co-expressed with wildtype or catalytically dead
SopB/PTEN or IPMK for 48 hours in HEK-292F cells to determine if changes in HDAC activity are
related to catalytic activity (A) Following flag-resin isolation of the HDAC3 complex, purified
complex was run on a Coomassie blue gel to determine the level of HDAC3 in each sample.
Densitometry was carried out on the HDAC3 band to determine the ratio of HDAC3 compared
to the SMRT/HDAC3 sample. This ratio was then used in the HDAC assay. (B) Deacetylase
activity was assayed following isolation of the HDAC3/SMRT complex from the flag resin. All p-
values were calculated using a Two-tailed T test, where n=3 £SD.
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3.5 The effect of IPMK on the ability of SMRT/HDACS3 to repress

transcription

HDAC3 is inactive until it forms a multi-component complex with SMRT, or its homolog
NCoR (Guenther et al, 2001). Activation of HDAC3 was previously believed to be
enabled by the DAD of SMRT, later studies revealed that Ins(1,4,5,6)P4 also has an
activating role on the complex in vitro (Codina et al, 2005; Guenther et al, 2001;
Millard et al, 2013; Watson et al, 2012; Watson et al, 2016). HDAC3 has a repressive
effect on gene expression, we therefore aimed to use a conventional luciferase assay
in conjunction with IPMK expression to identify whether this activity is IP dependent.
As Ins(1,4,5,6)P4 is believed to be an activator of the HDAC3/SMRT complex;
overexpression of HDAC3/SMRT in combination with IPMK should result in increased
repression of the luciferase gene due to an increase in IP levels (Fujii & York, 2005).
IPMK was selected over PTEN and SopB to analyse the repressive effects of
HDAC3/SMRT due to its endogenous role as an inositol phosphate kinase.
Furthermore, SopB is known to have pathogenic effects on host cells during Salmonella
dublin invasion, through its ability to alter many cellular processes such as inhibition of

nuclear mRNA export (Feng et al, 2001).

3.5.1 IPMK enhances HDAC3/SMRT mediated transcriptional

repression

To ascertain the effects of IPMK on HDAC3/SMRT mediated transcriptional repression,
HEK-293T cells were transfected with luciferase assay constructs (Table A3 7).
Following transfection, it is assumed that the luciferase construct is chromatinised
enabling PTMs to take place. Luciferase expression is driven by a thymidine kinase
promoter (TK) with multiple Gal4-upstream activating sequences (GAL4-UAS) enabling
high levels of basal transcription to be modulated by GAL4-DNA binding domain (GAL4-

DBD) fusion proteins (Figure 3-9a).
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The well-known repressor GAL4-MadN35 was used as a control and effectively
reduced luciferase expression 2.7 fold (p-value 0.0157) (Figure 3-9b), indicating that
the system is an effective way of measuring HDAC induced repression. GAL4-DBD
tagged Xt-DAD SMRT (GAL4-SMRT, SMRT in figure) alone is unable to inhibit
expression, but in the presence of untagged HDAC3 (unHDAC3) transcription is
repressed 2.5 fold (p-value = 0.0181), indicating recruitment of HDAC3 to the TK
promoter (Figure 3-9b). Recruitment to the promoter is essential as expression of
unHDACS3 alone results in no change (Figure 3-9b). Addition of IPMK to the system
increases SMRT/HDACS3 facilitated repression of the luciferase construct 1.8 fold (p-
value = 0.0150) (Figure 3-9b). IPMK with GAL4-SMRT does not alter luciferase
expression, indicating that IPMK mediates its effects through increased activation of
the HDAC3/SMRT complex, presumably due to increased IP production (Fujii & York,
2005) (Figure 3-9b).
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Figure 3-9 IPMK increases SMRT/HDAC3 repression of Tk-Luciferase (A) Schematic
showing principle of Luciferase assay with stars indicating level of luciferase expression. Tk-
Luciferase construct has high basal expression alone, with recruitment of SMRT/HDAC3
expression decreases, this repression increases further upon addition of IPMK through
increased IP, available to activate the complex. (B) HEK-293T cells were transfected with TKLuc,
P-gal and various other constructs as denoted on axis. 48 hours following transfection, cells
were harvested and luciferase expression was analysed. Normalised luciferase expression
(relative to TKluc sample) is shown where n=3 £SD, p-values were calculated using a Two-tailed
T-test. Addition of IPMK to the system causes a 1.8 fold increase in repression of Tk-Luciferase
by the SMRT/HDAC3 complex (p value = 0.0150) indicating enhanced IP levels increase activity
of the SMRT/HDAC3 complex.
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3.5.2 IPMK does not affect repression by HDAC3 inositol phosphate

binding mutants

HDAC3 and the SMRT-DAD form five hydrogen bonds and salt bridges with phosphate
groups on Ins(1,4,5,6)P,4in the basic pocket between their interface (His17, Gly21,
Lys25, Arg265, Arg301 of HDAC3 and Lys449, Tyr470, Tyr471, Lys474 and Lys475 of
SMRT) (Watson et al, 2012). Mutation of Tyr470, Tyr471 of SMRT reduces HDAC3
binding to the DAD and activation of HDAC activity, presumably due to decreased
Ins(1,4,5,6)P,4 binding (Codina et al, 2005; Guenther et al, 2001). Further to this,
mutation of Lys449 in SMRT to Ala allows the complex to form but activation of HDAC3
is abolished indicating an activating role for Ins(1,4,5,6)P4 (Codina et al, 2005).
Moreover, mice containing Ala mutations in SMRT Tyr470 and the corresponding
residue in NCoR Tyr478, show increased local acetylation and reduced genomic
recruitment of HDAC3 (You et al, 2013). These data suggest that these Ins(1,4,5,6)P4
binding residues are essential to both recruitment and activation of the HDAC3/SMRT

complex.

To try and demonstrate that IPMK is exerting its effect on SMRT/HDAC3 mediated
transcriptional repression through IP, it was decided to utilise mutations in HDAC3 at
key IP binding residues. Arginine 265 in HDAC3 is believed to form a key interaction
with Ins(1,4,5,6)P,, as loop 6 is important for active site access and in the absence of
Ins(1,4,5,6)P, would likely be highly mobile (Watson et al, 2012). Mutation to R265A
has been shown to decrease activity of HDAC3/SMRT via a luciferase assay and is
believed to be important in the activation of the complex (Watson et al, 2016). As well
as the R265A mutant, an HDAC3 enzyme which had all the inositol phosphate binding
residues mutated to its HDAC8 counterpart was also utilised. This HDAC3:5m
contained the following mutations in residues H17C, G21A, K251, R265P and R301A as
shown in Figure 3-10a+c. HDACS8 residues were utilised as this enzyme is the only class
1 HDAC which is active outside of a corepressor complex and therefore is believed not

to require IP for its activation.
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Figure 3-10 Structure of Inositol-1,4,5,6-tetrakisphosphate binding to SMRT/HDAC3.
(A) Structure of WT HDAC3 (cyan) bound to the DAD domain of SMRT (salmon) with
Ins(1,4,5,6)P, at the interface (stick model). Interacting residues in HDAC3 (magenta) and DAD
(green) are shown. (B) Structure showing HDAC3:R265A (C) All IP, interacting residues in
HDAC3 have been mutated to the corresponding residues in HDAC8 (HDAC3:5m). Mutations
are shown in red. PDB ID: 4A69, (Watson et al, 2012).
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As can be seen in Figure 3-11 GAL4-SMRT and unHDAC3 are unable to repress
luciferase alone, but co-expression represses transcription 2.5 fold (p-value = 0.0181).
Upon expression of GAL4-SMRT and HDAC3:R265A we observe a decrease in
repression of luciferase activity by 1.8 fold compared to SMRT and wildtype unHDAC3
(p-value = 0.0055) (Figure 3-11). Interestingly the R265A mutation although not
significantly different to basal luciferase expression does show a slight decrease to 71%
transcription. This implies that SMRT and HDAC3:R265A are still able to bind, perhaps
to a lesser extent, and still exert some of their repressive abilities. This indicates that
with reduced inositol phosphate binding complete activation of the SMRT/HDAC3
complex is not detected. This corresponds with the evidence that the interaction of
SMRT/HDAC3 with some phosphate groups on IP are more important in binding of IP
whilst others are important in activation of the complex (Watson et al, 2016). Addition
of IPMK in this case had no effect on the ability of HDAC3:R265A and GAL4-SMRT to
repress luciferase expression (Figure 3-11). This further indicates that R265 is
important in activating HDAC3, as mutation of this residue even in an environment

with increased IP fails to fully activate the complex.
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Figure 3-11 The R265A HDAC3 mutation fails to allow repression of Tk-Luciferase
expression. HEK-293T cells were transfected with TKLuc, B-gal and various other constructs
including mutant HDAC3 as denoted on axis. 48 hours following transfection, cells were
harvested and luciferase expression was analysed. Normalised luciferase expression (relative to
TKluc sample) is shown. The SMRT/HDAC3:R265A mutation shows a 1.8 fold relief in repression
of Tk-Luciferase compared to the wildtype SMRT/HDAC3 complex. IPMK has no effect on this
relief in repression, indicating that activation by IP binding is lost. The significance value (p
value = 0.0055) was calculated using a Two-tailed T-test. Mean luciferase activity shown (n=3,
+SD)

The HDAC3:5m is mutated such that Ins(1,4,5,6)P4 should be unable to bind and
therefore have reduced repressive activity, if IP is regulating activity. As with previous
experiments, GAL4-SMRT and unHDAC3 are unable to exert their repressive effects
until expressed together (Figure 3-12). Co-expression of GAL4-SMRT and the
HDAC3:5m mutant however, completely removes the ability of the complex to repress
transcription compared to wild-type unHDAC3 (p-value = 0.0008) (Figure 3-12). This
inability to enable repression of transcription indicates IP binding is required for
activation of the complex. This is further supported by the lack of change observed

when IPMK is co-expressed with HDAC3:5m and GAL4-SMRT.

101



250+ 0.0181

0.0008

< 200+

150+

Normalised Luciferase activity (%

Figure 3-12 The all IP HDAC3 mutation relieves repression of Tk-Luciferase
expression. HEK-293T cells were transfected with TKLuc, B-gal and various other constructs as
denoted on axis. 48 hours following transfection, cells were harvested and luciferase expression
was analysed. Normalised luciferase expression (relative to TKLuc sample) is shown above. The
SMRT/HDAC3:5m shows a 4.3 fold relief in repression of Tk-Luciferase compared to the
wildtype SMRT/HDAC3 complex. IPMK has no effect on this relief in repression, indicating IP
binding is lost. The significance value (p value = 0.0008) was calculated using a Two-tailed T-
test. Mean luciferase activity shown (n=3, +5D)

3.6 Anion exchange Chromatography-Mass Spectrometry can be

used for the determination of Inositol Phosphate levels

Throughout this chapter, we aimed to manipulate the levels of IP in cells and measure
the effect on HDAC activity. The conclusions reached and the experiments planned
have so far been based on previous experimental data. Thus, without a method to
determine IP levels in cells it is difficult, if not impossible, to reach any confident

conclusions on the effect on HDAC activity. Consequently, we aimed to establish a
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method to measure IP levels, in collaboration with Peter Watson from the Schwabe

laboratory.

Several methods have been used to measure IP levels to understand the role of
inositol phosphate kinases and their products in cellular processes. Perhaps the most
well used method is labelling cells with tritiated inositol (*H]Inositol), thus enabling
labelling of cellular IP (Azevedo & Saiardi, 2006). The [*H]Inositol labelled cells are then
harvested and the IPs extracted and the composition of IP is measured via high-
performance liquid chromatography (HPLC) (Azevedo & Saiardi, 2006; Stevenson-
Paulik et al, 2006). The issue with this method is that it requires tritium to be added to
the cells which whilst an effective method, the radioactive isotype is unable to be
detected using traditional methods. A second method which has been used to
determine the levels of IPs is the use of polyacrylamide gel electrophoresis (PAGE)
coupled to toluidine blue or 49,6-diamidino-2-phenylindole (DAPI) staining (Losito et
al, 2009). This method has a caveat in that it can only detect IP present at high levels
making it unamenable to mammalian cells (Losito et al, 2009; Wilson et al, 2015). A
new extraction method using a titanium dioxide bead extraction of IP claimed to
overcome this (Wilson et al, 2015). However, although this method purified lower
order inositol phosphates they were not able to be quantified using PAGE and
toluidine blue staining (Wilson et al, 2015). The advent of mass spectrometry coupled
detection of IP enabled highly selective measurements of inositol phosphate mixtures

and is the protocol which we aimed to establish in our collaboration with the Schwabe

group.

The anion exchange chromatography-mass spectrometry method used to measure IP
was set up by Peter Watson and Andrew Bottrill from Leicester’s Protein Nucleic Acid
Chemistry Laboratory (PNACL). The method of extraction was adapted from a
previously published method in (Barker et al, 2010). This extraction method involves a
trichloroacetic acid (TCA) extraction rather than a more common acetic acid extraction
so as to reduce the overall acidity of extraction which can hydrolyze IP (Barker et al,
2010; Liu et al, 2009). Following TCA extraction, the sample is washed in water

saturated diethlyether which acts as an organic solvent, leaving behind the IP. The
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sample is then brought to neutrality with triethylamine to prevent any adverse effects
occurring on the column (Barker et al, 2010). Following extraction, the samples were
run on an anion exchange column as outlined in (Liu et al, 2009) (details can be found
in section 2.10.2). A gradient involving 200mM ammonium bicarbonate and 5%
methanol was used to isolate the IPs and remove them from the column. Ammonium
bicarbonate is used as although a phosphate ion would produce a better separation if
a stronger anion was utilised such as potassium chloride it cannot be ionized in the
mass spectrometry machine. As the ionic strength of ammonium bicarbonate is
increased IPs come off the column and enter the mass spectrometry machine and are
ionized by electrospray ionisation (ESI). The inositol phosphate molecule fragments are
then detected as outlined in section 2.10.2 as recommended by (Liu et al, 2009). The
chromatograms produced by the mass spectrometry analysis as seen in Figure 3-13a
are then analyzed by integrating the area under the peak to determine relative levels
of inositol phosphate species in the samples. We are unable to accurately quantify
these levels due to a lack of an internal control, as such, we can compare IP3 across
different samples, but we are unable to compare the levels of IP; and IP, due to their

different charge properties.

Initially, we attempted to determine the sensitivity of the assay by sending varying
numbers of HEK-293F cells for analysis. As shown in Figure 3-13b, we observe a clear
increase in the yield and detection of inositol phosphates with increased cell number
as measured by integrated peak area increasing over background levels. Based on this,
in all subsequent experiments utilizing the anion exchange chromatography-mass

spectrometry method we aimed to send between 1x1077 to 2x1077 cells per sample.
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Figure 3-13 Determining the cell number required for effective detection of Inositol
Phosphates by Mass Spectrometry (A) Example chromatogram produced by the method is
shown, for each peak the area underneath is integrated to determine the relative quantity of
IPs in the sample. (B) A HEK-293F cell number titration was carried out from 1-20x1076, it is
clear to see that larger cell numbers result in more IP detected.
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After identification of the optimal cell number, we aimed to repeat transfections
carried out previously and determine how SopB, PTEN and IPMK affected IP levels. We
intended to establish a link between the composition of IPs present in each sample
and the HDAC activity observed. FACS analysis was carried out to ensure that
relatively similar transfection rates were observed compared to previous experiments.
As can be seen in Figure 3-14, all transfection rates are comparable to previous
experiments, apart from the PTEN transfected sample which has a slight reduction in

transfection level.
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Figure 3-14 FACS analysis of samples sent for anion exchange chromatography mass
spectrometry. Samples sent for mass spectrometry were analysed 48 hours post transfection
of HDAC3/SMRT with PTEN/SopB and IPMK (wildtype and catalytically dead) by FACS to ensure
relatively similar transfection rates as compared to previous experiments. All levels appear to
be like those previously observed, apart from the PTEN alone transfection rate which is slightly
lower than previously observed. Accordingly samples were taken forward for mass
spectrometry analysis.

The cells were then harvested and live cell number counted for normalisation of the
mass spectrometry results. Inositol phosphates were extracted and analysed by anion

exchange chromatography-mass spectrometry. Integrated peak areas of IP peaks were
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provided by PNACL and were normalised to the live cell number of the sample and

plotted as shown in Figure 3-15.
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Figure 3-15 Effect of SopB/PTEN/IPMK on Inositol Phosphate levels. HEK-293F cells
were transfected with SMRT/HDAC3 and either wildtype of mutant SopB, PTEN or IPMK. 48
hours following transfection, inositol phosphates were extracted and sent for mass
spectrometry analysis at PNACL. Andrew Bottrill calculated the integrated peak areas for all
inositol phosphates measured. The integrated peak areas of IPs, IP,4, IPs and IPs chromatograms
were normalised to cell number and are shown above. Fluctuations are seen depending on the

conditions of the cells indicating IP levels are being altered by expression of SopB, PTEN and
IPMK.

The level of IP; doesn’t alter greatly with overexpression of the various constructs,
apart from in PTEN and IPMK alone samples we see a slight decrease compared to the
wildtype sample. The more interesting results come from the IP,, IPs and IPs data.

Upon overexpression of SMRT/HDAC3 we see a substantial increase in IP4, IPs and IPg
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(Figure 3-15). Although there is currently no evidence for a pool of HDAC3 waiting for
IP4 to bind to it, this data does suggest that if the level of SMRT/HDACS3 increases then
the level of inositol phosphate in the cells could compensate for this (Millard et al,

2013).

Overexpression of SopB does not cause a decrease in IP4 or IPs and in fact we witness a
slight increase in IPg levels compared to the wildtype sample (Figure 3-15). This
supports the result of the global HDAC assay where we saw no change in HDAC activity
upon SopB expression (Figure 3-1a). Nonetheless, this is surprising when compared to
previous data showing a rapid decrease of inositol phosphates with SopB expression
(Feng et al, 2001). The lack of change could in part be due to our low transfection rates
(ranging from 30-50%). Additionally, the previous data used an inducible SopB cell line,
meaning that all cells experience the same change in inositol phosphate levels.
However, if only 30-50% of our cells are undergoing the effects of SopB then this may
not be enough of a change within the whole sample to detect changes by mass

spectrometry.

PTEN is believed to de-phosphorylate IPs and IP,4 by its 3-phosphatase activity in vitro
(Caffrey et al, 2001; Maehama & Dixon, 1998). It is perhaps not surprising that PTEN
results in a decrease in IP4, IPs and IPg upon expression (Figure 3-15). The fold changes
of this decrease, 2 fold, 6 fold and 3 fold for IP4/s/s respectively, (fold changes should
be approached with caution due to quantitation issues), would suggest a decrease in
HDAC activity, however, this is not the case in the global HDAC assay (Figure 3-1a). The
expression of IPMK yields another unexpected result. Previous studies have shown
that overexpression of IPMK results in an increase in IPs levels (Fujii & York, 2005). Yet,
Figure 3-15 indicates that the levels of IP, and IPs decrease 2 fold and 1.6 fold
respectively, which again contradicts the lack of change in the global HDAC assay
(Figure 3-1a). It is somewhat counterintuitive that overexpression of IPMK results in a
reduction of inositol phosphate level compared to wildtype cells, as IPMK catalyses the
conversion of IP3 to IPs via IP4 (Figure 1-13) (Frederick et al, 2005). It is possible that

overexpression of IPMK results in an up-regulation of IPs but this activates endogenous
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phosphatases to enable the maintenance of IP ratios, thereby leading to an overall

reduction in IP levels.

As has previously been stated in this chapter we may be detecting changes in IP levels
but not HDAC activity at a global level due to the compensation. Accordingly, we
examined the SMRT/HDAC3 assays to try and gain a more rational understanding of
the role of IP in HDAC3 activation. Transfection of SMRT/HDAC3 with SopB leads to a
decrease in IP4, IPs and IPg levels compared to the SMRT/HDAC3 sample, the same
occurs with PTEN and IPMK (Figure 3-15). These results can be rationalised in terms of
SopB and PTEN being known phosphatases. Both Figure 3-2a and Figure 3-5b show a
decrease in HDAC activity upon SopB and PTEN transfection thus indicating that
reducing the level of IP is directly linked to HDAC activity. However, it is not clear why
a decrease in IP upon IPMK expression is observed. The confusion is further
compounded by both Figure 3-2a and Figure 3-5b where the consequence of IPMK
overexpression is either no change or an increase in HDAC activity respectively. One
possible reason for this increase in HDAC activity despite decreasing levels of IP is the
normalisation method. The coomassie blue gel in Figure 3-5a indicates that less HDAC3
was pulled down in the flag resin isolation compared to the SMRT/HDAC3 sample, thus
any potential errors in normalisation could have skewed the result. However, when
we tried to compensate for this potential normalisation error by altering the
normalisation technique (3.4.2) we observed no change in HDAC activity upon addition
of SopB, whereas, PTEN and IPMK resulted in an increase in HDAC activity (Figure
3-8b).

