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Abstract 

Males absent on the first (MOF), also known as hMOF, MYST1, or KAT8, is a lysine 

acetyltransferase responsible for bulk acetylation of Histone H4 at lysine 16 (H4K16ac), 

though it has also been shown to acetylate several non-histone targets such as p53. MOF 

and its associated acetyltransferase activity has many roles within the cell, including 

activation of transcription, chromatin remodelling, mediating the DNA damage response, 

induction of apoptosis, and the maintenance of pluripotency in embryonic stem cells. Both 

MOF and H4K16ac have been repeatedly reported at reduced levels in cancer, and this 

loss has been correlated with a poorer disease prognosis.  

 

To further investigate the role of MOF both in the normal cell and in cancer cell 

transformation, a monoclonal antibody against MOF was generated in the lab. This led to 

the discovery of a novel MOF splice variant which does not contain the enzymatic domain 

and is catalytically inactive. This isoform appears to have a dominant negative effect on 

H4K16ac over full-length MOF. Knockout of MOF in cells by CRISPR/Cas9-mediated 

targeting produced a surprising result when robust H4K16ac was maintained in cells 

lacking MOF, contrary to all previous publications, in which generated MOF-null cells 

and animals led to a concurrent loss of H4K16ac. Knockout of MOF did however lead to 

increasing genomic instability, decreased cell adhesion, disordered growth, and perturbed 

e-cadherin localisation, suggesting that cells may gain a higher metastatic potential upon 

loss of MOF. Finally, a novel proximity biotinylation method known as BioID was 

employed to identify novel MOF interactors under a number of conditions. A diverse 

dataset was generated containing both known MOF interactors and potential novel 

interactors, as well as suggesting novel functions for MOF in the cell based on gene 

ontology analysis. Together, these results show the diversity in function of MOF within 

the cell and suggest a role for MOF in cancer progression.  
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1.1 Chromatin  

1.1.1 Chromatin structure 

The term chromatin was first proposed by Walther Flemming in 1882, who documented 

basophilic assemblies on thread-like structures within the nucleus (Flemming, 1882). 

Nearly 150 years later, our understanding of how 2 metres worth of DNA is packaged into 

eukaryotic nuclei has vastly expanded (Alberts, B., Johnson, A., Lewis, J., Raff, M., 

Roberts, K., Walter, 2002). This is achieved by the packaging of the DNA into repetitive 

units known as nucleosomes (Kornberg, 1977). The nucleosome is an octamer containing 

pairs of four canonical histone proteins H3, H4, H2A and H2B, around which 147 base 

pairs (bp) of DNA are wrapped (Kornberg and Thomas, 1974; McGhee and Felsenfeld, 

1980; Luger et al., 1997). These nucleosomes are connected by 20-80bps of ‘linker DNA’ 

associated with histone H1 (Figure 1.1; Widom, 1989).  

 

 

Figure 1.1: Chromatin structure and compaction. Schematic illustrating the compaction of DNA and 
histones into chromatin, and its subsequent condensation into higher order structures, eventually compacting 
into the chromosome which resides in the nucleus of the cell (from Tonna et al., 2010). 
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The DNA and histone components of chromatin interact with each other as well as 

countless other RNA and protein constituents of the cell to regulate gene expression and 

all other DNA-templated processes. Nucleosomes are not fixed in position (Flaus et al., 

1996), and the dynamic nature of chromatin allows for changes in gene expression in 

response to the environment and cellular cues. There are a number of mechanisms 

employed by the cell to induce changes in chromatin accessibility or interactions, thereby 

facilitating various processes. Chromatin-modifying enzymes can add or remove 

functional chemical groups to or from the histone as well as the DNA itself (Figure 1.2a). 