The catalytically inactivate enzymes generated to confirm that we were affecting IP
levels and therefore HDAC activity, do in fact result in very little changes in the levels
of IP5 and IP6 (Figure 3-15). Interestingly, they do appear to result in an increase in
IP4, however, this increase only appears to be a roughly 2 fold increase in all cases. It is
possible that a fold change of 2 is due to issues quantitating the IP mass spec rather
than an effect potentiated by the mutant enzymes themselves. This would in turn
explain why we detect a lack of change in HDAC activity compared to HDAC3/DAD for
SopB C460A but not the decrease in PTEN C124A or IPMK D144A HDAC activity (Figure
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3-7b). As with the catalytically active proteins, we see differences when the errors of
normalisation were attempted to be compensated for in Figure 3-8b. We no longer
observe decreased HDAC activity with PTEN C124A expression rather no change at all.
Similarly, upon overexpression of SopB C460A and IPMK D144A we detect an increase
in HDAC activity compared to the HDAC3/DAD control, perhaps due to the 2 fold

increases in 1P, levels.

3.7 Summary

In this chapter, we have demonstrated that overexpression of SopB, PTEN and IPMK
does not affect global HDAC activity (Figure 3-1b) despite bringing about changes to IP
levels (Figure 3-15). Furthermore, overexpression and isolation of the SMRT/HDAC3
complex in the presence of IP manipulating enzymes alters the activity of the HDAC
complex (Figure 3-2b and Figure 3-5b). In conjunction with previous evidence that the
composition of IP is altered in the cells, this suggests that IPs do affect HDAC activity
(Caffrey et al, 2001; Feng et al, 2001; Fujii & York, 2005). This is further supported in
the case of SopB where the WT SopB reduces HDAC activity yet the catalytically
inactive C460A mutant level is analogous to the control (Figure 3-7b). However, our
analysis of the composition of IPs in cells following overexpression of SopB, PTEN and
IPMK brings this into doubt, due to the inability to align differences in HDAC activity to

alterations in IP levels observed (Figure 3-15).

Inositol phosphates appear to be important in the mediation of SMRT/HDAC3
repression of luciferase, with IPMK increasing the level of repression and having no
effect on IP binding HDAC3 mutants (Figure 3-9, Figure 3-11 and Figure 3-12). This was
believed to be due to its ability to increase IP levels in the HEK-293T cells. However,
data from HEK-293F (Figure 3-15) suggests that IPMK alone decreases IP levels bringing

into question our conclusions.
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There are several caveats to the experiments outlined above including transfection
efficiencies and quantitation issues. Together, with the difficulties in aligning what is
known about the effects of these enzymes, and our own mass spectrometry data has
made for an arduous task. This is compounded by the inconsistencies in relating IP
levels back to the results of HDAC activity and luciferase assays. As such in the

remaining chapters of this thesis a different system for investigating the effect of IP on

HDAC activity was utilized.
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Chapter 4 Understanding the role of inositol
polyphosphate multikinase in HDAC activity

in mouse embryonic stem cells

4.1 Chapter aims

As discussed previously, Ins(1,4,5,6)P, is believed to be a regulator of class 1 HDAC
complexes (Itoh et al, 2015; Millard et al, 2013; Watson et al, 2012; Watson et al,
2016). However, upon overexpression of SopB, PTEN and IPMK we were unable to
conclusively confirm the role of Ins(1,4,5,6)P,4 as a regulator of HDAC activity. There
were several caveats to this series of the experiments resulting in difficulties to align
our results with the IP mass spectrometry data. In 2005, an inositol polyphosphate
multikinase (IPMK) knockout (KO) mouse model was generated which exhibited
embryonic lethality at embryonic day 9.5 (E9.5) (Frederick et al, 2005). ES cells were
isolated and shown to have attenuated levels of IP (Frederick et al, 2005).
Consequently, these cells provide a model system in which to investigate the effect of
IP on class-1 HDAC activity. Therefore, using the IPMK KO ES cells, kindly provided by
John York’s group, | aimed to assess the biochemical and proliferative properties of ES

cells lacking IPMK and its involvement in the regulation of HDAC activity.

4.2 Characterisation of IPMK knockout and rescue ES cells

IPMK consists of three lobes, the N-lobe and C-lobe, involved in ATP binding, and the
IP-lobe, responsible for IP binding and contains the catalytic consensus sequence
PxxxDxKxG (Figure 4-1a) (Gonzalez et al, 2004; Shears, 2004). In 2005, IPMK KO mice
were generated through targeted removal of exon 4 and replacement with a Neo
cassette which removed the catalytic consensus site rendering the enzyme catalytically

inert (Figure 4-1b) (Frederick et al, 2005). ES cells were isolated from the blastocyst at
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E3.5 and grown in feeder-free conditions, labelling with [*H] inositol indicated a 90%
decrease in IPs and IPg compared to wildtype cells (Frederick et al, 2005) (Figure 4-1c).
The level of IP4 remained relatively constant but the peak observed is not believed to

be Ins(1,3,4,5)P4 or Ins(1,4,5,6)P,4 (Frederick et al, 2005).
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Figure 4-1 Deletion of IPMK exon 4 reduces levels of inositol phosphates. (A)
Schematic diagram of IPMK. The N and C —lobe are involved in ATP binding and positioning of
the magnesium co-factor. The IP domain binds the inositol phosphate and contains the
catalytically active PxxxDxKxG motif. The SSLL domain is conserved in all IPs-kinases and is
important for catalysis. The NLS ensures nuclear localisation and the IDF motif is involved in
ATP binding. Targeted disruption by Frederick et al 2005 as shown in (B) deletes exon 4 which
contains the catalytic core as well as intronic regions surrounding exon 4. A Tk-Neo selection
cassette was inserted in place of exon 4. (C) Deletion of the active domain of IPMK (Ipk2)
reduces the level of IPsand IPs by ~90% compared to the wildtype cells, IP,, IP3 and IP, levels
were slightly reduced. The IP,peak was not believed to be either Ins(1,3,4,5)P, or Ins(1,4,6,6)P,.
Taken from Frederick et al 2005.
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4.2.1 Analysis of inositol phosphate levels in IPMK knockout ES cells

Inositol phosphate levels of IPMK KO (KO(5) and KO(2)) and wildtype (WT(10)) cells,
kindly provided by the York group, were measured via anion exchange
chromatography with tandem mass spectrometry. This was for two reasons, the first
was to ensure that our method produced similar results to those seen in Frederick et
al, 2005 and the second was to determine if the level of IP in the two knockout clones
were comparable. To analyse the IP levels, cells were cultured on 100mm plates for 48
hours, after which cell numbers were calculated and the pellet was sent for analysis

after IP extraction.
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Figure 4-2 Analysis of inositol phosphate levels of IPMK KO ES cells. IPMK clones were
grown to confluency to obtain 2*1077 cells per sample and inositol phosphates were extracted
as outlined in methods and analysed by mass spectrometry. Integrated peak areas calculated
by Andrew Bottrill in PNACL were normalised to cell number and are shown above. IP3;shows a
slight increase in KO(5) and KO(2)) compared to the WT(10). IP,, IP5s and IPs all show a decrease
in levels in the knockouts compared to the wildtype clone.
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A large accumulation of IPs is not observed (slight increase in KO(2) compared to
WT(10)), despite the anticipated block in the pathway (Figure 4-2). IP4 levels differ to
those reported in Frederick et al, 2005, whereby they observed no change in levels.
We detected a decrease in IP4 production in the IPMK KO(5) and KO(2) cells compared
to the WT(10) (Figure 4-2). This is not surprising as IPMK is involved in the production
of several IP4 isoforms (Figure 1-13). The level of IPs and IPg observed in both the
knockouts is in agreement with the 90% reduction observed in the Frederick et al,
2005 paper. These results indicate that our method of IP analysis can reproduce

previously published data and is therefore an effective way of measuring IP levels.

4.2.2 Generation of PiggyBac (PB) TET IPMK stable rescue cell lines

We aimed to generate tetracycline inducible IPMK rescue cell lines which would enable
direct comparison of KO(5) and KO(2) with and without IPMK thus removing any
potential clonal variation. Inducible IPMK rescue clones were generated using a
tetracycline inducible PiggyBac vector in conjunction with a transposase (Figure 4-3b).
This vector was kindly provided by the McGrew laboratory at the Roslin Institute at the
University of Edinburgh (Glover et al, 2013). The adapted construct can be observed in
Figure 4-3a and shows that a CAG promoter drives expression of a 3" generation
reverse tetracycline transactivator (rtTA3) which in the presence of tetracycline (TET)
or doxycycline (Dox) activates the minimal tetracycline response element (TRE) thus

driving the expression of IPMK in a TET dependent manner (Glover et al, 2013).
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“Paste” at TTAA sites

Figure 4-3 Generation of the PB TET IPMK rescue cell lines. (A) Schematic representation
of the PB TET IPMK vector, inverted repeats are represented by IR containing arrows, EN
denotes the enhancer upstream of the CAG promoter which drives the expression of the

3" generation reverse tetracycline transactivator (rtTA3) coupled to an IRES puromycin
cassette. Downstream is the minimal tetracycline response element (TRE) promoter that drives
expression of IPMK-polyA in the presence of tetracycline/doxycycline. Adapted from Glover et
al, 2013. (B) Schematic showing the insertion of the PB TET IPMK construct into the genome of
clone 5 and 2. Co-transfection of PB TET IPMK transposon with a transposase allows removal
(“cut”) of the construct from the plasmid. The transposase then ”pastes” the transposon
containing the IPMK construct in the genome at random at any TTAA sites.

To generate the PB TET IPMK cells the construct was co-transfected with a transposase
(Systems Bioscience) into KO(5) and KO(2) as outlined in section 2.1.3 (Figure 4-3b).
They were then treated with puromycin for 10 days before isolation of 12 single cell
colonies per parental clone. The colonies were expanded and treated with doxycycline
(Dox) for 24 hours prior to whole cell lysate extraction to enable screening of IPMK
induction by western blotting. All isolated clones contained the IPMK transgene and
expressed IPMK after addition of Dox (Figure 4-4a). The fold change of IPMK induction
was calculated by quantitative western blotting and enabled the selection of two TET-

IPMK clones per parental cell line (Figure 4-4b). The chosen clones were KO(5) TET-
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IPMK clone B4 (C5-B4), KO(5) TET-IPMK clone C3 (C5-C3), KO(2) TET-IPMK clone A6
(C2-A6) and KO(2) TET-IPMK clone C3 (C2-C3) due to their differences in IPMK
induction (19-fold, 41-fold, 38-fold and 12-fold respectively).
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Figure 4-4 Screening PB TET IPMK stable rescues. PB TET IPMK stable cell lines were
grown up to a 48 well plate size and treated with or without 1ug/ml Doxycycline for 24 hours to
measure induction of IPMK expression. Whole cell extract was generated as outlined in
methods and IPMK expression was analysed by quantitative western blotting. (A) Western
blots indicate the absence or presence of flag tagged IPMK upon addition of doxycycline, LSD1
was used as a loading control. (B) Fold changes were calculated using quantitative western
blotting and normalising to the level of LSD1 present in the cells. Red starts denote clones
taken forward for analysis of HDAC activity.
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4.2.2.1 Induction of IPMK restored inositol phosphate levels

Previously it had been shown that the generation of mouse IPMK rescue cell lines
restores the level of IP (Frederick et al, 2005). The clones chosen (C5-B4, C5-C3, C2-A6
and C2-C3) showed a range of IPMK induction enabling us to determine whether the
level of IPMK expression was important. The clones were grown on two 100mm plates,
one was induced with Dox for 24 hours, prior to IP extraction and anion exchange

chromatography with tandem mass spectrometry.
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Figure 4-5 Analysis of inositol phosphate levels of IPMK rescue ES cells. Parental IPMK
clones and TET IPMK clones were grown to 2*10/7 cells with and without doxycycline and
inositol phosphates were extracted and sent for mass spectrometry analysis. Integrated peak
areas calculated by Andrew Bottrill, normalised to cell number are shown above. IP3; shows
slight changes in levels upon addition of Dox and therefore activation of IPMK. IP4 also shows
increases in quantities present in the cell upon addition of Dox but to a lower extent compared
to IPs and IPg. This data indicates that we see a clear increase in IP levels upon induction of
IPMK in the conditional cell line and suggests the system is not “leaky” due to low levels of IP
production without doxycycline.
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As seen in Figure 4-5 the level of IP; shows a reduction in KO(5) compared to WT(10)
and KO(2). This contrasts with Figure 4-2 where we observed no change in IP3 levels,
suggesting that perhaps we lost some of the sample in KO(5). The lack of significant
difference in IP levels between the parental cell line levels and ‘no dox’ TET-IPMK cell
lines (Figure 4-5), suggests that IPMK is not being expressed at low levels in the
absence of Dox, thus the inducible system is not ‘leaky’. The addition of doxycycline to
the TET-IPMK cells results in a slight increase in IPslevels compared to the ‘no dox’
samples. The level of IP,, IPs and IPg present in the IPMK KO clones appears to be
comparable to the levels witnessed previously, with IP, slightly higher, most likely due
to the lack of internal control. We see an effective increase in IP levels upon addition
of Dox, however, the level of induction of IP;and IPs is approximately 50-60% of
endogenous levels. This could potentially be that despite the 82% homology between
human IPMK and mouse IPMK, human IPMK could be less active or a longer incubation
with Dox may be required to see saturation of IP levels. However, the level of IPg
induction is similar to endogenous and therefore suggests that the former is not the
case. Overall, this data suggests that we are able to induce IPMK and this results in an
increase in IP levels in the cells, thus providing a good model system to investigate the

effect of IP levels on HDAC activity in ES cells.

4.3 Deletion of IPMK does not impact global HDAC activity

To determine whether altering the levels of IP affects global HDAC activity levels,
wildtype, knockout and TET-IPMK cells were cultured for 48 hours with the addition of
doxycycline for 24 hours. Whole cell extract was generated and HDAC activity was
assayed and normalised to the level of tubulin present, as assayed by western blotting.
Deletion of IPMK, or induction with Dox had no effect on global HDAC activity Figure
4-6a & b. This is not altogether surprising as overexpression of IPMK itself did not

affect global HDAC activity (Figure 3-1).
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Figure 4-6 Deletion of IPMK has no effect on global HDAC activity. IPMK parental cells
and TET-IPMK cells were grown with and without Doxycycline for 24 hours and whole cell
extract was extracted for histone deacetylase activity analysis and western blotting. (A) HDAC
deacetylase activity was assayed from whole cell lysate of WT(10) and KO(5) and (KO(2) clones.
Mean activity is shown where n=3 +SD shown. (B) IPMK expression was induced by addition of
doxycycline (Dox) for 24 hours before analysis of deacetylase activity on whole cell lysate was
carried out.
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4.4  Global histone acetylation levels are not influenced by IPMK

expression

Given the large induction in IPs between the IPMK KO cells and the rescue clones we
believed it might have been possible to detect a change in histone acetylation levels.
Specifically, we expected to observe changes at, H4K5Ac, H3K27Ac and H3K56Ac which
all showed slight reductions upon addition of SMRT/HDAC3 previously in HEK-293
cells. All three of these marks have been previously been associated with class 1
HDACs. Indeed deletion of HDAC1 and HDAC2 results in an increase in H3K56Ac, whilst
deletion of HDAC3 results in elevation of H3K27Ac marks at retinoic acid responsive
genes and knockdown of SMRT/NCoR results in enhanced levels of H4K5Ac (Bhaskara
et al, 2010; Dovey et al, 2010b; Jamaladdin et al, 2014; Urvalek & Gudas, 2014).
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Consequently, depending on the level of regulation by IP, deletion of IPMK may reduce
the level of acetylation at these sites through the reduction of HDAC activity.
Alternatively, H3K9Ac and H3K18Ac levels have been shown to remain unchanged
following deletion of HDAC1/2 (Jamaladdin et al, 2014). Accordingly, it would be
expected that if IP’s are regulating class | HDAC activity, then these marks should not
alter, thus acting as a control. To ascertain whether IPMK deletions and rescue cells
have differing levels of histone acetylation, cells were grown for 24 hours with Dox and

histone was harvested via a standard acid extraction.

Analysis of several histone marks by quantitative western blotting (H3K9Ac, H3K14Ac,
H3K18Ac, H3K27Ac, H3K56Ac and H4K5Ac) indicated limited changes in acetylation
levels upon perturbation of IP levels (H3K56Ac increases 1.2-fold only in IPMK KO
clones) (Figure 4-7). Previously, deletion of HDAC1/2 or 3 has been shown to result in
alterations in histone acetylation levels in ES cells, for example increases in the
H3K56Ac and H3K14Ac are observed upon loss of HDAC1/2 whilst H3K27Ac reveals
alterations upon ablation of HDAC3 (Dovey et al, 2010b; Jamaladdin et al, 2014;
Urvalek & Gudas, 2014). However, upon ablation or induction of IPMK we observe no
significant changes in these marks (Figure 4-7). Although we see a 2-fold decrease in
H3K56Ac levels in C5-C3 and C2-C3 upon addition of Dox, this effect is not consistent
between TET-IPMK or KO clones (Figure 4-7). Consequently, histone acetylation
doesn’t appear to be influenced by IP levels suggesting that HDAC activity is unaffected
by deletion of IPMK. Alternatively, it is possible that loci specific changes which cannot
be detected using global analysis are taking place, as previously reported for H3K9Ac in

HDAC3 ablated hearts (Montgomery et al, 2008).
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Figure 4-7 IPMK has limited effects on global histone acetylation levels. Quantitative
western blotting was carried out on TET-IPMK and parental IPMK KO clones following addition
of dox for 24 hours. Cells were harvested and histones extracted using a standard acid
extraction to enable analysis of histone H3 and H4 acetylation marks. Histones were extracted
from wildtype, knockout and TET-IPMK cells 24 hours after induction of IPMK expression.
Histone acetylation levels were normalised to the level of H3 or H4 relative to the wildtype or

un-induced clone.
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4.5 Isolation of endogenous class 1 HDACs in IPMK KO cells

indicates limited changes in HDAC activity

Due to the lack of change in global HDAC activity upon deletion of IPMK, we next
isolated endogenous HDACs via Immunoprecipitation assays. This enabled the analysis
of specific co-repressor complexes and removed any not regulated by IP, such as
Sin3A. Previously, isolation of overexpressed SMRT/HDAC3 enabled us to detect
changes in HDAC3 activity due to overexpression of IP pathway enzymes (chapter 3).
Consequently, isolation of endogenous complexes should allow us to determine

whether class 1 HDACs are regulated by inositol phosphates in vivo.

Initially, endogenous HDAC3 was isolated via a HDAC3 Immunoprecipitation assay
using dyna beads. Following isolation, activity was assayed using a HDAC assay,
normalised to the level of HDAC3 present as determined by western blotting (Figure
4-8b). Isolation of HDAC3 enabled us to detect a decrease in activity between the
WT(10) and KO(2) ES cells (p-value = 0.0065) (Figure 4-8a). Conversely, no change in
HDAC activity is observed between WT(10) and KO(5) (Figure 4-8a). The reason for this
difference in HDAC3 activity between the two KO clones is not clear, especially since

the level of IPs present in the cells are relatively consistent (Figure 4-2).
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Figure 4-8 Isolation of the endogenous HDAC3 complex shows a reduction in HDAC
activity. TET-IPMK cells were cultured to confluency and whole cell extract was generated.
Immunoprecipitation enabled isolation of HDAC3 which was assayed for deacetylase activity to
determine the effect of IPMK. (A) Deacetylase activity was assayed by a HDAC assay following
isolation of the endogenous HDAC3. Deacetylase activity is shown as n=3+SD where statistical
significance (p-value) was calculated using a standard Two-tailed test. (B) Western blotting
ensured isolation of HDAC3 and was used to normalise the HDAC assay.

Following isolation of HDAC3 it was decided to isolate HDAC1/2. The antisera used is
effective in Immunoprecipitation, however in theory, it isolates all HDAC1/2 complexes
including; Sin3, CoREST, NuRD and MiDAC. Both MiDAC and NuRD have been shown to
have increased activity upon addition of Ins(1,4,5,6)P, (Itoh et al, 2015; Millard et al,
2013). Whilst there is no published evidence for the activation of the COREST complex
by Ins(1,4,5,6)P4; the fact that CoOREST contains an ELM2-SANT domain which interacts
with HDAC1/2 and contains the residues required for Ins(1,4,5,6)P, interaction,
suggests that this corepressor complex would also be activated by Ins(1,4,5,6)P4
(Watson et al, 2012; You et al, 2001). The Sin3 complex on the other hand does not
encompass any proteins which contain a ELM2-SANT domain, consequently, it is not
believed to be activated by Ins(1,4,5,6)P4 and therefore may compensate for a

decrease in IP levels (Millard et al, 2013). The activity of HDAC1/2 isolated via a
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HDAC2 Immunoprecipitation was assessed via a HDAC assay and normalised to the
level of HDAC2 present as quantified via western blotting (Figure 4-9b). As can be seen
in Figure 4-9a, no significant difference was observed in endogenous HDAC activity
between the WT or IPMK KO clones. As previously discussed this could be due to the

Sin3 complex also being isolated in the Immunoprecipitation.
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Figure 4-9 Isolation of the endogenous HDAC2 complexes has no effect on HDAC
activity Whole cell extract was generated from TET-IPMK cells and used in a HDAC2
immunoprecipitation to isolate HDAC1 and HDAC2 enabling analysis of their HDAC activity and
determination of the effect of IPMK. (A) Deacetylase activity was assayed by a HDAC assay
following to isolation of the endogenous HDAC2 complexes. Deacetylase activity is shown as
n=3#SD. (B) Western blotting ensured isolation of HDAC1 and HDAC2. HDAC2 was used to
normalise the HDAC assay.

In an attempt to remove the effect of potential compensation via Sin3, LSD1 was used
to isolate the CoREST complex (HDAC1/2, LSD1, CoREST, BHC80, CtBP and BRAF35)
(Hakimi et al, 2002; Lee et al, 2005; Shi et al, 2003; You et al, 2001). Complex activity
was analysed by a HDAC assay and normalised to the level of HDAC2 pull down (Figure
4-10b). However, we do not observe a significant change in the HDAC activity of the
CoREST complex upon deletion of IPMK when compared to the WT ES cell line (Figure

4-10a). The overarching issue with this experimental method, and possible explanation
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for the lack of observed changes in HDAC activity, is that we are uncertain whether
inositol phosphates remain bound to the HDAC complexes at the salt concentrations
required for this experiment. Loss of IP from the complex would render any changes in
HDAC activity undetectable due to the purification process, and as such could explain

the lack of change.
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Figure 4-10 Isolation of the endogenous COREST:LSD1:HDAC1/HDAC2 complex has no
effect on HDAC activity An LSD1 antibody was used to immunoprecipitate the COREST
complex from whole cell extract generated from TET-IPMK cells to enable deacetylase activity
to be assayed. (A) Deacetylase activity was assayed by a HDAC assay following to isolation of
the endogenous CoREST complex via an LSD1 Immunoprecipitation. Deacetylase activity is
shown as n=3#SD. (B) Western blotting ensured isolation of LSD1, HDAC1 and HDAC2. HDAC2
was used to normalise the HDAC assay.
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4.6 IPMK deletion has a partial effect on HDAC3 target gene

expression

To identify the effect of manipulating IP levels in cells we next examined potential
HDAC3 target genes in ES cells. HDAC3 target genes have been identified previously via
tissue specific deletions such as in the liver (Sun et al, 2012). However, as our IPMK
knockout cells are ES cells, we needed to identify HDAC3 target genes in pluripotent
cells. Recently, in our laboratory, Lyndsey Wright has generated conditional HDAC3
knockout ES cells on which she carried out a microarray comparing the cells with and
without HDAC3. This enabled us to identify genes with increased expression upon
deletion of HDAC3 and therefore should in theory increase upon deletion of IPMK.
Upon ablation of HDACS3 the following genes showed increased expression levels for
Hnf4o, HoxB2, CD68, Hist1h2bq, Tbx30s2 and Rpgrip, of 3.4, 3.9, 5.6, 6, 6.9 and 10-fold

respectively.

TET-IPMK ES cells (grown in 2i media to replicate HDAC3-KO conditions) were induced
for 24h with Dox and the RNA extracted for qRT-PCR analysis. Three genes analysed,
Tbx30s2, CD68 and Rpgrip exhibited increased expression upon deletion of HDAC3
consistent with the HDAC3 KO microarray. However, no changes were detected
between WT(10) or KO(5) and KO(2), indicating alterations in IP levels are not
sufficient to alter their expression (Figure 4-11). In contrast, all remaining genes tested
(Hnf4o,, HoxB2 and Hist1h2bq) exhibited increased expression upon ablation of HDAC3
and alterations in expression upon manipulation of IPMK (Figure 4-11). These changes
in expression however are not consistent across genes or clones. For example, both
Hnfda and Histlh2bq result in increased expression in KO(2) but not KO(5) when
compared to WT(10). Additionally, in both Hnf4o and Hist1h2bq, upon addition of Dox
two TET-IPMK clones (C5-C3 and C2-C3 respectively) show decreased expression,
suggesting potentially increased HDAC3 activity. HoxB2 induction increases over 2-fold
in both KO(5) and KO(2) compared to WT(10) (Figure 4-11). This indicates that deletion
of IPMK may be altering HDAC3 activity due to a decrease in IP resulting in a less active

HDACS3 akin to the effect of the HDAC3 KO. This is further supported by decreased
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expression of HoxB2 upon addition of Dox to C5-C3. Conversely, an increase in HoxB2
expression is detected in clones C5-B4 and C2-A6 (1.6-fold and 4.5-fold respectively)
(Figure 4-11). This enhanced expression is unanticipated as an increase in IP levels,
brought on by IPMK induction, should decrease expression of HoxB2 due to the

increasing activity of the SMRT/HDAC3 complex.
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Figure 4-11 IPMK has minimal effects on ES cell HDAC3 target genes. IPMK parental
cells and TET-IPMK cells were grown in 2i media for two weeks and treated with Doxycycline
for 24 hours prior to RNA extraction. Quantitative RT-PCR of HDAC3 target genes (taken from
L. Wright 2017 microarray) was carried out in HDAC3 conditional KO ES cells as a control and
compared to IPMK cells. All values are represented as mean fold change where n=3 +SD. Values
represent expression of the gene relative to B-actin reference gene.
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Due to the inconsistencies in results across clones, two genes were chosen from the
HDAC3 KO microarray to act as controls. Controls (CDS2 and Fam35a) were chosen
based on an absence of change in expression levels (1-fold change) upon HDAC3
deletion. Analysis of qRT-PCR data revealed, analogous to the HDAC3 KO microarray, a
1.2-1.4-fold change between HDAC3 WT and KO cells for both control genes, indicating
an absence of change in expression (Figure 4-12). Consistent with this, alterations in
expression of CDS2 and Fam35a between cells expressing and not expressing IPMK
were all within a 1.5-fold change range, indicating that they are within the tolerance of
the assay and show non-significant changes (Figure 4-12). A 60% reduction in Fam35a
expression was detected for one clone, C5-C3, upon addition of Dox (Figure 4-12). This
is just above the threshold for the assay and indicates that alterations detected in
HDAC3 target genes for this clone may be due to clonal differences rather than the

effects of IP.
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Figure 4-12 Deletion of IPMK does not affect Non-HDAC3 target genes Quantitative RT-
PCR data of genes identified as unchanged in HDAC3-/- conditional knockout ES cells is shown.
gRT-PCR was performed on cDNA of 2i treated IPMK wildtype, knockout and rescue cell lines.
All values are represented as mean fold change where n=3 £SD. Values represent expression of
the gene relative to B-actin reference gene.
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In summary, the fold changes in gene expression observed upon manipulation of IPMK
expression are generally less than 2-fold, which is around the cut-off of many
microarrays. Despite hints that IPMK may be altering expression of HDAC3 target
genes, without larger fold changes consistent between clones, it is hard to draw
definitive conclusions on whether alterations in IP levels are altering the level of
expression of HDAC3 target genes or whether changes observed are due to clonal

variation.

4.7 Cell cycle progression of ES cells is not affected by deletion of

IPMK

A double knockout HDAC1/2 ES cell line implicated HDAC1 and HDAC2 in chromosome
segregation in M phase (Jamaladdin et al, 2014). Furthermore, deletion of HDAC3 in
MEFs and silencing of HDAC3 in human colon cancer reveals a delay in cell cycle
progression (Bhaskara et al, 2008; Wilson et al, 2006). Consequently, we aimed to
establish whether deletion of IPMK results in a similar delay in cell cycle progression
through a reduction in HDAC activity via decreased IP levels. As can be seen in Figure
4-13 neither deletion of IPMK or induction of IPMK via dox resulted in a difference in
population doubling time suggesting that deletion of IPMK does not abolish the ability

to regulate progression through the cell cycle.
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Figure 4-13 No difference is observed in population doubling time between wildtype,
IPMK knockout or IPMK rescue cell lines. Equal number of IPMK parental and TET-IPMK
cells were plated out on day 0 in triplicated and counted in triplicate every 24 hours for a period
of 4 days. Mean population doubling time shown where n=12+SD.

4.8 Investigating the effect of inositol phosphates and cell cycle

on HDAC activity

Despite the lack of change in population doubling time there is evidence that IP levels
change during the cell cycle in rat mammary tumour cells (WRK-1 cells) (Barker et al,
2004). The levels of histone deacetylases do not appear to alter at the protein level
during the cell cycle (Bhaskara et al, 2010; Dangond et al, 2001). However, there are
several studies which suggest that acetylation levels do change during the cell cycle (Li
et al, 2008; Ma et al, 2015; Unnikrishnan et al, 2010). To examine IP levels throughout
the cell cycle, WT(10) ES cells were synchronised with consecutive treatments of the
Cdk1 inhibitor (Ro3306), followed by Nocodazole. Treatment with Ro3306 enables the
generation of a sample representative of G2, subsequent release and treatment with
Nocodazole forms a population of M phase cells (Vassilev, 2006) (Figure 4-14).

Following removal of Nocodazole, cells were cultured for a further 2 hours to generate
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a G1 sample, an S phase sample was collected 5 hours post Nocodazole treatment as
analysed by propidium iodide (Pl) staining (Figure 4-14). A natural G2/M sample was
harvested at 10 hours to ensure any differences in IP levels or HDAC activity were due

to the cell cycle and not the inhibitor.
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Figure 4-14 Propidium iodide staining of synchronised WT(10) ES cells. Cells were
synchronised using Ro3306 and Nocodazole and harvested in 70% ethanol and stored at -20°C.
Propidium iodide staining was carried out and samples were analysed in the PE-A channel on
the BD FACS Canto. FACS plots are shown as well as tables indicating the percentage of cells in
each phase of the cell cycle.
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Following synchronisation, IP levels were analysed by anion exchange chromatography
with tandem mass spectrometry. All the samples bar G2 were sent for analysis because
a minimum of 2x10° cells were required for analysis. Previously, it has been shown
that the level of IP4, IPs and IPg is highest in G1 and declines in S phase, followed by a
slight increase in M phase (Barker et al, 2004). Our results concur in that we observe
an increase in IP4, IPs and IPg levels from S phase to M phase (Figure 4-15). However,
for all IP species Barker et al,. report the highest levels during G1, we on the other
hand, do not detect this effect. Furthermore, we observe only a minimal change
between G1 to S phase (Figure 4-15). The difference in results may be due to differing

cell types and analytical methods used.
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Figure 4-15 Inositol phosphate levels fluctuate during the cell cycle. Analogous samples
to those seen in figure 4-14 were harvested for IP mass spectrometry analysis. Integrated peak
areas were provided by Andrew Bottril in PNACL and were normalised to live cell number
(2x10’ for each sample). (Ro3306 treated sample is not shown due to low cell numbers).
Natural G2/M refers to 10 hours following removal of inhibitors.
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As we detected changes in IP levels, we next analysed the level of histone acetylation
and HDACs at various stages of the cell cycle. Cells were synchronised as shown in
Figure 4-14 and whole cell extract and histone extract was generated. To ensure M and
G2/M phase samples were representative of M phase, Histone 3 Serinel0-
phosphorylation (H3S10P) was analysed. The M phase sample shows a 33-fold increase
in H3S10P compared to the asynchronous sample and a 7-fold increase is observed in
the G2 sample suggesting that some cells are entering M phase (Figure 4-16).
Surprisingly, an increase in H3S10P is not observed in the natural G2/M sample

indicating that the cells are still in G2, rather than M, as indicated by Pl staining (Figure

4-14),
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Figure 4-16 Histone acetylation marks show minor changes during the cell cycle in

mouse embryonic stem cells. Quantitative western blot analysis was carried out on
synchronised acid extract. Histone acetylation marks were normalised to H3 or H4 histone
relative to the asynchronous sample. Natural G2/M refers to 10 hours following removal of

inhibitors.

Overall acetylation appears to be lowest during M phase for all marks bar H4K12Ac,
this is consistent with the formation of compacted chromatin during mitosis (Figure

4-16). Although not significant, H4K5Ac and H3K27Ac show slight elevations in levels
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during S phase, consistent with the suggestions that H4K5Ac levels increase during S
phase (Figure 4-16) (Ma et al, 2015; Sobel et al, 1995). Furthermore, H3K56Ac shows
the highest level of acetylation during G2 and the lowest levels during M, G1 and S
phase, despite previously being reported to be at its highest level in S phase (Figure
4-16) (Li et al, 2008). The reason for the lack of significant increase during S phase
could be due to the fact that often increases are only observed at origins of
replications not globally (Unnikrishnan et al, 2010). Overall changes appear to be non-
significant suggesting that histone acetylation levels are not altering as much as
previously proposed, perhaps due to the high levels of basal acetylation levels found in

ES cells (Boyer et al, 2006).

Analysis of protein expression revealed that cyclin A, which facilitates progression
through the cell cycle, shows low levels of expression in G1 and S phase with higher
levels in G2 (Figure 4-17) (Mateo et al, 2010). The level of fold change is relatively small
and correlates with the 2-3-fold changes previously observed in embryonic stem cells
compared to the 10-30-fold changes observed in somatic cells (Ballabeni et al, 2011).
Consistent with previous results, HDAC3 protein level does not appear to significantly
alter through the cell cycle (Bhaskara et al, 2010). In contrast, alterations in protein
level of HDAC1 and HDAC2 are detected throughout the cell cycle, with highest protein
levels occurring during S phase (Figure 4-17). Despite reports that HDAC1 levels do not
change in MEFs, it has been reported that HDAC1 expression increases at G1/S in L929
cells (Dangond et al, 2001).
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Figure 4-17 Protein levels of HDAC1/2 and Cyclin A2 fluctuate during the cell cycle.
Quantitative western blot analysis was carried out on synchronised whole cell lysate.
HDAC1/2/3 and cyclin A2 levels were normalised to tubulin levels relative to the asynchronous

sample.

4.8.1 Changes in HDAC activity correlate with HDAC1/2 expression, but

not inositol phosphate levels

To determine whether the change in IP and lack of change in HDAC3 protein was
affecting HDAC activity in ES cells cell cycle, a global HDAC assay was carried out on
synchronised cells. Analysis of global HDAC activity revealed alterations throughout
the cell cycle (Figure 4-18). The level of HDAC activity significantly increases from G2
to S phase (p-value = 0.0011), this effect is also observed upon progression from M to
S phase (p-value = 0.0088) and G1 to S phase (p-value = 0.0009) (Figure 4-18).
Consequently, it appears that HDACs are most active during S phase, however, all

samples are significantly decreased when compared to the natural G2 sample.
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Figure 4-18 Global HDAC activity alters during the cell cycle. Whole cell extract of
synchronised samples was harvested and global HDAC activity analysed by a global
deacetylase assay. Mean deacetylase activity is shown were n=3+SD. Statistical significance (p-
value) was calculated using a two-tailed T test. A western blot was run to normalise the HDAC
assay to tubulin (not shown).

Although alterations in HDAC activity are observed, these do not correlate with the
changes in IP levels as indicated in Figure 4-15. When the level of HDAC activity is
highest (S phase) the level of IP appears to be at its lowest. Furthermore, when the
highest level of IPs are present in M phase we detect the lowest level of HDAC activity.
Consequently, these data suggest that in vivo, the level of IP present in the cell is not
indicative of HDAC activity. Moreover, the protein level of HDAC1/2 fluctuate during
the cell cycle, and increased activity detected in the HDAC assay corresponds with
increased protein level (Figure 4-17 and Figure 4-18). Accordingly, this suggests that
the adjustment in protein level and not inositol phosphates may be responsible for the

altered activity observed during the cell cycle.
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49 Summary

In this chapter | have shown that deletion of IPMK reduces IP levels compared to WT
cells comparable to Frederick et al, 2005, and this can be rescued to almost
endogenous levels with the addition of IPMK in a tetracycline inducible cell line (Figure
4-1 & Figure 4-5). However, despite this large-scale ablation of IP levels, HDAC activity
is not altered at a global level (Figure 4-6). Furthermore, whilst one of the knockout
clones, KO(2) indicated a decrease in HDAC3/SMRT activity was not replicated with a
second KO clone, KO(5), or HDAC1/2 complexes (Figure 4-8, Figure 4-9 and Figure
4-10). Moreover, gRT-PCR analysis of HDAC3 target genes and respective controls with
and without IPMK revealed conflicting results surrounding the effect of IPMK deletion
and induction (Figure 4-11, Figure 4-12). Additionally, although changes in HDAC
activity can be detected during the cell cycle, this cannot be related to the level of
inositol phosphates present. Accordingly, we are unable to provide conclusive

evidence that IPMK or IP levels affect the activity of class | HDACs in vivo.
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Chapter 5 Understanding the role of IPMK in embryonic

development

5.1 Chapter aims

In chapter 4, | described a Dox inducible IPMK rescue cell line generated from IPMK
knockout ES cells from the York group (Frederick et al, 2005). These cells indicated that
IP levels were not regulating global HDAC activity in ES cells. However, it is possible
that the regulation of HDACs by IPMK may only become important during
differentiation or upon differentiation into a somatic cell line. HDACs have been
implicated in early embryogenesis with mouse models often resulting in prenatal or
perinatal embryonic lethality (Bhaskara et al, 2008; Lagger et al, 2002; Montgomery et
al, 2007; Montgomery et al, 2008; Trivedi et al, 2007; Zimmermann et al, 2007). The
lethality of the histone deacetylase deletion, indicates a role for these enzymes in
embryogenesis in distinct ways. Additionally, the parental ES cells from which the
inducible IPMK rescues were generated, were isolated from a knockout mouse model
which exhibited embryonic lethality at embryonic day 9.5 (E9.5) (Frederick et al, 2005).
The relatively early embryonic lethality suggests a potential role for IPMK in
gastrulation. A similar phenotype was described for the IPK1 knockout mouse model
which displayed embryonic lethality at E8.5, indicating an essential role for IPs during

embryogenesis (Verbsky et al, 2005a).

Consequently, in this chapter | aimed to establish whether a difference in global HDAC
activity could be detected in TET-IPMK ES cells differentiated with retinoic acid.
Furthermore, | aimed to examine the role of IPMK during embryonic development
through the differentiation of ES cells into embryoid bodies (EBs) and establish

phenotypic and genetic similarities with the role of HDACs in embryogenesis.
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5.2 Investigating the effect of differentiation on HDAC activity in
IPMK knockout cells

To ascertain whether the regulation of HDAC complexes by IP becomes more
important in non-pluripotent cells, TET-IPMK cells were treated with retinoic acid (RA)
for 5 days in DMEM:F12 media. RA treatment results in differentiation towards a
neuronal fate, enabling us to determine whether HDAC activity is altered in somatic
cells upon deletion of IPMK. Following addition of RA to TET-IPMK cells in the presence
or absence of Dox, cells were harvested and whole cell extract generated. Western
blot analysis revealed that RA treated cells were not expressing key pluripotency

markers, Oct4 and Nanog, thereby indicating they were no longer pluripotent cells

(Figure 5-1).
C5C3 C2A6 C5B4 cac3 cs5C3 C2A6 C5B4 cac3
DOX - + - + - + - + - + - + - + - +
RA - - - - - - - - + + + + + + + +
_ Nanog

Figure 5-1 Retinoic acid treatment induces loss of pluripotency in ES cells after 5 days.
Quantitative western blot analysis shows the absence of Oct 4 and Nanog protein in whole cell
extract from RA treated TET-IPMK cells vs pluripotent TET-IPMK ES cells. Cells were cultured for
5 days with or without IPMK in the presence or absence of Doxycycline. LSD1 was used to
normalise protein loading, IPMK is present only in cells treated with doxycycline indicating
induction was successful.
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5.2.1 RA mediated differentiation of IPMK KO cells has a limited effect

on HDAC activity

After establishing that the RA treated cells have exited the pluripotent state (Figure
5-1) a global HDAC assay was carried out. As previously observed in chapter 4, we
observed no change in HDAC activity in the control ES cells (Figure 5-2a). However,
upon RA mediated differentiation we begin to discern alterations in global HDAC
activity (Figure 5-2a). Addition of doxycycline to C2-A6 in the presence of RA results in
a statistical increase in HDAC activity (p-value = <0.0001). Although the other clones
assayed do not result in a statistical increase in HDAC activity, we do observe hints of
increase upon addition of doxycycline in clone C2-C3 treated with RA. However, C5-C3
reveals an absence of change in the RA treated cells upon addition of Dox (Figure
5-2a). C5-B4 was not included in the global HDAC assay once treated with RA due to
the relatively low abundance of tubulin present, thus rendering normalisation of its
HDAC activity difficult (Figure 5-2b). Due to the differential responses to RA + Dox
between the clones it’s difficult to conclude that IPs impact HDAC activity in non-
pluripotent cells more than ES cells. Any changes detected are likely to be clonal

variation rather than a direct effect of IP regulation.

142



A 1200000+

8000004

HDAC activity

Ll Ll Ll
o at

001 . 091 . ooﬁ . oo‘ .005 . oet .Oo* . O° ; oo . oo .Qo ‘o .OQ -Oo
& ~ © - & > o n & ~ . . P ~
& & & F T & T F & ¢
Retonic acid treated
B
C5C3 C2A6 C5B4 cac3 C5C3 C2A6 C5B4 cac3
DOX - + - + - + - + - + - + - + - +
RA - - - - - - - - + + + + + + + +
Tubulin
HDAC3

Figure 5-2 Deletion of IPMK has limited effect on global HDAC activity in retinoic acid
treatment cells. TET-IPMK cells were treated with or without retinoic acid for 5 days +
Doxycycline to induce loss of pluripotency in the presence or absence of IPMK (A) Mean
deacetylase activity was measured in whole-cell extracts after 5 days of treatment #RA.
Deacetylase activity is shown for 30ug of whole cell extract where n=3 #SD, the statistical
significance (p-values) were calculated using a Standard Two-tailed T-test (B) Quantitative
western blot analysis of 30ug of whole-cell extract was used to normalise the HDAC assay
relative to the level of tubulin expression a house-keeping gene.