As well as this, the positioning (Wallrath et al., 1994; Figure 1.2b), DNA sequence (Schild 

et al., 1993; Truss et al., 1995; Ballare et al., 2013), incorporation of histone variants 

(Buschbeck and Hake, 2017), presence of ATP-dependent chromatin remodelling 

complexes (Cote et al., 1994; Imbalzano et al., 1994), and steric properties (Blank and 

Becker, 1996) of nucleosomes can affect the functional output of chromatin. On a larger 

scale, chromosomes exist in defined spatial territories in the nucleus, and repositioning of 

chromosomes within the nuclear space affects interactions of chromosomes with each 

other and with underlying nuclear structures such as the nuclear periphery (Figure 1.2c; 

reviewed by Cremer and Cremer 2001). In this thesis, the primary focus is the post-

translational modification of histones by chromatin-modifying enzymes and how these 

modifications regulate cellular processes (Figure 1.2a). 
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Figure 1.2: Regulation of DNA-templated processes by nucleosomes. (a) The nucleosome (right) consists 
of histone proteins wrapped with DNA. Post-translational modifications of histone tails (left) such as 
methylation (‘Me’), acetylation (‘Ac’), ubiquitylation (‘Ub’), and phosphorylation (‘P’) regulate chromatin 
accessibility. (b) Nucleosome positioning affects gene expression, for example by altering accessibility to 
promoter regions. Nucleosome positioning is modified via chromatin remodelling complexes (red, orange, 
blue); while modifications on histone tails (red dots) often span larger regions via chromatin state spreading 
(Cuvier and Fierz, 2017). (c) Chromosomes occupy territories in the nucleus, which affects binding and 
interaction between chromosomes and between regions of the nucleus such as the periphery, nuclear pores, 
and the nuclear lamina. (Image adapted from Keung et al., 2015). 

 

1.1.2 Histone modifications 

The core of histone proteins which form the nucleosome remain within the ‘nucleosome 

core’, a globular structure around which the DNA is wrapped. However, almost one-third 

of each histone (~28%) is comprised of a more unstructured N-terminal ‘tail’, an 

extensions which protrudes out from the core of the nucleosome (Luger et al., 1997). 

There are numerous amino acid residues on these tails which can be modified. These 

modifications are responsible for the epigenetic regulation of all DNA-templated 

processes including gene expression or DNA repair in cells in normal cell functioning, in 

response to stresses, or in response to cellular cues such as in the earliest stages of 

development, when the chromatin landscape is a key regulator of the maintenance of 
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pluripotency and induction of differentiation (reviewed by Chen and Dent, 2014; Tee and 

Reinberg, 2014). A schematic indicating a number of the most common methylation, 

acetylation, phosphorylation, and ubiquitylation marks are illustrated in Figure 1.3, which 

represents about 50% of the current known histone modifications (Tan et al., 2011). As 

well as this, histone crosstalk increases the complexity of this system, where one 

modification may enhance or antagonise others (Kouzarides, 2007). 

 

While the majority of post-translational modifications of histones by chromatin modifiers 

act upon the unstructured N-terminal tails of histones, thanks to technology advances in 

the last 15 years, over 30 histone modification marks have now been identified which are 

localised to the nucleosome core domain and C-terminal tails (reviewed by Mersfelder 

and Parthun, 2006). These include histone H3 lysine 79 methylation (H3K79me; van 

Leeuwen et al., 2002), histone H4 lysine 91 acetylation (H4K91ac; Zhang et al., 2003), 

and a cluster of marks at the DNA entry/exit point on the nucleosome (known as the dyad), 

including H3K120 ubiquitylation (H3K120ub; reviewed by Luger and Richmond, 1998). 

These are included on Figure 1.3. 
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Figure 1.3: Post-translational modifications of histones. Schematic illustrating many of the methylation 
(Me), acetylation (Ac), phosphorylation (P), and ubiquitiylation (Ub) modifications which histone residues 
are subjected to. The majority of modifications occur on histone N-terminal tails, though other modified 
residues are within the histone core, such as histone H4 lysine 91 acetylation (H4K91ac), or on the C-
terminal tails, such as histone H2B lysine 120 ubiquitylation (H2BK120Ub). Image from Rodriguez-
Paredes and Esteller, 2011.  

 

 

Of all the known histone modifications, methylation was the earliest described in the 

literature, first identified as mediated by methyltransferases in 1964 (Murray, 1964). 

Lysines (K) or arginines (R) can be methylated, and the diversity of methylated residues 

is enhanced by the fact that they can be mono-, di- or tri-methylated (me, me2, me3). 