5.2.2 Deletion of IPMK has minimal effect on global histone acetylation

in differentiated ES cells

Previously, analysis of global histone acetylation levels failed to reveal significant
changes upon deletion of IPMK, potentially due to the high basal level of histone
acetylation in ES cells (Figure 4-7) (Boyer et al, 2006; Das et al, 2009a). Following
differentiation, it is reported that the level of histone acetylation marks such as

H3K56Ac and H3K9Ac decrease, accordingly it is possible that a reduction in HDAC
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activity may be more readily observed (Das et al, 2009a; Qiao et al, 2015).
Consequently, the level of histone acetylation at key lysine residues in H3 and H4 were

analysed in TET-IPMK cells upon RA treatment £ Dox.

Quantitative western blotting of histone acetylation levels revealed minimal
alterations in levels, although these were not consistent between samples. Both
H4K5Ac and H3K9Ac exhibit a lack of change in acetylation between clones after
treatment with RA (Figure 5-3). Unlike H4K5Ac, H3K9Ac does not result in a decrease in
acetylation levels following RA treatment (Figure 5-3). This is unexpected as studies
have indicated that H3K9Ac levels decrease during the initial stages of neuronal
differentiation in human ES cells (Qiao et al, 2015). Although this study utilised an EB
stage and we used serum containing media which blocks neuronal differentiation, it
has been suggested that somatic cells have decreased acetylation levels and increased
heterochromatin compared to ES cells (Boyer et al, 2006). Consequently, we would
expect to detect decreases in acetylation levels compared to ES cells if H3K9Ac levels
are altering during differentiation. The remaining histone acetylation marks assayed
indicated changes in levels upon addition of RA and Dox, however, these were
inconsistent between clones. For example, H3K14Ac and H3K27Ac indicated a 1.5 fold
decrease in acetylation levels in differentiated clone C2-C3 in the presence of Dox,
however, no other clones exhibited this effect (Figure 5-3). Moreover, whilst H3K18Ac
and H3K56Ac levels decrease in some clones following addition of Dox to RA treated
clones (C5-C3 and C2-A6 & C5-B4 respectively), other RA treated clones
counterintuitively indicate increases in acetylation following addition of Dox (C2-A6 &

C2-C3 and C5-C3 respectively) (Figure 5-3).

Consequently, although changes are observed they are not consistent with the
perceived effect of IP levels on HDAC activity, rendering it difficult to conclude that
IPMK is regulating HDAC activity. Furthermore, the method used to determine these
changes is unlikely to be sensitive enough to detect minor changes. As previously
stated, to ascertain a link between the regulation of HDAC activity and IPMK via
histone acetylation levels, isolation of site specific histone acetylation sites may enable

more profound changes to be observed and a regulatory mechanism established.
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Figure 5-3 Inconsistent changes in histone acetylation levels are detected in
differentiated TET-IPMK cells. TET-IPMK cells were treated + RA for 5 days + Dox to induce
loss of pluripotency with or without IPMK. Following whole-cell extract an acid extract was
carried out to isolate histone proteins. Quantitative western blotting was carried out to
determine the acetylation status of specific acetylated lysine’s on H3 and H4 and normalised to

the total amount of H3 or H4 present.
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5.2.3 Isolation of HDAC3 from differentiated TET-IPMK cells indicates
variable HDAC activity

Due to the inconsistent differences observed in global HDAC activity upon RA
treatment, we next isolated the endogenous HDAC3/SMRT complex from two clones
via ImP assays. The two chosen clones, C2-A6 and C5-C3, initially showed the highest
level of IPMK during screening of the clones and resulted in the highest restoration of
IP levels (see chapter 4). Accordingly, it was believed that they may exhibit the largest

differences in HDAC3 activity between conditions.

Isolation of HDAC3 in untreated C5-C3 cells indicated a lack of change in HDAC activity
(Figure 5-4a), consistent with previous results (chapter 4), and thus acts as an internal
control. Upon addition of RA differences in HDAC3 activity are exposed. Addition of
Dox to the RA treated C5-C3 cells triggered an increase in HDAC activity (p-value =
0.0033) (Figure 5-4a). This suggests that despite a lack of change at the global level,

IPMK is affecting HDAC3 activity in somatic cells, in this clone.

Isolation of the HDAC3 complex in C2-A6 samples indicates a change in both ES cells
and RA treated cells (Figure 5-4a). Again, this change in HDAC3 activity was observed in
the KO(2) parental cell line (chapter 4). The increase in global HDAC activity (Figure
5-2) is thus supported by the increase in HDAC3 activity upon addition of doxycycline

to RA treated cells.
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Figure 5-4 Isolation of HDAC3 reveals an increase in HDAC activity in the presence of
IPMK in RA treated cells. TET-IPMK cell lines C5-C3 and C2-A6 + Dox were treated with RA
for 5 days to induce loss of pluripotency. After 5 days whole-cell extract was generated and a
HDAC3 antisera was used to isolate HDAC3. (A+C) After isolation of HDAC3 from C5-C3 and C2-
A6 1Dox +RA samples, deacetylase activity was measured. Mean deacetylase activity (n=3+SD)
is shown, statistical significance (p-value) were calculated using a Standard Two-tailed T-test.
(B+D) Quantitative western blotting was used to determine HDAC3 pulldown compared to the
IgG control, he level of HDAC3 pulldown was used to normalise the HDAC assay.
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The differences between the global HDAC (Figure 5-2) and the HDAC3 ImP HDAC
assays (Figure 5-4) suggest that IP may be altering HDAC activity at a non-global level.
However, this is confounded by the limited HDAC3 pull down in C2-A6 (Figure 5-4d)
which makes normalisation difficult in this experiment, and consequently could be
responsible for the large-scale changes observed. Furthermore, clonal differences are
observed as C2-A6 indicates that HDAC activity is increased in the presence of RA
following IPMK induction in both global assays (Figure 5-2) and the HDAC3 specific
assays (Figure 5-4), yet this is not replicated in C5-C3, whereby changes are only
detected following isolation of HDAC3. Additionally, a caveat of these experiments is
that we are unsure whether IPs remain bound to the complexes during the ImP.
Accordingly, it is difficult to draw any definitive conclusions from these experiments as

they may not be a true representation of the effect of IP on HDAC activity.

5.3 Insights into the role of IPMK during gastrulation

Manipulation of IPMK in ES cells and during RA stimulated differentiation revealed
minimal differences in measurable HDAC activity suggesting that it is unaffected.
However, mouse studies have implicated the importance of IPMK during
embryogenesis (Frederick et al, 2005). IPMK KO mice models exhibit embryonic
lethality at E9.5, primarily due to developmental defects in the neuroectoderm.
Although minimal somite production occurs, development of the mesoderm appears
relatively normal (Frederick et al, 2005). Accordingly, TET-IPMK cells were
differentiated into embryoid bodies to elucidate a role for IPMK in gastrulation and

embryonic development.

Embryoid bodies (EBs) arise upon the removal of LIF from ES cells which form
aggregates of cells in which spontaneous differentiation occurs (Keller, 2005). Through
the formation of primitive ectoderm like cells, EBs give rise to the three germ layers,

definitive endoderm, mesoderm and ectoderm (Figure 5-5) (Doetschman et al, 1985;
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Keller, 2005; Keller, 1995; Smith, 2001). After 3 days of propagation EB’s are believed
to represent the morphological and genetic expression profiles of mouse embryos at
the onset of gastrulation at around E6.5 (Doetschman et al, 1985; Keller, 2005; Snow,
1977; Tam & Behringer, 1997). Consequently, they are an ideal model system for

understanding the role of IPMK in embryogenesis and gastrulation.
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Figure 5-5 Schematic denoting the generation of the three germ layers in embryoid bodies (EB) and their corresponding markers. Prior to
differentiation ES cells express pluripotency factors such as Oct4, Nanog, Sox2. Embryoid formation results in a primitive endoderm surrounding the EB,
expressing Sox17, FoxA2 and Sox7.The primitive ectoderm expresses FGF5 and is negative for Rex1.This layer goes on to produce the ectoderm which
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and vascular lineages.



Control IPMK cells, IPMK knockouts and TET-IPMK cell lines were all cultured on ultra-
low attachment plates in DMEM:F12 differentiation media for 9 days. To ascertain the
longevity of Dox in media prior to EB differentiation, a time course was carried out to
determine how long it remains active in cells. As shown in Figure 5-6, Dox remains
active at a high level until day 3, when the level of IPMK induction decreases.
Accordingly, all EBs were fed on day 3 and day 6 to enable supplementation of Dox

and therefore consistent IPMK expression.
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Figure 5-6 Doxycycline induced expression of IPMK time course. Equal number of TET-
IPMK ES cells were plated and Dox was added on Day 0 and media was left for up to 5 days.
Cells were harvested daily and whole-cell extract was generated. Quantitative western blotting
for IPMK relative to LSD1 expression revealed IPMK expression remains relatively constant for 3
days after addition of doxycycline. Following 3 days without subsequent addition of dox, the
lecel of IPMK expression diminishes.
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5.3.1 Ablation of IPMK does not alter embryoid body morphology

Previously, it has been observed that upon deletion of HDAC1 and the HDAC1/2
complex component, LSD1, defective EB differentiation and a change in morphology
occurs (Dovey et al, 2010b; Foster et al, 2010). EBs were therefore visualised and
measured from day 3 onwards (see methods) (Figure 5-7). Initial comparison of the
IPMK wildtype and IPMK knockouts KO(5) and KO(2) indicated a significant increase in
the size of KO(5) compared to WT(10) or KO(2) (Figure 5-7 a + c). However, analysis of
two of the TET-IPMK clones C5 C3 and C2 A6 revealed an absence of morphological
difference upon the addition of Dox (Figure 5-7 b + d). Consequently, it appears that
IPMK is not impacting the size of EB formed and the initial difference observed is more
likely to be due to clonal differences rather than the absence of IPMK. Accordingly,

only TET-IPMK clones were taken forward for analysis.
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Figure 5-7 IPMK knockout embryoid bodies show a uniform size TET-IPMK ES cells were
plated onto low attachment plates in the absence of LIF and resultant EBs were sized daily
from day 3, 10 EBs were sized per day. (A+B) Images shown are representative of EBs at
indicated time points of WT, KO(5), KO(2) and TET-IPMK clones C5-C3 and C2-A6 # Dox. (C+D).
(C) 10 EBs were sized per day as described in methods 2.1.6.1, the mean size of WT, KO and
TET-IPMK clones are shown all values are n=10#SD.
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5.3.2 Initial stages of differentiation are affected by IPMK loss

During EB formation, RNA was extracted on day 0, 3, 6 and 9 to examine potential
alterations in gene expression by gRT-PCR. Key pluripotency markers, Oct4 (Pou5F1),
Sox2 and Nanog are unaffected by loss of IPMK and were significantly depleted by day

9in all cell lines, indicating they had successfully exited pluripotency (Figure 5-8).
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Figure 5-8 Deletion of IPMK does not affect ability to exit pluripotency. TET-IPMK ES
cells were plated onto low attachment plates in the absence of LIF, EBs were harvested on day
0, 3, 6 and 9 and RNA extracted. qRT-PCR analysis was carried out to determine the expression
of key pluripotency genes. Oct4, Nanog and Sox2 all indicated a reduction in levels during the
time course in all samples suggesting they exited pluripotency. C5-C3 + Dox, shows an unusual
increase in Oct4 expression on day 3 but this decreased back to a similar level to wildtype cells
by day 6. The key on the right shows the cell type and corresponding colour. All values are
mean fold change where n=3#SD, values indicate expression relative to the B-Actin reference

gene.

As previously mentioned, EBs mimic the process of gastrulation culminating in the
formation of the three germ layers, definitive endoderm, mesoderm and ectoderm
(Figure 5-5) (Doetschman et al, 1985; Keller, 2005; Keller, 1995; Smith, 2001). To
enable formation of the three germ layers, expression of key regulatory drivers which
mark the formation of the definitive ectoderm and mesendoderm from the epiblast
are required (Figure 5-5) (Keller, 2005; Kubo et al, 2004; Lolas et al, 2014; Tam &
Behringer, 1997). The formation of the primitive ectoderm is marked by the isolated
increase in expression of fibroblast growth factor 5 (FGF5) at E6.5 and loss of
expression by E7.5 (Haub & Goldfarb, 1991; Hebert et al, 1991). Likewise, the
mesendoderm is characterised by the expression of Brachyury (T) throughout the

primitive streak at E7.5-8.5 (Evans et al, 2012; Herrmann et al, 1990).
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gRT-PCR analysis of these key factors in TET-IPMK EBs Dox, revealed that the pattern
of FGF5 induction (day 3) and repression (day 6) is similar between TET-IPMK clones
(Figure 5-9). However, the level of induction is decreased in TET-IPMK EBs without
Dox, indicating decreased primitive ectoderm formation. Furthermore, the pattern of
Brachyury expression also indicates consistent induction and repression, however, C5-
C3 shows enhanced expression in EBs expressing IPMK (Figure 5-9). The difference in
this induction compared to C2-A6 could be due to the lower levels of IPMK induction
in C2-A6 or clonal differences (Figure 5-9). Consequently, these results suggest that
loss of IPMK results in potentially decreased initial differentiation of the primitive

ectoderm.
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Figure 5-9 Initial differentiation of the mesendoderm and ectoderm are altered by
IPMK deletion. RNA extracted from TET-IPMK EBs harvested on day 0, 3, 6 and 9 was used in
gRT-PCR to analyse early differentiation markers FGF5 and Brachyury. qRT-PCR revealed FGF5
expression decreases upon loss of IPMK (-Dox) whereas analysis of brachyury RNA levels
indicates increased expression in C5-C3 following addition of Dox but not C2-A6. IPMK analysis
indicates increased expression levels in EBs treated with Dox. The key on the right shows the
cell type and corresponding colour. All values are mean fold change where n=315D, values
indicate expression relative to the B-Actin reference gene.

5.3.3 Loss of IPMK leads to increased mesoderm formation and

decreased ectoderm differentiation

Following initial differentiation, the three germ layers, definitive ectoderm, mesoderm
and definitive endoderm are generated. Since analysis of initial differentiation markers
indicated decreased expression of FGF5 and Brachyury upon deletion of IPMK, germ

line specific markers were analysed.
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The definitive endoderm germ layer give rise to the lungs, liver, pancreas, stomach and
intestine of the developing embryo and is generated following the divergence of the
mesendoderm layer (Figure 5-5) (Tada et al, 2005; Wang & Chen, 2016). The definitive
endoderm is marked by the expression of several factors including; sry-related HMG-
box family member 17 (Sox17), forkhead transcription factor A2 (FoxA2), GATA4,
GATAG6, Hnfdo and Hnf1p (Figure 5-5) (Ang et al, 1993; Dufort et al, 1998; Gordillo et
al, 2015; Holtzinger et al, 2010; Kanai-Azuma et al, 2002; Kubo et al, 2004; Morrisey et
al, 1998; Qu et al, 2008). gRT-PCR analysis of the markers GATA4, FoxA2 and Hnf1f
reveals no significant changes between samples, indicating that IPMK does not impact
their induction (Figure 5-10). On the other hand, GATAS6, a driver of hepatic
development, exhibits increased expression in the absence of IPMK, suggesting that
IPMK maybe involved in its expression (Figure 5-10). GATA6 is known to activate
Hnf4o, however, in contrast to GATA6, Hnfda indicates a decrease in expression upon
deletion of IPMK in C2-A6, but not C5-C3 (Figure 5-10). These clonal differences are
also observed with Sox17 which also exhibits decreased expression in the absence of
IPMK in C2-A6 but not C5-C3. Since the addition of Dox does not cause consistent
changes in expression of endoderm markers; these data suggest that IPMK is not

regulating their induction.
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Figure 5-10 IPMK deletion results in minor changes in endoderm lineage
differentiation. RNA from day 0, 3, 6 and 9 TET-IPMK EBs was analysed by qRT-PCR for
expression of endodermal gene markers. Markers show minimal changes upon deletion of
IPMK. All values are mean fold change where n=3%SD, values indicate expression relative to the
B-Actin reference gene. A key is shown at the top denoting the sample and corresponding
colour.

The mesoderm, formed through the mesendoderm precursor, maintains the
expression of Brachyury upon distinction from the endoderm and goes onto generate
the bone, heart, vascular tissue, muscle and kidney of the developing embryo through
expression of tissue specific factors (Figure 5-5) (Tada et al, 2005; Wang & Chen,
2016). Cardiac mesoderm formation is characterised by the expression of T-box
transcription factors 5 and 20 (Tbx5 and Tbx20) and myocyte enhancer factor-2c
(Mef2c) (Chakraborty & Yutzey, 2012; Olson, 2006; Pon & Marra, 2016). Skeletal
muscle differentiation is marked by induction of myogenic regulatory factor (MRF)
Myf5 which leads to the activation of MyoD, Myf6 and MyoG (Kodaka et al, 2017;
Rohwedel et al, 1994).

Analysis of cardiomyocyte marker expression in TET-IPMK EB’s indicated increased
expression of Mef2c in all clones upon ablation of IPMK, despite no induction of Tbx5
(Figure 5-11). This result correlates with Tbx20 (increased expression by day 9 without

IPMK) suggesting that IPMK and therefore presumably IP levels may potentially be
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regulating cardiac muscle differentiation (Figure 5-11). Analysis of skeletal muscle
markers revealed that Myf5 is unaffected by deletion of IPMK, although C5-C3 shows
increased expression in the presence of Dox, this may be an outlier due to clonal
differences in brachyury expression (Figure 5-11). This lack of change is continued in
MyoD and MyoG which show minimal induction suggesting that IPMK is not likely to

be affecting skeletal muscle differentiation.
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Figure 5-11 Absence of IPMK increases mesoderm differentiation. qRT-PCR analysis of
mesoderm differentiation markers from RNA isolated from TET-IPMK EBs at day 0O, 3, 6 and 9
indicate increases in cardiomyocyte marker expression (Mef2c and Tbx20) but not skeletal
markers (Myf5 and MyoD). All values are mean fold change where n=3%SD, values indicate
expression relative to the B-Actin reference gene. The key at the top indicates samples and
their corresponding colour.

The primitive ectoderm cells gives rise to the ectoderm following expression of FGF5
and goes onto generate the neuroectoderm and epidermis leading to formation of the
central nervous system and skin epidermis (Figure 5-5) (Hebert et al, 1991; Keller,
2005; Okabe et al, 1996). Sox1 is an early marker of the neuroectoderm expressed in
early progenitor cells, followed by the expression of Nestin and Pax6 (Abranches et al,
2009; Lendahl et al, 1990; Suter et al, 2009; Walther & Gruss, 1991; Ying et al, 2003b).

Later markers of neuroectoderm include; Achaete scute-like 1 (Ascl-1), Neurogenin 1
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(Neurogl) and B-1ll tubulin (Lee et al, 1990; Wilkinson et al, 2013). In the absence of

Dox, TET-IPMK EBs exhibit downregulation of early markers Sox1 and Nestin compared

to control cells (with Dox) (Figure 5-12). Several other markers of the neuroectoderm,

Pax6, Ascl-1, Neurogl, B-Ill tubulin show limited induction during EB formation. These

data suggest that IPMK deletion results in decreased early neuroectoderm formation,

suggesting that IPMK and IP levels are regulating neuroectoderm differentiation.
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Figure 5-12 Deletion of IPMK reduces ectoderm differentiation. qRT-PCR analysis of
neuroectoderm markers reveals decreased expression in early markers in IPMK null cells. All
values are mean fold change where n=3+SD, values indicate expression relative to the B-Actin

reference gene.

5.3.3.1 Brief analysis of intrinsic and extrinsic signalling pathways in TET-IPMK

EBs

Extrinsic and intrinsic signalling is essential for accurate patterning of the germ layers

and organogenesis in the developing embryo. The balance of these signalling

pathways and the interaction with transcription factors can determine the germ layer

formed in certain areas of the developing embryo. Activation of Nodal and Wnt/3-

catenin signalling inhibits neuroectoderm formation whilst promoting mesoderm and
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endoderm formation (Gordillo et al, 2015; Wang & Chen, 2016). IPMK has been
implicated in the regulation of Wnt/p-catenin, as blocking IPs production blocks 3-
catenin accumulation and promotion of the endoderm (Gao & Wang, 2007).
Additionally, Hes1, inhibits Notch, thus promoting mesodermal differentiation
(Kobayashi & Kageyama, 2010). The expression of Hes1 is inhibited by Sox1, suggesting
that it may be upregulated in the TET-IPMK knockout EBs (Kan et al, 2004). Despite
alterations in neuroectoderm formation, neither Nodal, 3-catenin or Hes1 signalling
was attenuated by deletion of IPMK (Figure 5-13), thereby indicating that IPMK
signalling does not alter their induction. Other signalling pathways which can
determine lineage differentiation include Noggin, an antagonist of BMP4 which
promotes neuroectoderm formation (McMahon et al, 1998; Tropepe et al, 2001). gRT-
PCR analysis indicated that Noggin expression is elevated in C2-A6 in the presence of
Dox (Figure 5-13), correlating with the increased level of neuroectoderm markers
observed. However, this is not consistent across the clones, rendering it difficult to

conclude that Noggin is regulated by IPMK.
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Figure 5-13 Analysis of extrinsic and intrinsic pathways which inhibit neuroectoderm
formation are not affected by IPMK. RNA isolated from TET-IPMK EBs on day 0, 3, 6 and 9
was subject to gRT-PCR analysis. Analysis of RNA levels of B-catenin, Nodal and Hes1 show no
significant difference upon deletion of IPMK. gRT-PCR analysis of Noggin indicates elevated
expression upon addition of Dox to C2-A6. All values are mean fold change where n=3+SD,
values indicate expression relative to the B-Actin reference gene.
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5.4 Summary

Initial measurements of HDAC activity in ES cells have resulted in limited changes,
consequently, RA treatment was utilised to generate cells which had exited
pluripotency. Global HDAC activity was altered in C2-A6 but not in other clones. These
discrepancies were further compounded upon isolation of HDAC3 revealing
differences in activity depending on the clone. Consequently, we are still unable to
conclusively show that IP levels regulate HDAC activity in vivo. Differentiation of IPMK
KO and rescue cells into EBs revealed an absence of morphological abnormalities
when compared to the wildtype cells or rescue cell lines, contrasting with previous
HDAC studies (Figure 5-7). Analysis of the transcriptome indicated that IPMK deletion
does not affect exit from pluripotency (Figure 5-8), whilst FGF5 RNA levels are
decreased upon deletion of IPMK (Figure 5-9). These changes lead to minimal
alterations in endoderm upon deletion of IPMK and potential increases in
cardiomyocyte markers in the mesoderm (Figure 5-11). In addition, IPMK null cells
exhibited decreased expression of early neuroectoderm markers (Figure 5-12). Taken
together, these data, suggest that IPMK knockout EBs may show a predisposition to
differentiate towards the mesoderm, potentially at the expense of the

neuroectoderm.
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Chapter 6 Discussion

6.1 HDAC activity is unaffected by alterations in IP levels

The identification of Ins(1,4,5,6)P4 at the interface of HDAC3/SMRT prompted research
into its role as a structural co-factor or regulator of HDAC activity (Watson et al, 2012).
Addition of exogenous Ins(1,4,5,6)P, to class | HDAC complexes, SMRT, NuRD and
MiDAC resulted in enhanced complex activity in vitro indicating IPs are conserved
regulators of HDAC activity (Itoh et al, 2015; Millard et al, 2013; Watson et al, 2016).
Indeed, HDAC1/2 knockout ES cell rescue experiments indicate IP binding HDAC1
mutants are unable to rescue the cell lethal phenotype (Jamaladdin et al, 2014).
Collectively, these data suggested that IPs are involved in the regulation of class |
HDAC activity. To further understand the consequence of IP binding to class | HDAC
complexes, we perturbed the IP pathway through deletion or overexpression of IPMK,
or overexpression of SopB and PTEN and measured resultant HDAC activity (Caffrey et
al, 2001; Feng et al, 2001; Frederick et al, 2005). Together, the results presented in

this thesis suggest that HDAC activity may not be regulated by IPs.

Overexpression of SopB, PTEN and IPMK in HEK-293F cells was unable to bring about
an alteration in global HDAC activity or histone acetylation levels despite changes in IP
levels (Figure 3-1, Figure 3-3, Figure 3-15). Furthermore, isolation of the HDAC3/SMRT
complex revealed changes in HDAC activity which do not correlate with perturbations
in IP levels brought about by SopB, PTEN and IPMK overexpression (Figure 3-2, Figure
3-5, Figure 3-7, Figure 3-8, Figure 3-15). These results consequently suggest that IPs
may not regulate HDAC activity. This was further supported by a lack of change in
global HDAC activity or histone acetylation levels and inconsistencies in HDAC3 ImPs in
IPMK KO cells (Figure 4-6, Figure 4-7, Figure 4-8, Figure 4-9, Figure 4-10). If
Ins(1,4,5,6)P, is a physiological regulator of class | HDAC complexes, then changes in IP
concentrations would be expected to exhibit a measurable change in HDAC activity.

However, our results indicate that this biological response does not occur as
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perturbations in HDAC activity are not observed upon large scale alteration of IP
levels, thereby suggesting IP levels may not be regulating HDAC activity in vivo. In
isolation HDAC1,2 and 3 are believed to be inactive, incorporation into their respective
corepressor complexes, through interaction with key domains, enables their enzymatic
activity (Guenther et al, 2001; Kelly & Cowley, 2013; Zhang et al, 1999). It was later
suggested that IPs were essential for this elevated activity (Millard et al, 2013; Watson
et al, 2012). However, in vitro T7-transcirption and translation of HDAC3, SMRT/NCoR
and TBL1 in the absence of IP, followed by enzymatic analysis, reveals that
SMRT/NCoR is sufficient to enable HDAC3 activity, suggesting that IP may not be
required for basal HDAC activity (Guenther et al, 2001). This is further supported by
the lack of evidence of a free pool of HDAC3 waiting for Ins(1,4,5,6)P4 to mediate
interaction with SMRT/NCoR and activate the complex (Millard et al, 2013).
Furthermore, although HDAC activity is greatly enhanced through the addition of IP to
HDAC3/SMRT or HDAC1/MTA1 as indicated via HDAC assays, they do reveal a basal
level of activity in the absence of IP4 (Figure 6-1) (Millard et al, 2013; Watson et al,
2012). This suggests that although IP may increase HDAC activity in vitro, it may not be
required to regulate basal activity, hence why we do not observe alterations in HDAC

activity in vivo.
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Figure 6-1 Addition of IP, to HDAC3/SMRT or MTA1/HDAC1 elevates HDAC activity
HDAC3/SMRT and HDAC1/MTA1 activity assays. Taken from Millard et al, 2013.
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6.1.1 Potential limitations of our experiments for detecting IP

regulation of HDACs

If IPs are regulating HDAC activity as proposed in in vitro studies, it is possible that we
are not detecting global changes in HDAC activity due to compensation from other
HDAC complexes (Itoh et al, 2015; Millard et al, 2013; Watson et al, 2016). Whilst the
class | HDAC co-repressor complexes, SMRT, NuRD and MiDAC have all been shown to
be activated by addition of exogenous Ins(1,4,5,6)P,, there is currently no
experimental evidence to show that CoREST and Sin3 are regulated by Ins(1,4,5,6)P,
(Itoh et al, 2015; Millard et al, 2013; Watson et al, 2016). However, CoREST1, 2 and 3
all contain an ELM2-SANT domain which interacts with HDAC1 and HDAC2 (You et al,
2001). The CoREST1-3 ELM2-SANT domains contain the conserved IP binding residues
found in the SANT domain of SMRT and the ELM2-SANT domain of MTA, suggesting
that CoREST may be similarly activated by IPs (Watson et al, 2012). Sin3 on the other
hand, does not contain a SANT domain, but interacts with HDAC1 and HDAC2 via a
HDAC interaction domain (HID) which is sufficient for Sin3 mediated repression (Hassig
et al, 1997; Laherty et al, 1997; Zhang et al, 1997). Consequently, due to the
differences in HDAC recruitment, it is believed that the Sin3-HDAC1/2 complex is not
regulated by IPs. Consequently, it remains possible that Sin3 may be upregulated to

compensate for the lack of IPs present in the cells.

Immunoprecipitation of endogenous HDAC complexes may exhibit no change in
activity if inositol phosphates are not remaining bound during purification. Whilst it
remains possible that IPs remain tightly bound, a salt concentration of 50mM KCl was
required to isolate SMRT/HDAC3 in complex with Ins(1,4,5,6)P4 (Watson et al, 2012).
The salt concentration of the extraction buffers used in this thesis ranged from 50mM
to 250mM, depending on the experiment. Accordingly, it is possible that any
Ins(1,4,5,6)P4 bound, dissociated from the class | HDAC complexes during extraction,
thus removing any of the potential effects of IP on HDAC activity. We attempted to
overcome this through the examination of HDAC3 target gene expression in TET-IPMK

cells, with the expectation that gene expression would decrease in the presence of
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Dox due to increased HDAC3 activity (Figure 4-11). Whilst all genes analysed revealed
increased expression upon deletion of HDAC3, the expression of CD68, Tbx30s2 and
Rpgrip did not alter upon ablation of IPMK, indicating that IPMK does not regulate
their activity. Furthermore, whilst Hnf4a, Histlh2bg and HoxB2 exhibited the
expected alterations in gene expression, the results were not consistent across
different clones. Therefore, we are unable to conclusively say that IPMK ablation
results in an increase in HDACS3 target gene expression. The expected changes in
HDAC3 target gene expression may not be observed due to sufficient basal HDAC
activity remaining upon loss of IPMK (Figure 6-1). Additionally, ES cells have relatively
high levels of histone acetylation which coupled with histone methylation acts to
maintain the tightly regulated ES cell transcriptome (Boyer et al, 2006). Indeed,
deletion of HDAC1 or HDAC2 in ES cells result in minimal changes in histone
methylation marks, indicating the methylome remains largely unaffected (Dovey et al,
2010b; Jamaladdin et al, 2014). Consequently, it is possible that the remaining activity
of HDACs coupled with the tightly regulated ES cell transcriptome is sufficient to

maintain appropriate gene regulation of the HDAC3 target genes.

It is also possible that the chromatin characteristics of ES cells may be responsible for
the lack of measurable change in HDAC activity. ES cells are transcriptionally
permissive with high levels of euchromatin and basal histone acetylation (Boyer et al,
2006). The high level of histone acetylation found in ES cells could account for the lack
of changes upon perturbation of IP levels (Figure 4-8, Figure 4-9, Figure 4-10). Indeed,
treatment of ES cells with TSA, a HDAC inhibitor, results in a limited effect on histone
acetylation levels, particularly H3K9/K14Ac, suggesting that modulation of IP
dependent HDAC activity would have no effect (Dovey et al, 2010b). Nevertheless,
deletion of HDACL1 alone or in conjunction with HDAC2 results in a small increase of
H3K56Ac 1.6-fold or 4-fold, respectively (Dovey et al, 2010b; Jamaladdin et al, 2014).
This effect was not witnessed upon attenuation of IP levels, perhaps due to residual
HDAC activity and the maintenance of corepressor complex integrity. It is widely
accepted that following differentiation, acetylation levels decrease, indeed treatment
of MEFs with TSA enables changes in H3K9/K14Ac to be observed, consequently

alterations may be detectable upon perturbation of IP levels (Boyer et al, 2006; Das et
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al, 2009b; Dovey et al, 2010b). Accordingly, TET-IPMK cells were treated with retinoic
acid in the absence of LIF to induce differentiation. However, histone acetylation levels
remained unchanged in the absence or presence of IPMK suggesting that HDAC
activity was unaffected (Figure 5-5). The occurrence of gene specific alterations cannot
be discounted, this has been observed upon ablation of HDAC3 where global
acetylation levels remain unchanged but increases are detected at PPAR responsive
genes (Montgomery et al, 2008). Accordingly, it may be prudent to examine specific
loci previously shown to have altered histone acetylation levels upon perturbation of
the class | HDACs. If these sites indicate altered histone acetylation via ChIP-qPCR

analysis, it would provide a convincing link between IPs and class | HDAC activity.

Finally, it is possible that we are not altering the levels of IPs enough to detect a
change in HDAC activity. The apparent Kd (Kdapp) of HDAC3/SMRT and HDAC1/MTA1
for Ins(1,4,5,6)P4 has been reported to range between 5-10uM (Millard et al, 2013;
Watson et al, 2016). It was proposed by Millard et al, 2013, that the variation of
Ins(1,4,5,6)P, throughout the cell cycle of 3.6-10.5uM (as calculated by Barker et al,
2004), would result in a 2-fold change. Accordingly, we believed that alteration of IPs
levels, especially at the level observed in the IPMK knockout cells where IPs and IPg
decrease by 90% (Frederick et al, 2005), would enable us to detect a change in HDAC
activity. However, our results suggest that the remaining basal activity of HDACs or
levels of IPs may be sufficient. To try to determine whether this is the reason for the
lack of observed change it is reasonable to further decrease IP levels. This could
potentially be achieved through the addition of a TET inducible SopB construct to the
IPMK knockout cell lines. The IPMK knockout cells already have low levels of IPs,
however the addition of SopB to these cells may decrease levels further as observed in
Feng et al, 2001 (Figure 1-14). Subsequently, if IPs are regulating HDAC activity in vivo,
the potentially undetectable levels of IP could lead to a detectable change in HDAC
activity. Without further investigation, it is implausible to conclusively say that IPs are

regulating class | HDAC corepressor complex activity in vivo.
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6.2 Characterization of inositol phosphates through the cell cycle

As the levels of IPs have been shown to fluctuate during the different phases of the
cell cycle, it is plausible that IPs could be regulating HDAC activity in a cell cycle
dependent manner (Barker et al, 2004). Consistent with Barker et al, 2004., we
observed an increase in IP levels from S phase to G2/M. However, in contrast the
highest level of IPs detected was during G2/M phase and not G1 phase (Figure 4-15). A
potential explanation for this discrepancy is that ES cells lack the normal G1/S
checkpoint due to a constant hyper-phosphorylated-retinoblastoma protein (Rb)
(Burdon et al, 2002; Savatier et al, 1994). Barker et al, proposed that as IPg and IPs
inhibit protein phosphatase 1 and 2A (PP1/2A), which dephosphorylate Rb, their levels
may be elevated in G1 phase to enable progression into S phase (Barker et al, 2004;
Kolupaeva & Janssens, 2013; Larsson et al, 1997). Consequently, the presence of
hyper-phosphorylated Rb and constitutively active Cdk2 in ES cells may mean it is not
necessary to increase the levels of Ins(1,2,3,4,5,6)Ps or Ins(1,3,4,5,6)Ps in G1. Analysis
of histone acetylation levels also resulted in conflicting data compared to the
literature, where an increase in acetylation during S phase is reported (Figure 4-16) (Li
et al, 2008; Ma et al, 2015). The lack of change we observe might be due to the
relatively high levels of acetylation found in ES cells prior to differentiation, making
changes harder to detect (Boyer et al, 2006; Das et al, 2009b). Moreover, it has
previously been shown that bulk acetylation levels do not change during the cell cycle,
alterations can only be detected at the origins of replication (Unnikrishnan et al, 2010).
Consequently, it may be possible to detect global or loci specific changes upon
synchronisation of differentiated cells such as MEFs. Our results, also indicate that the
levels of HDAC1/2 change during the cell cycle, but HDAC3 levels do not (Figure 4-17).
The lack of change in HDAC3 correlates with what has been previously reported in
Bhaskara et al, 2010. Furthermore, the changes in HDAC1/2 protein levels appear to
correlate with the changes in HDAC activity with the highest level of protein and
activity both observed during S phase (Figure 4-18). In contrast, the level of IP levels
detected is lowest during S phase suggesting that the alterations in HDAC activity are

dependent on adjustment of protein levels, not IP levels. Barker et al 2004, reports
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alterations of Ins(1,4,5,6)P4/Ins(3,4,5,6)P, between 3.6-10.5uM, however, we are
unable to calculate our exact changes in IP levels, thus it remains possible that the
levels of IP are not changing enough to influence HDAC activity. Indeed, the apparent
Kd of HDAC3 for Ins(1,4,5,6)P4 has been reported between 5-10uM, suggesting that
alterations in IP levels may only result in minor changes, if any, which are not
detectable (Millard et al, 2013; Watson et al, 2012; Watson et al, 2016). This would
account for our inability to align alterations in HDAC activity with IP levels during the

cell cycle.

6.3 Therole of IPMK in gene regulation and development

There is a large body of evidence to support the role of IPMK and inositol phosphates
in the regulation of gene expression through the activation, recruitment and
stabilisation of transcription complexes such as Mcm1-Arg80 in yeast (Dubois et al,
2000; El Alami et al, 2003; Endo-Streeter et al, 2012; Hatch et al, 2017; Odom et al,
2000). IPMK and IPs also play a role in the regulation of chromatin remodelling via
SWI/SNF and INO80 and as co-activators of transcription through CBP/p300 and SRF
recruitment (Kim et al, 2013; Shen et al, 2003; Steger et al, 2003; Willhoft et al, 2016;
Xu et al, 2013a; Xu et al, 2013b). Consequently, it is plausible that IPMK and therefore

IPs could control gene expression through the regulation of class | HDAC activity.

6.3.1 Wildtype HDACS3, but not IP binding mutant HDAC3, mediated

gene repression is enriched with IPMK expression

To determine the effect of IP on HDAC3 mediated repression, a luciferase reporter
assay was utilised in HEK-293T cells. GAL4-SMRT and HDAC3 together repressed
luciferase assay expression and this was further increased following expression of
IPMK (Figure 3-9). Since IPMK is involved in the production of IP4 and IPs, it suggests
increased repression was due to elevated amounts of IP being incorporated into the

complex enabling activation of HDAC3/SMRT. Furthermore, HDAC3 IP binding mutants
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previously shown to have reduced activity, alleviated the ability of HDAC3 to repress
transcription even in the presence of IPMK (Figure 3-11, Figure 3-12) (Watson et al,
2016). This therefore suggests that increased IP levels increase the repressive abilities
of HDAC3 and mutation of key binding sites, which alter activation and binding of IP,
reduce the activity of HDAC3 mediated repression. Consequently, it appears that the
ability to make essential interactions with IP is crucial for repression of gene
expression by HDAC3. However, IP levels in HEK-293F cells where IPMK is
overexpressed show slightly reduced levels of IP4 and IPs (Figure 3-15). Whilst it is
possible that the level of IPs increase in HEK-293T cells upon overexpression of IPMK
as previously reported by other groups, it seems prudent to extrapolate our data from
the HEK-293F cells (Fujii & York, 2005). Accordingly, this leads us to question the above
conclusions as a decrease in IP levels would be expected to alleviate HDAC3 mediated
repression due to decreased activation of the complex. It is possible that the HDAC3
mediated repression is independent of its deacetylase function as has been reported
by Sun et al 2013. This would mean that complex activation is not required for HDAC3
mediated repression and as such a decrease in IP levels would have minimal effects on
luciferase repression. It is possible to test this hypothesis by carrying out the luciferase
assay with a deacetylase dead version of HDAC3. If the same results are observed as to
those in this thesis it would suggest that the repression being observed is mediated

independently of the catalytic activity of HDAC3.

6.3.2 IPMK ablation increases cardiomyocyte gene expression and

reduces neuroectoderm formation in EBs

During embryogenesis, wide spread changes in gene expression occur as lineages are
defined through the process of gastrulation and differentiation. HDAC1, HDAC3 and
IPMK KO mice all have early embryonic lethal phenotypes at a point just after
gastrulation (E10.5, E9.5 and E9.5 respectively) (Bhaskara et al, 2008; Frederick et al,
2005; Lagger et al, 2002; Montgomery et al, 2007; Montgomery et al, 2008). This led
us to investigate the gene expression changes which occur in IPMK KO cells during

differentiation via EB formation.
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Consistent with the IPMK KO mouse phenotype, TET-IPMK cells maintain the ability to
repress pluripotency markers (Oct4, Sox2 and Nanog) during EB formation (Figure 5-8)
suggesting that IPMK is not important for their regulation (Frederick et al, 2005).
Frederick et al., 2005, also stated that initial stages of gastrulation were unaffected
due to the presence of all three germ layers in the KO model. However, the TET-IPMK
EBs reveal decreased expression of FGF5 and potentially Brachyury upon loss of IPMK
indicating reduced primitive ectoderm and mesendoderm formation (Figure 5-9). This
suggests that in TET-IPMK EBs, unlike the mouse model, the initial stages of ES the
initial stages of differentiation are affected and that IPMK may be involved in the
regulation of primitive ectoderm formation. Analysis of key definitive endoderm
markers (Figure 5-10), revealed minimal alterations in expression indicating that IPMK
does not impact the generation of the definitive endoderm. This is in agreement with
the IPMK KO mouse model where a layer of definitive endoderm was present in the
embryo (Frederick et al, 2005). Loss of IPMK during mouse embryogenesis has been
shown to result in the development of mesoderm but with delayed formation of the
somites, suggesting abnormalities in its formation (Frederick et al, 2005).
Nevertheless, the development of the heart appeared to be normal, this contrasts
with the upregulation of cardiomyocyte markers (Tbx20 and Mef2c) observed in TET-
IPMK EBs in the absence of IPMK (Figure 5-11). This upregulation of cardiomyocyte
markers suggests that IPMK or IPs regulate their expression. Indeed, analysis of IPPK
expression in mice revealed a high level of expression in the developing heart
indicating that either IPPK or IP¢, of which the latter is downregulated in the IPMK KO
mouse, may be important for proper development of the heart (Frederick et al, 2005;
Verbsky et al, 2005a). In addition to the alterations in cardiomyocyte formation, loss of
IPMK resulted in decreased expression of early ectoderm markers (Sox1 and Nestin)
(Figure 5-12) suggesting that IPMK or IPs may positively regulate their expression and
control the formation of the neuroectoderm. Both IPMK and IPPK are highly expressed
in the neural tube of the developing mouse, thus supporting their role in the
regulation of neuroectoderm formation and neural tube patterning (Frederick et al,
2005; Verbsky et al, 2005a). Furthermore, it has previously been observed that IPPK is

induced in differentiating PC12 cells and loss of IPPK and therefore decreased IPg,
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reduces neuronal differentiation of PC12 cells (Loss et al, 2013). This highlights the
essential role of IPs and their kinases in the development of the neuroectoderm.
However, our TET-IPMK EB results contrast with the mass accumulation of
neuroectoderm and kinking of the neural tube detected in the IPMK KO mice model
(Frederick et al, 2005). It is possible that the less defined conditions of EB formation
are affecting the outcome of IPMK ablation. Indeed, our EBs are formed in the
presence of serum which contains BMP4 an inhibitor of neuroectoderm formation,
which could account for the decreased formation (Finley et al, 1999). Consequently, it
may be more effective to induce in vitro differentiation of TET-IPMK cells using defined
(serum-free) media and the addition of specific factors to promote differentiation

towards certain lineages.