Methylation is generally a repressive histone modification: trimethylation of Histone H3 

at lysines 9 (H3K9me3) and 27 (H3K27me3) are the primary repressive marks on the 

genome, coating the silenced, condensed regions of chromatin known as heterochromatin 

(Barski et al., 2007). However, some methylation is associated with activation of 

transcription and is found associated with promoters and actively transcribed genes, for 

example, H3K4me (Bernstein et al., 2002) and H3K79me (Schubeler et al., 2004).  
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In the same year as the first description of methylation, two further histone modifications 

were detailed – phosphorylation and acetylation (Allfrey et al., 1964). Acetylation, being 

the modification of particular interest in this thesis, is discussed in greater detail in Section 

1.1.3 below. Phosphorylation occurs on serine and threonine residues (S and T, 

respectively), and is the primary pathway of chemical signalling in cells: addition of a 

phosphate to the negatively charged DNA backbone can lead to the decompaction of 

chromatin via the loosening of DNA-histone contacts (Mirsky et al., 1972; Paull et al., 

2000; North et al., 2011). This has a wide variety of functions, but one of the most well-

studied phosphorylation marks is the phosphorylation of the histone variant H2A.X to 

γH2A.X, a critical step in the initiation of the DNA damage response in cells (Paull et al., 

2000).  

 

Another of the most well-characterised histone modifications is ubiquitylation. 

Ubiquitylation is distinct from the previously mentioned modifications as it involves the 

addition of the much larger, 76 amino acid ubiquitin protein to histones. The process of 

ubiquitylation initiates a cascade of protein signalling, and has diverse functions within 

the cell: while polyubiquitylation is generally a protein degradation process, 

monoubiquitylation, which histones are subjected to, is a more regulatory modification 

(reviewed by Pickart and Eddins, 2004). There are two abundant ubiquitylation sites on 

histones: Histone H2A lysine 119 ubiquitylation (H2AK119ub) and Histone H2B lysine 

120 ubiquitylation (H2BK120ub; Zhang, 2003). H2A ubiquitylation is a repressive mark, 

and represses transcription via a number of methods, including inhibition of RNA 

polymerase II-mediated transcriptional elongation (Zhou et al., 2008) and promotion of 

H3K27me3 (Kalb et al., 2014). However, other lysines on H2A are also ubiquitylated 

following the creation of DNA double strand breaks (DSBs), including K13 and K15, and 

these modifications play a role in recruiting DNA repair proteins in the early stages of the 

DNA damage response (reviewed by Meas and Mao, 2015). Similarly, H2B 

ubiquitylation plays a key role in the DNA damage response by relaxing chromatin 

conformation, allowing the recruitment of repair factors (Moyal et al., 2011). Unlike H2A 

ubiquitylation, H2B ubiquitylation can also have a positive effect on transcription by 
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enhancing active methylation marks such as H3K4me and H3K27me (L. Wu et al., 2011) 

and can promote transcription elongation (Fleming et al., 2008). 

 

The entire span of histone modifications cannot be covered within this section: over 100 

histone modifications have been described so far in the literature (reviewed by Zentner 

and Henikoff, 2013). However, a number of examples may help illustrate the diversity in 

structure, mechanism, and function of post-translational modifiers of nucleosomes. 

Another long-studied modification is ADP ribosylation (Chambon et al., 1963; Adamietz 

and Rudolph, 1984; Tanigawa et al., 1984). This modification appears to play a key role 

in the DNA damage response (Kreimeyer et al., 1984), as well as a potential role in the 

cell cycle (Golderer et al., 1991) by relaxing chromatin structure (Poirier et al., 1982; 

Aubin et al., 1983; Frechette et al., 1985), potentially allowing further histone modifiers 

or DNA repair mediators to access damaged DNA (Realini and Althaus, 1992). 

Deimination is associated with gene transcription, as this mark antagonises arginine 

methylation via the conversion of an arginine to a citrulline (Cuthbert et al., 2004). In 

contrast, glycosylation, a more recently described modification (Zhang et al., 2011), is 

generally associated with transcriptional repression and decreased chromatin accessibility 

(Sakabe et al., 2010), though it can also promote H2B ubiquitylation, depending on the 

cellular context (Fujiki et al., 2011). A modification similar to ubiquitylation, 

SUMOylation, also involves the addition of a large amino acid domain to lysines, and is 

generally associated with transcription repression, either by recruiting transcriptional 

corepressors, or by antagonising active marks such as acetylation or phosphorylation 