The alterations in gene expression during EB formation indicates that IPMK is affecting
gene regulation during differentiation. It is possible that this is through the modulation
of HDAC activity, if IPs are regulating complex activity as shown in vitro (Millard et al,
2013; Watson et al, 2012; Watson et al, 2016). In accordance with the loss of IPMK,
deletion of HDAC1 also upregulates key cardiomyocyte markers Nkx2.5 and Mef2c
during EB formation, suggesting potential overlapping functions (Dovey et al, 2010b).
However, whilst HDAC1 KO EB’s display increased expression of neuroectoderm
markers (Nestin and Blll-tubulin) and HDAC3 KO models indicate an absence of change
in expression, TET-IPMK EBs exhibit decreased expression of Sox1 and Nestin, thus
highlighting independent roles (Dovey et al, 2010, Wright et al, 2017, manuscript in
progress). This is further supported by the lack of change in endoderm formation
unlike the enhanced expression observed upon ablation of HDAC3 (Wright et al, 2017,
manuscript in progress). Accordingly, the differences in gene expression profiles and
the results presented earlier in this thesis, suggest that it is unlikely that IPMK is

regulating differentiation through the activity of class | HDACs.

Alternative mechanisms of gene regulation by IPMK must also be considered. Indeed,
yeast IPMK has been implicated in the transcriptional activation of arginine-response
genes through stabilisation, recruitment and activation of the ArgR-Mcm1

transcription factor complex via kinase independent and dependent mechanisms
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(Dubois et al, 2000; Hatch et al, 2017; Odom et al, 2000). Likewise in mammals, the
mcm1 homolog, serum response factor (SRF) is bound by IPMK which promotes its
recruitment to serum response elements (SREs) in immediate early genes (IEGs)
enabling their transcription (Kim et al, 2013). Depletion of IPMK reduces SRF binding
and activation of its target genes, indicating IPMK plays a positive role in gene
expression. Accordingly, it is possible that IPMK acts as a co-activator of transcription
factors involved in gene regulation during differentiation and depletion of IPMK
reduces the ability of these genes to be activated. IPMK has also been observed to
stimulate the recruitment p300 and CBP to p53 target genes and IEGs respectively (Xu
et al, 2013a; Xu et al, 2013b). Deletion of IPMK results in reduced acetylation of
histones and recruitment of p300/CBP, leading to reduced expression of target genes
(Xu et al, 2013a; Xu et al, 2013b). Ablation of IPMK, which is expressed highly in the
neural fold of the developing mouse, may result in decreased recruitment of p300/CBP
to neuronal differentiation genes, resulting in decreased acetylation and gene
expression. Conformation of p300/CBP binding to these neuronal markers (Sox1,
Nestin etc.) during embryonic differentiation via ChIP and histone acetylation analysis;
as well as comparison to levels of histone acetylation and binding in the IPMK

knockout system, would be required to investigate this hypothesis further.

Inositol phosphates have also been implicated in the regulation of gene expression
through indirect methods including chromatin remodelling and mRNA export (Shen et
al, 2003; Steger et al, 2003; Wickramasinghe et al, 2013). Indeed, the nucleosome
remodelling complex SWI/SNF has been shown to be activated by IP4 and IPs whilst IPg
inhibits the action of INO80 in human and yeast (Shen et al, 2003; Willhoft et al, 2016).
As chromatin remodelling complexes can act as transcriptional activators or
repressors, it is compelling to speculate that the developmental defects observed in
the TET-IPMK EBs may be due to modulated activity of SWI/SNF and INO80 complexes.
Indeed, depletion of BAF250a, a subunit of a mammalian SWI/SNF complex, results in
the upregulation of cardiac genes such as Nkx2.5 and GATA4/6 indicating that
BAF250a negatively regulates their expression (Singh & Archer, 2014). Therefore, it is
possible that the reduction of IP; and IPs in the TET-IPMK EBs leads to an upregulation

of cardiac markers through a reduction in activity of BAF250a. Conformation of
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BAF250a binding to the promoters or enhancers of these genes and comparison to
binding in the TET-IPMK EBs would enable this hypothesis to be investigated further.
Human IPMK has recently been implicated in selective mRNA export through the
requirement of PIP3; binding to ALY, an RNA-binding adaptor protein, enabling its
binding to sequence motifs in mMRNAs involved in genome maintenance such as RAD51
(Wickramasinghe et al, 2013). Depletion of IPMK resulted in a reduction of ALY binding
and subsequently reduced export of RAD51 mRNA (Wickramasinghe et al, 2013). It is
possible that during differentiation, IPMK is required for the binding of proteins
involved in mRNA export of a subset of developmental genes, and that loss of IPMK

alters their export which in turn could alter the level of their expression.

6.4  Alternative roles for inositol phosphate in class | HDAC co-

repressor com pIexes

Biophysical data demonstrates that Ins(1,4,5,6)P4 is an important molecule in the
regulation of class | HDAC complexes (Itoh et al, 2015; Millard et al, 2013; Watson et
al, 2012; Watson et al, 2016). Despite these convincing results, the contents of this
thesis implies that IPs are not physiological regulators of class | HDAC complexes. In
2012, Shears et al, discussed the role of IPs as signalling molecules whereby IPs must
elicit a biological effect following an alteration in their concentration. The only IPs
which he deemed to satisfy this requirement were Ins(1,4,5)P3 a well-known regulator
of calcium release and Ins(3,4,5,6)P4 an inhibitor of chloride channel conductance
(Shears et al, 2012). If Ins(1,4,5,6)P, is a physiological regulator of class | HDAC
complexes, then changes in its concentrations should exhibit a measurable change in
HDAC activity. However, this biological response is not observed by us upon large scale

alteration of IP levels, suggesting that it is not a regulatory signal.

The presence of IPg at the interface of class | HDACs and their co-repressors results in a
stabilising effect as measured by circular dichroism studies (Watson et al, 2016).

Consequently, it is possible that Ins(1,4,5,6)P, is acting as a structural co-factor.
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Indeed, simulations carried out on the structure of HDAC3 indicated that DAD
stabilised HDAC3, but its intrinsic flexibility was further stabilised by the binding of
Ins(1,4,5,6)P4 (Arrar et al, 2013b). The interaction of Ins(1,4,5,6)P4 with R265 in HDAC3
is believed to stabilise the highly mobile loop 6 therefore enhancing active site access,
mutation of this residue to proline or alanine renders the complex inactive (Watson et
al, 2012; Watson et al, 2016). Furthermore, mutagenesis studies of IP binding residues
in either HDAC3 or SMRT, often render the complex unable to form as well as inactive
(Codina et al, 2005; Watson et al, 2012). This therefore suggests that Ins(1,4,5,6)P4 is
required for formation of the complex (preventing charge repulsion) as well as its
activity. The lack of activity observed could be due to the inability of complex
assembly, which is known to be required for the activation of HDAC1/2 and 3.
However, later studies have indicated that Ins(1,4,5,6)P, is not required for the
interaction of HDAC1/MTA1 or HDAC3/SMRT (Millard et al, 2013). The co-repressors
instead bind through the extended SANT domain of SMRT or the ELM2-SANT domain
of MTA1 enabling extensive interactions with a nonpolar groove in HDAC3 or HDAC1
without the need for Ins(1,4,5,6)P4 (Millard et al, 2013). This led to the suggestion that
Ins(1,4,5,6)P, is not a structural co-factor and in fact activates the complex by
engaging the SANT domain with the HDAC catalytic domain (Millard et al, 2013).
However, my in vivo data argues against this proposal suggesting that maybe
Ins(1,4,5,6)P, is required for, but does not regulate, the activity of class | HDACs.
Alternatively, the binding of Ins(1,4,5,6)P, at the interface of SMRT/HDAC3 and
MTA1/HDACI1 could have unconventional roles not yet considered. One possible
function for Ins(1,4,5,6)P, is control of cellular localisation. Whilst HDAC1 and HDAC2
are predominantly nuclear proteins due to a C-terminal nuclear localisation signal
(NLS), HDAC3 is both a cytoplasmic and nuclear protein due to the presence of a
nuclear export signal (NES) in the N-terminus in addition to its C-terminal NLS (Taplick
et al, 2001; Yang et al, 2002). Computational analysis indicates Ins(1,4,5,6)P4 binding to
HDAC3/DAD stabilises loop 6 in HDAC3, but also stabilises helix 6 and the C-terminal
domain of HDAC3 (Arrar et al, 2013b; Watson et al, 2012). Accordingly, it is possible
that this stabilisation of the C-terminal region promotes nuclear translocation of
HDAC3 through the stabilisation of the NLS (Arrar et al, 2013a). This hypothesis could

be tested by studying the cellular localisation of GFP tagged HDAC3 in IP depleted cells
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compared to wildtype cells by fluorescence microscopy. Furthermore, it is possible
that the genomic localisation of class | HDAC complexes could be regulated by
Ins(1,4,5,6)P, binding. Indeed, mice harbouring Y470A and Y478A mutations in SMRT
and NCoR respectively (NS-DADm), show reduced genomic recruitment of HDAC3
compared to wildtype mice (600 sites vs 5799) (You et al, 2013). Interestingly, Y470 in
SMRT (corresponding to Y478 in NCoR) was shown to interact with Ins(1,4,5,6)P,4 in the
2012 structure and mutation of these residue reduces HDAC3 activity (Codina et al,
2005; Guenther et al, 2001; Watson et al, 2012). Accordingly it is plausible that the
reduced ability to bind Ins(1,4,5,6)P4 in the mutant mice, decreases HDAC3
recruitment to the genome through an unknown mechanism. Analysis of HDAC1/2/3
binding in the presence or absence of IPs by ChIP-Seq would enable us to determine

whether the presence of IPs influence the recruitment of HDACs to the genome.

The basic interface between HDAC3/SMRT where Ins(1,4,5,6)P4 was shown to bind,
could also target the complex to specific substrates. Phosphoinositide’s (PIPs) have
previously been shown to regulate nuclear processes such as activation of
transcription. For example, the nuclear receptor, steroidogenic factor 1 (SF-1) binds
the free fatty acid chains of phosphatidylinositol 4,5-bisphosphate (PI(4,5,)P,) which
enables IPMK to phosphorylate it to phosphatidylinositol (3,4,5)-trisphosphate
(P1(3,4,5)P3) promoting transcriptional activation of target genes (Blind et al, 2012).
Nuclear phosphoinositide’s are present in both the nuclear envelope and the interior
of the nucleus and can be bound through multiple domains including plekstrin
homology domains as well as regions rich in lysine and arginine, like the HDAC3/SMRT
interface (Shah et al, 2013). It is possible that PI(3,4,5)Ps binds to the lys/arg rich
interface between HDAC3/SMRT as although the fatty acid chains are bound at
position P1 in the inositol ring, Ins(1,3,4,5)P,4 is capable of activating the complex
without site D being occupied (Watson et al, 2016). The idea that PIPs can regulate
HDAC complexes has previously been proposed. For example, the SAP30-like protein
(SAP30L) which can bind the Sin3/HDAC complexes has the ability to bind DNA via a N-
terminal Zinc finger but can also bind phosphatidylinositol-(5)-monophosphate (PI(5)P)
(Viiri et al, 2009). The binding of SAP30L to PI(5)P, dissociates the complex from the

DNA as PI(5)P binds in the same area as chromatin, thus decreasing the repressive
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effects of the Sin3/HDAC complex (Viiri et al, 2009). Recruitment of HDAC3/SMRT to
PI(3,4,5)Ps at the nuclear membrane would result in the active site of HDAC3 facing
towards the membrane (Figure 6-2). This could potentially enable deacetylation of
membrane bound proteins such as lamins. Clusters of silenced genes have been shown
to associate at the nuclear periphery with lamins, depletion of lamins results in
decreased silencing and increased acetylation at these regions as does downregulation
of HDAC1 and HDAC3 (Milon et al, 2012). It was proposed that lamin associated
proteins recruit HDAC1/3 to promote gene silencing, however it is possible that
HDAC3/SMRT binding to PIPs adjacent to lamins helps establish these transcriptionally
silent regions (Milon et al, 2012). This hypothesis could be tested, following
confirmation of PIP binding, by confocal microscopy to determine if HDAC1/2/3 co-
localise with lamins at the nuclear membrane and whether this is altered upon
disruption of PIP production. It is clear from the contents of this thesis that more
research is required to understand the physiological role of IPs or indeed PIPs at the

HDAC/co-repressor interface.

Ins(1,4,5,6)P, IP/PIP binding pocket
ho  OH
2002, D
3 1 .
20,05 OPOg?
B OPOZ*

PI(3,4,5)P;

Figure 6-2 PIP binding to HDAC3/SMRT orientates the active site towards the nuclear
membrane (A) Structure of Ins(1,4,5,6)Psand PI(3,4,5)P; are shown with A,B,C and D denoting
phosphate group binding sites in HDAC3 (fatty acid chains not to scale). (B) Surface structure of
DAD (salmon) and HDAC3 (cyan) rotated to show orientation when PIP bound at the
membrane (shown by arrow). Active site (yellow cross) faces towards the membrane. (PDB ID:
4A69, Watson et al, 2012.)
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6.5 Summary

In this thesis, contrary to in vitro data, we have shown that manipulation of inositol
phosphate levels does not significantly affect the activity of class | HDACs.
Overexpression of IPMK, PTEN or SopB has no obvious effect on HDAC activity which
can be correlated with alterations in the levels of IP present. Furthermore, loss of
IPMK does not reduce the level of global histone acetylation levels or HDAC activity in
ES cells or upon RA mediated differentiation. Alterations in HDAC activity did not
correlate with alterations in IP levels during the cell cycle. Consequently, it appears
that inositol phosphates may not regulate class | HDACs in vivo. Unlike deletion of
HDAC1/2/3, IPMK knockout ES cells are able to differentiate into EBs without any
morphological differences observed. Q-PCR analysis indicates that mesodermal
markers are potentially over-expressed whilst early neuroectodermal markers are
underrepresented. The embryonic lethality of IPMK indicates it has important function
in embryogenesis in agreement with our EB analysis. If, as our data suggests, this
function is not directly regulating class | HDAC complex activity then the essential

nuclear role of IPMK during embryogenesis remains to be discovered.
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Appendices 1 Antibodies

Table A1 1 Antibodies

Target Source Clonality Dilution | Origin Application
protein
HDAC1 Rabbit Monoclonal | 1:2500 Abcam —ab109411 | WB
HDAC2 Mouse Monoclonal | 1:2000 Millipore —05-814 | WB & IP
HDAC3 Rabbit Monoclonal | 1:2500 Abcam —ab32369 WB & IP
HDAC3 Mouse Monoclonal | 1:2500 Cell Signaling7G6C5 | WB & IP
LSD1 Rabbit Monoclonal | 1:10,000 | Abcam —ab129195 | WB & IP
GFP (B2) Mouse Monoclonal | 1:1000 Santa-Cruz Sc-9996 | WB
anti-Flag M2 | Mouse Monoclonal | 1: 2500 Sigma — F1804 WB
IPMK Rabbit Polyclonal 1:1000 Abcam —ab 96753 | WB
o-Tubulin Mouse Monoclonal | 1:10,000 | Sigma—T5168 WB
Cyclin A2 Rabbit Polyclonal 1:1000 Abcam —ab137769 | WB
Oct4 Mouse Monoclonal | 1:500 Santa Cruz—Sc5279 | WB
Nanog Rabbit Polyclonal 1:2500 Bethyl —A300-397A | WB
H3 Mouse Monoclonal | 1:1000 Upstate — 05-499 WB
H3K9Ac Rabbit Polyclonal 1:1000 Active Motif 39917 | WB
H3K14Ac Rabbit Polyclonal 1:1000 Active Motif 39599 | WB
H3K18Ac Rabbit Polyclonal 1:1000 Upstate 07-354 WB
H3K27Ac Rabbit Polyclonal 1:1000 Active Motif 39135 | WB
H3K56Ac Rabbit Polyclonal 1:1000 Active motif 39281 | WB
H3S10P Rabbit Polyclonal 1:1000 Active motif 39253 | WB
H4 Mouse Monoclonal | 1:8000 Active Motif 61521 | WB
H4K5Ac Rabbit Polyclonal 1:1000 Active Motif 39699 | WB
H4K12Ac Rabbit Polyclonal 1:1000 Active Motif 39927 | WB
H4K16Ac Rabbit Polyclonal 1:1000 Active Motif 39167 | WB
IRDye 800Cw | Goat anti- 1:10,000 | LiCoR—92632210 | WB
mouse
IRDye 680Cw | Donkey 1:10,000 | LiCoR—926 68023 | WB
anti-Rabbit
Normal Mouse lug Santa Cruz — Sc- IP
mouse IgG 2025
Normal Rabbit lug Millipore — 12-370 | IP
Rabbit I1gG
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Appendices 2 qRT-PCR Primers Sequences

Table A2 1 qRT-PCR primer sequences

Target Primer name Sequence 5’ 2 3’ Tm (°C)
6-Actin B-ACTIN F GGCTCCTAGCACCATGAAGA o
B-ACTIN R AGCTCAGTAACAGTCCGCCT
HNF4aF2 GCAAGTGAGCCTGGAGGATT
HNF4a HNF4aR2 CTCCGAGAAGCATCTCCTGC 60
Rogrio Rpgrip F3 TGCCTTCTCCCTAGCAGACC o
Rpgrip R3 CACATCTTCTCTGAATCGGCTTT
HoEo HoxB2 F3 ATTCGCCTTTTCTACCGGACC o
HoxB2 R3 GGGCTATCGAGAGAACCCTG
caer Cds2 F1 ATGACCGAACTACGGCAGAG o
Cds2 R1 GAGGTTGGTAGGGGAGCTG
e Fam35a F1 CCACTGAAAACGACAGTATCACA o
Fam35a R1 CCTTTGGGGACTTGACAGTCTT
hIL Athi1 F1 GGGAACAAACCCATCACAGT s
Athl1 R1 CTCAGGGTTAAGTACGTGGC
coes CD68 F1 GCCATGTTTCTCTTGCAACC s
CD68 R1 GCTGGTAGGTTGATTGTCGT
TbX30S2 F1 CTGCAGTTTAAGCCGAGCTA
TbX30s2 55
TbX30S2 R1 GAGTGCTTAAGGGGACATGG
. Hist1h2bqF2 CTAGGGTACCTTCCTCAGCA
Histlh2bq - 55
Hist1h2bgR2 GCATCTTACTAGAGTCGGC
oeta Oct4 F AGTATGAGGCTACAGGGACA o
Oct4 R CAAAGCTCCAGGTTCTCTTG
coro Sox2 F TAGAGCTAGACTCCGGGCGATGA o
Sox2 R TTGCCTTAAACAAGACCACGAAA
Nanog Nanog F AGGGTCTGCTACTGAGATGCTCTG o
Nanog R CAACCACTGGTTTTTCTGCCACCG
ok hIPMK F1 TGACGCGCATACATCTTGGAC o
hIMPK R1 AGGACAACTGTCAGACACAGA
Brachyury F | GCTTCAAGGAGCTAACTAACGAG
Brachyury 55
Brachyury R | CCAGCAAGAAAGAGTACATGGC
f Fgfs_F AAGTAGCGCGACGTTTTCTTC
Fet> Fef5_R CTGGAAACTGCTATGTTCCGAG 60
Gatad_F CTGGAAGACACCCCAATCTC
Gatad = 60
Gatad_R CCATCTCGCCTCCAGAGT
Gatab_F TGGCTCCGGTAACAGCAGTG
Gataé Gata6_R GTGGTCGCTTGTGTAGAAGGA 60
Foxa2_F CCCTACGCCAACATGAACTCG
Foxa2 Foxa2_R GTTCTGCCGGTAGAAAGGGA >>
Sox17_F GATGCGGGATACGCCAGTG
Sox17 = 60
Sox17_R CCACCACCTCGCCTTTCAC
Hnf1p HNfLp F AGGAGTGTAATAGGGCGGAGT s
Hnf1p R GAGGTCCGTTATAGGTGTCCA
s Tox5_F ATGGCCGATACAGATGAGGG -
X Tbx5_R TTCGTGGAACTTCAGCCACAG
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Tbx20_F