(Hendriks and Vertegaal, 2016, reviewed by Rosonina et al., 2017). There are a diverse 

range of other post-translational modifications which can also function to alter 

nucleosome dynamics and gene expression: proline isomerisation (Nelson et al., 2006), 

biotinylation (Kobza et al., 2005; Chew et al., 2006), and a broader range of acetylation-

like modifications known collectively as acylation. Acylation exhibits many similarities 

to acetylation as it involves the addition of carbon molecules to histones, but differs in 

hydrocarbon chain length, hydrophobic properties, and/or charge of molecules added to 

histones. Modifications within the ‘acylation’ family of modifications include 
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propionylation, butyrylation (Chen et al., 2007), 2-hydroxyisobutyrylation (Dai et al., 

2014), succinylation, malonylation (Xie et al., 2012), glutarylation (Tan et al., 2014), 

crotonylation and β-hydroxybutyrylation (Tan et al., 2011).  

 

As is clear from the literature, the variety of modifications to which histones and 

nucleosomes are subjected increase the diversity of the organism as a whole. This is 

further enhanced by the so-called ‘histone code’ hypothesis, which proposes that the 

crosstalk between specific histone modifications, the overall chromatin landscape created 

by these combinations of modifications, and the binding sites created by these 

modifications for further recruitment of downstream effector proteins, can mediate 

distinct chromatin-based outputs (Jenuwein and Allis, 2001). While many of the 

modifications mentioned above implement their functions by altering the charge of 

molecules, leading to chromatin condensation or relaxation, many other modifications 

require the binding of molecules specific to the modification. The histone code has 

evolved into the notion that these modifications can be divided into three classes based on 

their functions: ‘writers’, which catalyse histone modifications on the specified residue, 

‘erasers’, which remove modifying proteins, and ‘readers’, effector proteins which can 

bind to chromatin based on conserved functional domains specific to certain 

modifications. For example, the ‘writers’ for methylation are histone or protein arginine 

methyltransferases (HMTs or PRMTs, respectively; Kouzarides, 2007; Allis et al., 2017), 

such as the mixed lineage leukemia (MLL) enzymes which methylate histone H3 at lysine 

4 (H3K4). ‘Readers’ of methylation are often defined by chromo-like motifs such as 

chromodomains, Tudor domains, and malignant brain tumour (MBT) domains, and 

‘erasers’ of methylation are the lysine demethylases (KDMs). This cycle is illustrated in 

Figure 1.4. Similarly, acetylation is mediated by histone acetyltransferases (HATs; 

Marmorstein and Zhou, 2014), and acetylation readers are bromodomain-containing 

proteins (Dhalluin, 1999; Zeng and Zhou, 2002; B. Li et al., 2009). In turn, the acetylation 

mark is removed by histone deacetylases (HDACs), also known as lysine deacetylases 

(KDACs). There are many other classes of domains which can recognise various 

modifications, including WD40-repeat protein 5 (WDR5; Wysocka et al., 2005), plant 
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homeodomain (PHD) fingers (Wysocka et al., 2006), 14-3-3 domains (van Ingen et al., 

2008), and BRCT domains (Bork et al., 1997; Zhang et al., 1998), among others, all of 

which increase the variety and multiplicity of chromatin modification. 

 

 

Figure 1.4: Writers, readers, and erasers of histone modifications. Writers (left) such as histone 
acetyltransferases (‘HATs’), histone methyltransferases (‘HMTs’), and protein arginine methyltransferases 
(‘PRMT’), induce modification marks on histones such as phosphorylation (‘P’), methylation (‘Me’), and 
acetylation (‘Ac’). Readers (bottom) recognise these marks via conserved domains such as bromodomains, 
chromodomains, and Tudor domains. This allows binding of readers to modified sites and further chromatin 
modification. Erasers (right), such as histone deacetylases (‘HDACs’) and lysine demethylases (‘LDMs’), 
remove these modifications from chromatin. Image adapted from Falkenberg and Johnstone, 2014.  