AAACCCCTGGAACAATTTGTGG

Tbx20 60
Tbx20_R CATCTCTTCGCTGGGGATGAT
Mef2C_F ATCCCGATGCAGACGATTCAG
Mef2C = 60
Mef2C_R AACAGCACACAATCTTTGCCT
MVfS Myf5_F AAGGCTCCTGTATCCCCTCAC 60
y Myf5 R TGACCTTCTTCAGGCGTCTAC
MvoD MyoD_F CCACTCCGGGACATAGACTTG 60
y MyoD_R AAAAGCGCAGGTCTGGTGAG
MvoG MyoG F GAGACATCCCCCTATTTCTACCA 60
y MyoG R GCTCAGTCCGCTCATAGCC
Sox1 Sox1_F GATGCCACCAACGCTAAAGC 60
ox
Sox1l R TTGCGGTTGAAGTCCAGGC
Pax6 Pax6_F TACCAGTGTCTACCAGCCAAT 60
ax
Pax6_R TGCACGAGTATGAGGAGGTCT
Pax6 Pax6_F TACCAGTGTCTACCAGCCAAT 60
ax
Pax6_R TGCACGAGTATGAGGAGGTCT
. Nestin_F CCCTGAAGTCGAGGAGCTG
Nestin —= 60
Nestin_R CTGCTGCACCTCTAAGCGA
. Blll-Tubulin_F TAGACCCCAGCGGCAACTAT
BllI-Tubulin —= 60
Blll-Tubulin_R GTTCCAGGTTCCAAGTCCACC
Ascll Ascll_F GCAACCGGGTCAAGTTGGT 60
Ascll_R GTCGTTGGAGTAGTTGGGGG
Neurogl F1 CCAGCGACACTGAGTCCTG
Neurogl 57
Neurogl R1 CGGGCCATAGGTGAAGTCTT
. B-Catenin F ATGGAGCCGGACAGAAAAGC
B-Catenin - 60
B-Catenin R CTTGCCACTCAGGGAAGGA
Nodal Nodal_F4 TTCAAGCCTGTTGGGCTCTAC 60
oda
Nodal R4 TCCGGTCACGTCCACATCTT
. Noggin_F GCCAGCACTATCTACACATCC
Noggin - 60
Noggin_R GCGTCTCGTTCAGATCCTTCTC
Hesl Hesl F1 CCAGCCAGTGTCAACACGA 60
Hesl R1 AATGCCGGGAGCTATCTTTCT
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Appendices 3 Plasmids and Constructs

Table A3 1 Salmonella Dublin SopB constructs

Plasmid | Vector Protein | Domain | Mutation | Tag Resistance
. Full .
pL21 SopB | plLeics21 SopB length None eGFP Kanamycin
pL21 SopB . Full .
CA60A pLeics21 SopB Length C460A eGFP Kanamycin
Table A3 2 SopB cloning primer sequences
Plasmid | Primers used Sequence
SODB-21-5 GTATTTTCAGGGCGCCCCAAAGAAGAAGCGTAAGGTCATGCAAAT
pL21 P ACAGAGCTTCTATCAC
SopB SopB-21-3 GTCGACTGCAGAATTtcaTTACTTTTTCTTTTTTGCCTGGCCGGCCTT
P TTTCGTGGCCGCCGGCCTTTTAGATGTGATTAATGAAGAAATGCC
P21 SopB & GTATTTTCAGGGCGCCCCAAAGAAGAAGCGTAAGGTCATGCAAAT
P ACAGAGCTTCTATCAC
pL21 SopB C460A F TACCCGCCTGGAATGCTAAAAGCGGCAAAG
SopB SopB C460A R CTTTGCCGCTTTTAGCATTCCAGGCGGGTA
C460A CATCATTTTGGCAAAGAATTCATGgattacaaggatcatgacattgactacaa
PI21 SopB 3’ | agacgatgacgacaagcacgacggcCCAAAGAAGAAGCGTAAGGTCATGC
AAATACAGAGCTTCTATCAC

pL21 SopB wildtype and C460A plasmid map:

S

6502 bp
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Sequencing results for pL21 SopB wildtype:

nap
Sequenced
Consensus

nap
Sequenced
Consensus

nap
Sequenced
Consensus

nap
Sequenced
Consensus

nap
Sequenced
Consensus

nap
Sequenced
Consensus

1 10 20 30 40 50 60 70 80 90 100 110 120 130

1 |
CACATGGTCCTGCTGGAGTTCGTGACCGCCGCCGGGATCACTCTCGGCATGGACGAGCTGTACARGTCCGGACTCAGATCTCGAGARAACCTGTATTTTCAGGGCGCCCCARAGARGARGCGTARGGTCA
CCCCARAGARGAAGCGTARGGTCA

eeeeserseeersectrseserstsetsteerstserereereretrseserstsetstssrstscrsrsersrssrsescrsrssrsessrsescssesessess CCCCARAGARGARGCGTARGGTCA

131 140 150 160 170 180 190 200 210 220 230 240 250 260
I I
TGCARATACAGAGCTTCTATCACTCAGCTTCACTARARACCCAGGAGGCTTTTARAAGCCTACARARAACCTTATACAACGGARTGCAGATTCTCTCAGGCCAGGGCARAGCGCCGGCTARAGCGCCCGA
TGCARATACAGAGCTTCTATCACTCAGCTTCACTARARACCCAGGAGGCTTTTARAAGCCTACARARARCCTTATACARCGGARTGCAGATTCTCTCAGGCCAGGGCARAGCGCCGGCTARAGCGCCCGA
TGCAAATACAGAGCTTCTATCACTCAGCTTCACTARARACCCAGGAGGCTTTTARAAGCCTACARARAACCTTATACAACGGARTGCAGATTCTCTCAGGCCAGGGCARAGCGCCGGCTARAGCGCCCGA

261 270 280 290 300 310 320 330 340 350 360 370 380 390

I I
CGCTCGCCCGGARATTATTGTCCTGCGAGARCCTGGCGCGACATGGGGGARTTATCTACAGCATCAGARGACGTCTARCCACTCGCTGCATARCCTCTATARCTTACAGCGCGATCTTCTTACCGTCGCG
CGCTCGCCCGGARATTATTGTCCTGCGAGARCCTGGCGCGACATGGGGGARTTATCTACAGCATCAGARGACGTCTARCCACTCGCTGCATARCCTCTATARCTTACAGCGCGATCTTCTTACCGTCGCG
CGCTCGCCCGGARATTATTGTCCTGCGAGARCCTGGCGCGACATGGGGGARTTATCTACAGCATCAGARGACGTCTARCCACTCGCTGCATARCCTCTATARCTTACAGCGCGATCTTCTTACCGTCGCG

391 400 4a10 420 430 440 450 460 470 480 490 500 510 520

| |
GCAACCGTTCTGGGTARACARGACCCGGTTCTARCGTCARTGGCARACCARATGGAGT TAGCCARAGT TARAGCGGACCGGCCAGCARCARAACARGARGARGCCGCGGCARAAGCATTGARGARARATC
GCAACCGTTCTGGGTARACARGACCCGGTTCTARCGTCARTGGCARACCARATGGAGT TAGCCARAGT TARAGCGGACCGGCCAGCARCARAACARGARGARGCCGCGGCARAAGCATTGARGARARATC
GCAACCGTTCTGGGTARACARGACCCGGTTCTARCGTCARTGGCARACCARATGGAGTTAGCCARAGT TARAGCGGACCGGCCAGCARCARARCARGARGARGCCGCGGCARARGCATTGARGARARATC

521 530 540 550 560 570 580 590 600 610 620 630 640 650
I I
TTATCGARCTTATTGCAGCACGCACTCAGCAGCAGGATGGCTTACCTGCARARGARGCTCATCGCTTTGCGGCAGTAGCGTTTAGAGACGCTCAGGTCARGCAGCTTARTARCCAGCCCTGGCARACCAT

TTATCGARCTTATTGCAGCACGCACTCAGCAGCAGGATGGCTTACCTGCARARGARGCTCATCGCTTTGCGGCAGTAGCGTTTAGAGACGCTCAGGTCARGCAGCTTARTARCCAGCCCTGGCARACCAT
TTATCGARCTTATTGCAGCACGCACTCAGCAGCAGGATGGCTTACCTGCARARGARGCTCATCGCTTTGCGGCAGTAGCGTTTAGAGACGCTCAGGTCARGCAGCTTARTARCCAGCCCTGGCARACCAT

651 660 670 680 690 700 710 720 730 740 750 760 770 780

I I
ARAARATACACTCACGCATARCGGGCATCACTATACCARCACGCAGCTCCCTGCCGCAGAGATGARARTCGGCGCARARGATATCTTTCCCAGTGCTTATGAGGGARAGGGCGTATGCAGTTGGGATACC
ARAAAATACACTCACGCATARCGGGCATCACTATACCARCACGCAGCTCCCTGCCGCAGAGATGARAATCGGCGCARAAGATATCTTTCCCAGTGCTTATGAGGGARAGGGCGTATGCAGTTGGGATACC
ARAAAATACACTCACGCATARCGGGCATCACTATACCARCACGCAGCTCCCTGCCGCAGAGATGARAATCGGCGCARAAGATATCTTTCCCAGTGCTTATGAGGGARAGGGCGTATGCAGTTGGGATACC

Sequencing results for pL21 SopB C460A:

nap
Sequenced
Consensus

nap
Sequenced
Consensus

nap
Sequenced
Consensus

nap
Sequenced
Consensus

nap
Sequenced
Consensus

nap
Sequenced
Consensus

1 10 20 30 40 50 60 70 80 90 100 110 120 130

I I
ACCTGAGTTGCTTARCARAGCCTTAGCGGGCGAGGCGGTARGCCTGARACTGGTATCCGTCGGGTTACTCACCGCGTCGARTATTTTCGGCARAGAGGGARCGATGGTCGAGGATCARATGCGCGCATGG

CGTCGGGTTACTCACCGCGTCGARTATTTTCGGCARAGAGGGARCGATGGTCGAGGATCARATGCGCGCATGG
sesssesecsssssssssccsssssssssccsssssssssccssssssssscsesss LATCGGGTTACTCACCGCGTCGARTATTTTCGGCARAGAGGGARCGATGGTCGAGGATCARATGCGCGCATGG

131 140 150 160 170 180 190 200 210 220 230 240 250 260
I I
CAATCGTTGACCCAGCCGGGARARATGATTCATTTARRRRTCCGCARTARAGATGGCGATCTACAGACGGTARAAATARAACCGGACGTCGCCGCATTTARTGTGGGTGTTARTGAGT TGGCGCTCARGC
CAATCGTTGACCCAGCCGGGARARATGATTCATTTARAAATCCGCARTARAGATGGCGATCTACAGACGGTARAAATARAACCGGACGTCGCCGCATTTARTGTGGGTGTTARTGAGTTGGCGCTCAAGC
CAATCGTTGACCCAGCCGGGARARATGATTCATTTARAAATCCGCAATARAGATGGCGATCTACAGACGGTARAAATARAACCGGACGTCGCCGCATTTARTGTGGGTGTTARTGAGTTGGCGCTCAAGC

261 270 280 290 300 310 320 330 340 350 360 370 380 390

I I
TCGGCTTTGGCCTTARGGCATCGGATAGCTATARTGCCGAGGCGCTATATCAGTTATTAGGCARTGATTTACGCCCTGARGCCAGACCAGGTGGCTGGGTTGGCGARTGGCTGGCACARTACCCGGATAA
TCGGCTTTGGCCTTARGGCATCGGATAGCTATARTGCCGAGGCGCTATATCAGTTATTAGGCARTGATTTACGCCCTGARGCCAGACCAGGTGGCTGGGTTGGCGARTGGCTGGCACARTACCCGGATAA
TCGGCTTTGGCCTTARGGCATCGGATAGCTATARTGCCGAGGCGCTATATCAGTTATTAGGCARTGATTTACGCCCTGARGCCAGACCAGGTGGCTGGGTTGGCGARTGGCTGGCACARTACCCGGATAA

391 400 410 420 430 440 450 460 470 480 430 500 510 520
| |
TTATGAGGTCGTCARTACATTAGCGCGCCAGATTAARGGATATATGGARRAATARCCARCATCATARAGATGGCGGCGARCCCTATARACTCGCACARCGCCTTGCCATGTTAGCCCATGARATTGACGCG
TTATGAGGTCGTCARTACATTAGCGCGCCAGATTARGGATATATGGARRRATARCCARCATCATARAGATGGCGGCGARCCCTATARACTCGCACARCGCCTTGCCATGTTAGCCCATGARATTGACGCG
TTATGAGGTCGTCARTACATTAGCGCGCCAGATTARGGATATATGGARRRATARCCARCATCATARAGATGGCGGCGARCCCTATARACTCGCACARCGCCTTGCCATGTTAGCCCATGARATTGACGCG
521 530 540 550 560 570 580 590 600 610 620 630 640 650
I I
GTACCCGCCTGGARTTGTARARGCGGCARAGATCGTACAGGGATGATGGATTCAGARATCARGCGAGAGATCATTTCCTTACATCAGACCCATATGTTARGTGCGCCTGGCAGTCTTCCGGATAGCGGTG

GTACCCGCCTGGARTGCTARAARGCGGCARAGATCGTACAGGGATGATGGATTCAGARATCARGCGAGAGATCATTTCCTTACATCAGACCCATATGTTARGTGCGCCTGGCAGTCTTCCGGATAGCGGTG
GTACCCGCCTGGAATgc TARARGCGGCARAGATCGTACAGGGATGATGGATTCAGARATCARGCGAGAGATCATTTCCTTACATCAGACCCATATGTTARGTGCGCCTGGCAGTCTTCCGGATAGCGGTG

651 660 670 680 690 700 710 720 730 740 750 760 770 780

I I
GACAGARARTTTTCCARARRGTATTACTGARTAGCGGTARCCTGGAGATTCAGARACARAATACGGGCGGGGCGGGARACARAGTARTGARRRATTTATCGCCAGAGGTGCTCARTCTTTCCTATCAAAR
GACAGARARTTTTCCARARAGTATTACTGARTAGCGGTARCCTGGAGATTCAGARACARAATACGGGCGGGGCGGGARACARAGTARTGARAAATTTATCGCCAGAGGTGCTCAATCTTTCCTATCA

GACAGARARTTTTCCARARAGTATTACTGARTAGCGGTARCCTGGAGATTCAGARACARAATACGGGCGGGGCGGGARACARAGTARTGARAAATTTATCGCCAGAGGTGCTCAATCTTTCCTATCA, .,
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Table A3 3 Human PTEN plasmids

Plasmid Vector Protein | Domain | Mutation | Tag Resistance
. Full .
pL21 PTEN | pLeics21 PTEN length None eGFP Kanamycin
pL21 PTEN . Full .
C124A pLeics21 PTEN length C124A eGFP | Kanamycin
Table A3 4 PTEN cloning primer sequences
Plasmid | Primers used Sequence
ctactctagagctagcgaattcCAACCATGgattacaaggatca
pL21 PTEN 5 tgacattgactacaaagacgatgacgacaagcacgacggcATGAC
pL21 AGCCATCATCAAAGAG
PTEN GTCGACTGCAGAATTtcaCTACTTCTTCTTCTTGGCCTGG
pL21 PTEN 3 CGG CCTTCTTGGTGGCGGCGGGCCTCTTGACTTTTGTA
ATTTGT
ctactctagagctagcgaattcCAACCATGgattacaaggatcatg
pL21 PTEN 5 acattga ctacaaagacgatgacgacaagcacgacggcATGA
CAGCCATCATCAAAGAG
ETLE; PTEN C124AF | TTGCAGCAATTCACTGTAAAGCTGGAAAGGG
C124A PTEN C124AR | CCCTTTCCAGCTTTACAGTGAATTGCTGCAA
GTCGACTGCAGAATTtcaCTACTTCTTCTTCTTGGCCT
pL21 PTEN 3 GGCCGGCCTTCTTGGTGGCGGCGGGCCTCTTGACTTT
TGTAATTTGT

pL21 PTEN wildtype and C124A plasmid map:

3000

: PUC origin —
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Sequencing results for pL21 PTEN wildtype:

nap
Sequenced
Consensus

nap
Sequenced
Consensus

nap
Sequenced
Consensus

nap
Sequenced
Consensus

nap
Sequenced
Consensus

1 10 20 30 40 50 60 70 80 90 100 110 120 130
I I
CACATGGTCCTGCTGGAGTTCGTGACCGCCGCCGGGATCACTCTCGGCATGGACGAGCTGTACARGTCCGGACTCAGATCTCGAGARARCCTGTATTTTCAGGGCGCCATGACAGCCATCATCARAGAGA

ATGACAGCCATCATCARAGAGA

ceeeeeercercersttstectsetsetsercttcttereersersttsetctsetsersersetrstterscrsersersercesctscrsersersessssessessHIGACAGCCATCATCARAGAGA

131 140 150 160 170 180 190 200 210 220 230 240 250 260
I I
TCGTTAGCAGARACARARGGAGATATCARGAGGATGGATTCGACTTAGACTTGACCTATATTTATCCARACATTATTGCTATGGGATTTCCTGCAGARAGACTTGARGGCGTATACAGGARCARTATTGA
TCGTTAGCAGARACARARGGAGATATCARGAGGATGGATTCGACTTAGACTTGACCTATATTTATCCARACATTATTGCTATGGGATTTCCTGCAGARAGACTTGARGGCGTATACAGGARCARTATTGA
TCGTTAGCAGARACARARGGAGATATCARGAGGATGGATTCGACTTAGACTTGACCTATATTTATCCARACATTATTGCTATGGGATTTCCTGCAGARAGACTTGARGGCGTATACAGGARCARTATTGA

261 270 280 290 300 310 320 330 340 350 360 370 380 390
I I
TGATGTAGTARGGTTTTTGGATTCARAGCATARARACCATTACARGATATACARTCTTTGTGCTGARAGACATTATGACACCGCCARATTTARTTGCAGAGTTGCACARTATCCTTTTGARGACCATAAC
TGATGTAGTARGGTTTTTGGATTCARAGCATARARACCATTACARGATATACARTCTTTGTGCTGARAGACATTATGACACCGCCARATTTARTTGCAGAGTTGCACARTATCCTTTTGARGACCATAAC
TGATGTAGTARGGTTTTTGGATTCARAGCATARARACCATTACARGATATACARTCTTTGTGCTGARAGACATTATGACACCGCCARATTTARTTGCAGAGTTGCACARTATCCTTTTGARGACCATAAC

391 400 410 420 430 440 450 460 470 480 490 500 510 520
I I
CCACCACAGCTAGARCTTATCARACCCTTTTGTGARGATCTTGACCARTGGCTARGTGARGATGACARTCATGTTGCAGCARTTCACTGTARAGCTGGARAGGGACGARCTGGTGTARTGATATGTGCAT
CCACCACAGCTAGARCTTATCARACCCTTTTGTGARGATCTTGACCARTGGCTARGTGARGATGACARTCATGTTGCAGCARTTCACTGTARAGCTGGARAGGGACGARCTGGTGTARTGATATGTGCAT
CCACCACAGCTAGAACTTATCARACCCTTTTGTGARGATCTTGACCARTGGCTARGTGARGATGACAATCATGTTGCAGCARTTCACTGTARAGCTGGARAGGGACGARCTGGTGTARTGATATGTGCAT

521 530 540 550 560 570 580 590 600 610 620 630 640 650
I I
ATTTATTACATCGGGGCARATTTTTARAGGCACARGAGGCCCTAGATTTCTATGGGGARGTARGGACCAGAGACARARAGGGAGTARCTATTCCCAGTCAGAGGCGCTATGTGTATTATTA

ATTTATTACATCGGGGCARATTTTTARAGGCACARGAGGCCCTAGATTTCTATGGGGARGTARGGACCAGAGACARARAGGGAGTARCTATTCCCAGTCAGAGGCGCTATGTGTATTATTATAGCTACCT
ATTTATTACATCGGGGCARATTTTTARAGGCACARGAGGCCCTAGATTTCTATGGGGARGTARGGACCAGAGACARARAGGGAGTARCTATTCCCAGTCAGAGGCGCTATGTGTATTATTA . vvvuass

Sequencing results for pL21 PTEN C124A:

nap
Sequenced
Consensus

nap
Sequenced
Consensus

nap
Sequenced
Consensus

nap
Sequenced
Consensus

nap
Sequenced
Consensus

1 10 20 30 40 50 60 70 80 90 100 110 120 130

| I
CACATGGTCCTGCTGGAGTTCGTGACCGCCGCCGGGATCACTCTCGGCATGGACGAGCTGTACARGTCCGGACTCAGATCTCGAGARARCCTGTATTTTCAGGGCGCCATGACAGCCATCATCARAGAGA
ATGACAGCCATCATCARAGAGA

L [y s L L

131 140 150 160 170 180 190 200 210 220 230 240 250 260
I I
TCGTTAGCAGARACARARGGAGATATCARGAGGATGGATTCGACTTAGACTTGACCTATATTTATCCARACATTATTGCTATGGGATTTCCTGCAGARAGACTTGARGGCGTATACAGGARCARTATTGA
TCGTTAGCAGARACARARGGAGATATCARGAGGATGGATTCGACTTAGACTTGACCTATATTTATCCARACATTATTGCTATGGGATTTCCTGCAGARAGACTTGARGGCGTATACAGGARCARTATTGA
TCGTTAGCAGARACARAAGGAGATATCARGAGGATGGATTCGACTTAGACTTGACCTATATTTATCCARACATTATTGCTATGGGATTTCCTGCAGARAGACTTGARGGCGTATACAGGARCARTATTGA

261 270 280 290 300 310 320 330 340 350 360 370 380 390

I I
TGATGTAGTARGGTTTTTGGATTCARRGCATARRAACCATTACARGATATACARTCTTTGTGCTGARAGACATTATGACACCGCCARATTTARTTGCAGAGTTGCACARTATCCTTTTGARGACCATARC
TGATGTAGTARGGTTTTTGGATTCARRGCATARRAACCATTACARGATATACARTCTTTGTGCTGARAGACATTATGACACCGCCARATTTARTTGCAGAGTTGCACARTATCCTTTTGARGACCATARC
TGATGTAGTARGGTTTTTGGATTCARAGCATARARACCATTACARGATATACARTCTTTGTGCTGARAGACATTATGACACCGCCARATTTARTTGCAGAGTTGCACARTATCCTTTTGARGACCATAARC

391 400 410 420 430 440 450 460 470 480 430 500 510 520

I I
CCACCACAGCTAGAACTTATCARACCCTTTTGTGARGATCTTGACCARTGGCTARGTGARGATGACARTCATGTTGCAGCAATTCACTGTARAGCTGGARAGGGACGARCTGGTGTARTGATATGTGCAT
CCACCACAGCTAGAACTTATCARACCCTTTTGTGAAGATCTTGACCARTGGCTARGTGARGATGACARTCATGTTGCAGCARTTCACGCTARAGCTGGARAGGGACGARCTGGTGTARTGATATGTGCAT
CCACCACAGCTAGAACTTATCARACCCTTTTGTGAAGATCTTGACCARTGGCTARGTGARGATGACARTCATGTTGCAGCAATTCACEcTARAGCTGGARAGGGACGARCTGGTGTARTGATATGTGCAT

521 530 540 550 560 570 580 590 600 610 620 630 640 650

I I
ATTTATTACATCGGGGCARATTTTTARAGGCACAAGAGGCCCTAGATTTCTATGGGGAAGTARGGACCAGAGACARARAGGGAGTARCTATTCCCAGTCAGAGGCGCTATGTGTATTATTATAGCTACCT
ATTTATTACATCGGGGCARATTTTTARAGGCACARGAGGCCCTAGATTTCTATGGGGARGTARGGACCAGAGACARARAGGGAGTARCTATTCCCAGTCAGAGGCGCTATGTGTATTATTATAGCTACCT
ATTTATTACATCGGGGCARATTTTTARAGGCACAAGAGGCCCTAGATTTCTATGGGGARGTARGGACCAGAGACARARAGGGAGTARCTATTCCCAGTCAGAGGCGCTATGTGTATTATTATAGCTACCT
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Table A3 5 Human IPMK vectors

Plasmid | Vector Protein | Domain | Mutation | Tag | Inducible | Resistance
pL38-2x Eull Flag
Flag plLeics38 IPMK leneth None IRES | No Ampicillin
IPMK & Neo
pL38 . Full IRES -~
IPMK plLeics38 IPMK length None Neo No Ampicillin
pL38
Full IRES
IPMK plLeics38 IPMK Ieun th D144A Neo No Ampicillin
D144A &
PB TET (Glover et Full -
IPMK N Fl TET/D A Il
IPMK al, 2013) length one a8 /Dox| Ampicillin
Table A3 6 IPMK cloning primer sequences
Plasmid Primers used Sequence
CTACTCTAGAGCTAGCGAATTCCAACCATGgattacaagga
37-1P-Flag5 tcatgacattgactacaaagacgatgacgacaagcacgacggcATGG
pL38-2x Flag- CAACAGAGCCACCATCC
IPMK
GGATCCGATTTAAATTCGAATTCtcaATTGTCTAAAATA
37-1P-3 CTTCGAAG
137 IPMK 5 CTACTCTAGAGCTAGCGAATTCCAACCATGATGGCAAC
oL38 IPMK | © AGAGCCACCATCC
(no flag) GGATCCGATTTAAATTCGAATTCtcaATTGTCTAAAATACT
pL38 IPMK 3 TCGAAG
CTACTCTAGAGCTAGCGAATTCCAACCATGgattacaagga
37-IP-Flag5 tcatgacattgactacaaagacgatgacgacaagcacgacggcATGG
CAACAGAGCCACCATCC
pL38 IPMK
D144A IPMK D114AF AGCCCTGTATAATGGCTGTAAAGATAGGGC
IPMK D114A R GCCCTATCTTTACAGCCATTATACAGGGCT
138 IPMK 3 GGATCCGATTTAAATTCGAATTCtcaATTGTCTAAAATACT
P TCGAAG
TET IPMK pA | TCAGATCGCCACTAGTCGAgttaatTTGTTCAACCATGgatta
PB TET IPMK 5’ caaggatcatgacatt
TET IPMK pA | agaaggcatgaacatggttagcagaggGTTTCAATTGTCTAAAATACTT
3 CGAAGTACAGA
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pL38 2x FLAG-IPMK wildtype plasmid map:

pL38 2x FLAG-IPMK _ 3.

Sequencing results for pL38 2x FLAG-IPMK IRES Neo:

nap
Sequenced
Consensus

nap
Sequenced
Consensus

nap
Sequenced
Consensus

nap
Sequenced
Consensus

1 10 20 30 40 50 60 70 80 90
| |
CCTACTCTAGAGCTAGCGAATTCCARCCATGGATTACARGGATCATGACATTGACTACARAGACGATGACGACARGCACGACGGCATGGCARCAGAGCCACCATCCCCCCTCCGGGTCGAGGCGCCGGGL

GATGACGACARGCACGACGGCATGGCARCAGAGCCACCATCCCCCCTCCGGGTCGAGGCGCCGGGC
ceeesssessseessssessssssssrssssssssssssscsssssssscsssssssssssssss BATGACGACARGCACGACGGCATGGCARCAGAGCCACCATCCCCCCTCCGGGTCGAGGCGCCGGGL

200

100 110 120 130

131 140 150 160 170 180 190 210 220 230 240 250 260

I I
CCCCCAGARATGCGGACCTCACCGGCGATCGAGTCCACCCCTGAGGGCACCCCGCAGCCGGCGGGCGGCAGACTCCGCTTCCTCARCGGCTGCGTGCCCCTCTCGCATCAGGTGGCCGGGCACATGTACG
CCCCCAGARATGCGGACCTCACCGGCGATCGAGTCCACCCCTGAGGGCACCCCGCAGCCGGCGGGCGGCAGACTCCGCTTCCTCARCGGCTGCGTGCCCCTCTCGCATCAGGTGGCCGGGCACATGTACG
CCCCCAGARATGCGGACCTCACCGGCGATCGAGTCCACCCCTGAGGGCACCCCGCAGCCGGCGGGCGGCAGACTCCGCTTCCTCARCGGCTGCGTGCCCCTCTCGCATCAGGTGGCCGGGCACATGTACG

261 270 280 290 300 310 320 330 340 350 360 370 380 390

I I
GGAAGGACARAGTGGGTATACTGCARCATCCAGATGGCACAGTTTTGARACAGT TRACARCCACCTCCARGGGGCCCARGAGAGCTGGARTTCTATARTATGGTTTATGCTGCTGACTGTTTTGATGGTGT
GGAAGGACARAGTGGGTATACTGCARCATCCAGATGGCACAGTTTTGAARCAGT TACARCCACCTCCARGGGGCCCARGAGAGCTGGARTTCTATARTATGGTTTATGCTGCTGACTGTTTTGATGGTGT
GGAAGGACARAGTGGGTATACTGCARCATCCAGATGGCACAGTTTTGARACAGTTACARCCACCTCCARGGGGCCCARGAGAGCTGGARTTCTATARTATGGTTTATGCTGCTGACTGTTTTGATGGTGT

391 400 410 420 430 440 450 460 470 480 490 500 510 520
I 1
TCTTCTAGAGCTACGARARTATTTGCCARARTATTATGGCATCTGGTCACCTCCCACTGCACCARACGATTTATACCTARAACTGGARGATGTGACCCATARATTTARTARGCCCTGTATARTGGATGTA

TCTTCTAGAGCTACGARARTATTTGCCARARTATTATGGCATCTGGTCACCTCCCACTGCACCARACGATTTATACCTARAACTGGARGATGTGACCCATARATTTARTARGCCCTGTATARTGGATGTA
TCTTCTAGAGCTACGARARTATTTGCCARARTATTATGGCATCTGGTCACCTCCCACTGCACCARACGATTTATACCTARAACTGGARGATGTGACCCATARATTTARTARGCCCTGTATARTGGATGTA

pL38 IPMK IRES WT/D144A Neo plasmid map:

pL38 IPMK

8156 bp
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Sequencing results for pL38 IPMK IRES Neo (no flag):

nap
Sequenced
Consensus

nap
Sequenced
Consensus

nap
Sequenced
Consensus

nap
Sequenced
Consensus

1 10 20 30 40 50 60 70 80 90 100 110 120 130
iTCTGTTCTGCGCCGTTHCHGRTCCﬂﬂGCTGTGHCCGGCGCCTHCTCTHGHGCTHGCGﬂHTTCCHHCCHTGTGGCHRCRGHGECHCCHTCCCCCCTCCGGGTEGRGGEGCCGGGCCCCCCHGHHHTGCGG

TCGAGGCGCCGGGCCCCCCAGARATGCGG
++e++ TCGAGGCGCCGGGCCCCCCAGARATGCGG

131 140 150 160 170 180 190 200 210 220 230 240 250 260

ﬁECTEHCCGGCGﬂTCGHGTCCHCCCCTGHGGECHCCCCGCRGCCGGEGGGEGGCHGHCTCCGCTTCCTCHHCGGCTGCGTﬁECCCTCTCGCHTCHGGTGGEEGGGERCHTGTHCGGGHHGGHCHHHGTG&
ACCTCACCGGCGATCGAGTCCACCCCTGAGGGCACCCCGCAGCCGGCGGGCGGCAGACTCCGCTTCCTCARCGGCTGCGTGCCCCTCTCGCATCAGGTGGCCGGGCACATGTACGGGARGGACARAGTGG
ACCTCACCGGCGATCGAGTCCACCCCTGAGGGCACCCCGCAGCCGGCGGGCGGCAGACTCCGCTTCCTCARCGGCTGCGTGCCCCTCTCGCATCAGGTGGCCGGGCACATGTACGGGARGGACARAGTGE

261 270 280 290 300 310 320 330 340 350 360 370 380 390

éTRTHCTGCHHCﬂTCCHGHTGGCHCHGTTTTEHHHCHGTTHCHRCCﬂEETEERRGGGGCCCHﬂﬁHGHGCTGGHHTTCTHTHRTHTEGTTTHTGCTGETGRETETTTTGRTGGTGTTCTTCTHGHGCTHC&
GTATACTGCARCATCCAGATGGCACAGTTTTGARACAGTTACARCCACCTCCARGGGGCCCARGAGAGCTGGARTTCTATARTATGGTTTATGCTGCTGACTGTTTTGATGGTGTTCTTCTAGAGCTACG
GTATACTGCARCATCCAGATGGCACAGTTTTGARACAGTTACARCCACCTCCAAGGGGCCCARGAGAGCTGGAATTCTATARTATGGTTTATGCTGCTGACTGTTTTGATGGTGTTCTTCTAGAGCTACG

391 400 410 420 430 440 450 460 470 480 40 500 510 520
ﬁﬂﬂRTRTTTGCCHHHHTHTTHTGGCHTCTGGTEHCCTCCCRCTGCHEEHHHEERTTTRTRCCTHHHHCTGGHHGHTGTGHCCCHTHHHTTTﬂﬂTHRGCEETGTRTRHTGGRTGTHHHGHTHGGGCHHHHé

ARARTATTTGCCARARTATTATGGCATCTGGTCACCTCCCACTGCACCARACGATTTATACCTARARCTGGARGATGTGACCCATARATTTARTARGCCCTGTATARTGGATGTAARAGATAGGGCARAAA
ARRATATTTGCCARARTATTATGGCATCTGGTCACCTCCCACTGCACCARACGATTTATACCTARARCTGGARGATGTGACCCATARATTTARTARGCCCTGTATARTGGATGTARAGATAGGGCAAAAR

Sequencing results for pL38 IPMK D144A IRES Neo:

nap
Sequenced
Consensus

nap
Sequenced
Consensus

nap
Sequenced
Consensus

nap
Sequenced
Consensus

1 10 20 30 40 50 60 70 80 90 100 110 120 130

| |
TICTGTTCTGCGCCGTTACAGATCCARGCTGTGACCGGCGCCTACTCTAGAGCTAGCGAATTCCARCCATGTGGCARCAGAGCCACCATCCCCCCTCCGGGTCGAGGCGCCGGGCCCCCCAGARATGCGE

AGGCGCCGGGCCCCCCAGARATGCGG
eeesseesssessesessessssersssessesesssesssetsssetsstsssstsssessessssstssssssssssssssssssssssssssssssssss HBACGCCGGGCCCCCCAGARATGCGG

131 140 150 160 170 180 190 200 210 220 230 240 250 260
| |
ACCTCACCGGCGATCGAGTCCACCCCTGAGGGCACCCCGCAGCCGGCGGGCGGCAGACTCCGCTTCCTCARCGGCTGCGTGCCCCTCTCGCATCAGGTGGCCGGGCACATGTACGGGARGGACARAGTGG
ACCTCACCGGCGATCGAGTCCACCCCTGAGGGCACCCCGCAGCCGGCGGGCGGCAGACTCCGCTTCCTCARCGGCTGCGTGCCCCTCTCGCATCAGGTGGCCGGGCACATGTACGGGAAGGACARAGTGG
ACCTCACCGGCGATCGAGTCCACCCCTGAGGGCACCCCGCAGCCGGCGGGCGGCAGACTCCGCTTCCTCARCGGCTGCGTGCCCCTCTCGCATCAGGTGGCCGGGCACATGTACGGGARGGACARAGTGG

261 270 280 290 300 310 320 330 340 350 360 370 380 390

| |
GTATACTGCARCATCCAGATGGCACAGTTTTGARACAGTTACARCCACCTCCARGGGGCCCARGAGAGCTGGARTTCTATARTATGGTTTATGCTGCTGACTGTTTTGATGGTGTTCTTCTAGAGCTACG
GTATACTGCARCATCCAGATGGCACAGTTTTGARACAGTTACARCCACCTCCARGGGGCCCARGAGAGCTGGARTTCTATARTATGGTTTATGCTGCTGACTGTTTTGATGGTGTTCTTCTAGAGCTACG
GTATACTGCARCATCCAGATGGCACAGTTTTGARACAGTTACARCCACCTCCARGGGGCCCARGAGAGCTGGARTTCTATARTATGGTTTATGCTGCTGACTGTTTTGATGGTGTTCTTCTAGAGCTACG

391 400 410 420 430 440 450 460 470 480 490 500 510 520

| |
ARAATATTTGCCARARTATTATGGCATCTGGTCACCTCCCACTGCACCARACGATTTATACCTARARCTGGAAGATGTGACCCATARATTTARTARGCCCTGTATARTGGATGTARRGATAGGGCARAARA
ARARTATTTGCCARARTATTATGGCATCTGGTCACCTCCCACTGCACCARACGATTTATACCTARARCTGGAAGATGTGACCCATARATTTARTARGCCCTGTATARTGGCTGTARRGATAGGGCARARA
ARAATATTTGCCARARTATTATGGCATCTGGTCACCTCCCACTGCACCARACGATTTATACCTARARCTGGAAGATGTGACCCATARATTTARTARGCCCTGTATAATGGaTGTARAGATAGGGCARARA

PB TET IPMK plasmid map:

PB TET IPMK

10.390 kb
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Sequencing results for PB TET IPMK:

nap
Sequenced
Consensus

nap
Sequenced
Consensus

nap
Sequenced
Consensus

nap
Sequenced
Consensus

1 10 20 30 40 50 60 70 80 90 100 110 120 130

1 1
CCGTCAGATCGCCACTAGTCGAGTTARTTTGTTCARCCATGGATTACARGGATCATGACATTGACTACARAGACGATGACGACARGCACGACGGCATGGCARCAGAGCCACCATCCCCCCTCCGGGTCGA

ACATTGACTACARAGACGATGACGACARGCACGACGGCATGGCARCAGAGCCACCATCCCCCCTCCGGGTCGA
........................................................ GACATTGACTACARAGACGATGACGACARGCACGACGGCATGGCARCAGAGCCACCATCCCCCCTCCGGGTCGA

131 140 150 160 170 180 190 200 210 220 230 240 250 260

1 1
GGCGCCGGGCCCCCCAGARATGCGGACCTCACCGGCGATCGAGTCCACCCCTGAGGGCACCCCGCAGCCGGCGGGCGGCAGACTCCGCTTCCTCARCGGCTGCGTGCCCCTCTCGCATCAGGTGGCCGGG
GGCGCCGGGCCCCCCAGARATGCGGACCTCACCGGCGATCGAGTCCACCCCTGAGGGCACCCCGCAGCCGGCGGGCGGCAGACTCCGCTTCCTCARCGGCTGCGTGCCCCTCTCGCATCAGGTGGCCGGG
GGCGCCGGGCCCCCCAGARATGCGGACCTCACCGGCGATCGAGTCCACCCCTGAGGGCACCCCGCAGCCGGCGGGCGGCAGACTCCGCTTCCTCARCGGCTGCGTGCCCCTCTCGCATCAGGTGGCCGGG

261 270 280 290 300 310 320 330 340 350 360 370 380 390

1 1
CACATGTACGGGARGGACARAGTGGGTATACTGCARCATCCAGATGGCACAGTTTTGARACAGT TRACARCCACCTCCARGGGGCCCARGAGAGCTGGARTTCTATARTATGGTTTATGCTGCTGACTGTT
CACATGTACGGGARGGACARAGTGGGTATACTGCARCATCCAGATGGCACAGTTTTGARACAGT TACARCCACCTCCARGGGGCCCAAGAGAGCTGGARTTCTATARTATGGTTTATGCTGCTGACTGTT
CACATGTACGGGARGGACARAGTGGGTATACTGCARCATCCAGATGGCACAGTTTTGARACAGT TACARCCACCTCCARGGGGCCCARGAGAGCTGGARTTCTATARTATGGTTTATGCTGCTGACTGTT

391 400 410 420 430 440 450 460 470 480 490 500 510 520

| |
TTGATGGTGTTCTTCTAGAGCTACGARAATATTTGCCARARTATTATGGCATCTGGTCACCTCCCACTGCACCARACGATTTATACCTARARCTGGARGATGTGACCCATARATTTARTARGCCCTGTAT
TTGATGGTGTTCTTCTAGAGCTACGARARTATTTGCCARRRTATTATGGCATCTGGTCACCTCCCACTGCACCARACGATTTATACCTARARCTGGARGATGTGACCCATARATTTARTARGCCCTGTAT
TTGATGGTGTTCTTCTAGAGCTACGARAATATTTGCCARAATATTATGGCATCTGGTCACCTCCCACTGCACCARACGATTTATACCTARAACTGGARGATGTGACCCATARATTTARTARGCCCTGTAT

Table A3 7 Plasmids used in Reporter assay experiments

Domain
Plasmid Vector Protein (amino Mutation Tag | Resistance
acids)
(Cowley . Gal4
TkLuc et al, Luciferase Full length | None UAS Amp
2004)
(Cowley B-
B-gal et al, alactosidase Full length | None None Amp
2004) | &
(Ayer et Gala
MadN35 al, 1996) Mad 1-35 None DBD Amp
SMRT- . Xt-DAD Gal4
PIW1216 pLeics84 | SMRT 350-480 None DBD Amp
HDAC3-
PIW371 pcDNA3 | HDAC3 Full length None None Amp
HDAC3
R265A- plLeics12 | HDAC3 Full length | R265A None Amp
PJW1341
H17C,G21A
HDAC3:5 ’
m plLeics12 | HDAC3 Full length | K251,R265P | None Amp
PJW801
R301A
Flag
L38-2
P X plLeics38 | IPMK Full length None IRES Amp
Flag IPMK Neo
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Table A3 8 Plasmids used for flag resin pull down experiments

Domain
Plasmid | Vector | Protein (amino Mutation | Tag Resistance

acids)
SMRT- . Xt-DAD -
PIW1002 plLeics12 | SMRT 350-480 None Flag Ampicillin
HDAC3- Full -~
PIW371 pcDNA3 | HDAC3 length None None Ampicillin

. Full .

pL21 SopB | plLeics21 | SopB length None eGFP Kanamycin
pL21 SopB . Full .
CA60A pLeics21 | SopB Length C460A eGFP Kanamycin
L21 Full
IF;TEN pLeics21 | PTEN Ieungth None eGFP Kanamycin
pL21 Full
PTEN pLeics21 | PTEN lenath C124A eGFP Kanamycin
C124A &
pL38 . Full IRES -~
IPMK plLeics38 | IPMK length None Neo Ampicillin
pL38

Full IRES
IPMK plLeics38 | IPMK Ieun th D144A Neo Ampicillin
D144A &
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