 

1.1.3 Lysine acetylation  

Acetylation involves the addition of an acetyl group to a substrate, using acetyl-coenzyme 

A (acetyl-CoA) as a cofactor. On histones, acetylation involves the addition of an acetyl 

group to the ε-amino group of lysine (K) side chains (Figure 1.5a). Though the acetylation 

of histones was first described in 1964 (Allfrey et al., 1964), it was not until the late 1980s 

that acetylation was confirmed as having a role in transcriptional activation, when a 

number of labs confirmed using antibodies against acetylation marks that the mark was 

localised to actively transcribed genes (Hebbes et al., 1988; Turner and Fellows, 1989; 
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Turner et al., 1989). These findings were further supported by the discovery of the first 

histone acetyltransferase, HAT1, which could acetylate H4K12 in vitro (Kleff et al., 

1995). Not long after this, a homolog of the yeast transcription activator Gcn5p (general 

control nonrespressed 5p) was characterised which was found to both acetylate histones 

and facilitate transcriptional activation, finally linking the acetylation of histones with 

enhanced gene transcription (Brownell and Allis, 1995; Brownell et al., 1996). At the 

same time, the first histone deacetylase (HDAC) was described and characterised, 

HDAC1 (Taunton et al., 1996).  

 

When these proteins were first described, their activity was believed to be specific to 

histones; however, it is now known that HATs and HDACs have a broader specificity to 

include non-histone proteins, such as tubulin (L’Hernault and Rosenbaum, 1985), p53 (Gu 

and Roeder, 1997), and human immunodeficiency virus 1 (HIV-1) Tat protein (Ott et al., 

1999). In fact, there are many more known acetylation substrates outside the nucleus than 

within (Kim et al., 2006; Choudhary et al., 2009; Wang et al., 2010). The nomenclature 

was therefore recently adapted to include this broader function: HATs are now known as 

lysine acetyltransferases (KATs), while the name of HDACs has become KDACs (lysine 

deacetylases). Similarly, histone methyltransferases have become lysine 

methyltransferases (Allis et al., 2017). Since the characterisation of the first KAT, HAT1, 

many more have been discovered: so far, 22 KATs have been identified in humans, many 

of which can be further classified into three families (Figure 1.5b). One such family is the 

GNAT (Gcn5-related N-acetylases) family, which in humans consists of Gcn5, 

P300/CBP-associated factor (PCAF), and elongator complex protein 3 (ELP3). A second 

major family is the MYST family of proteins, named, as is the GNAT family, after the 

founding members of the family in yeast: monocytic leukemia zinc finger protein (MOZ; 

Borrow et al., 1996), yeast YBF2 (YBF2, renamed SAS3, for something about silencing 

3), SAS2 (Reifsnyder et al., 1996) and HIV Tat-interacting 60 kDa protein (TIP60; 

Kamine et al., 1996). In humans, the members of the MYST complex are MOZ, MOZ-

related factor (MORF), males absent on the first (MOF), HAT bound to ORC1 (HBO1), 

and TIP60. A third prevalent family of KATs is the p300/CBP family, which is made up 
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of p300 and CREB-binding protein (CBP). In addition to the three major groups of KATs, 

a number of other proteins have been shown to possess acetyltransferase activity which 

do not cluster into families, such as transcription initiation factor TFIID subunit 1 (TAF1; 

Choi et al., 2003) and the first described KAT, KAT1 (reviewed by Roth et al., 2001; 

Figure 1.5). KDACs, meanwhile are divided into four classes (I, II, III, and IV). 

Interestingly, while these proteins were first classed as transcriptional repressors as they 

remove the activating lysine acetylation, they have been shown to be considerably more 

versatile than this, and can also facilitate transcription by acting as co-activators at some 

gene promoters (reviewed by Smith, 2008; Schmitz and de la Vega, 2015). 

 

 

Figure 1.5: Histone acetylation. (a) Schematic illustrating histone acetylation. KATs add an acetyl group 
to the N-terminus of lysines, aided by acetyl-CoA, while KDACs remove the acetyl group, thereby 
removing the acetylation mark. (b) The KAT families in humans and both the protein and gene name of 
their members.  

 

While many of the modifications discussed in Section 1.1.2 above can have roles in both 

activation and repression of transcription, depending on the cellular context, histone 

acetylation has been consistently associated with transcription activation. There are a 

number of mechanisms by which this occurs. Firstly, acetylation neutralises the positive 

charge of the lysine residue, relaxing the conformation of chromatin and increasing the 

accessibility of DNA to transcription factors, similar to the effect of phosphorylation on 

chromatin compaction (Section 1.1.2; Garcia-Ramirez et al., 1995; Fischle et al., 2005; 
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Krishnamoorthy et al., 2006). Secondly, bromodomain-containing proteins which bind 

specifically to acetylated lysines can be recruited following lysine modification (Dhalluin, 

1999). Thirdly, it was discovered that acetylation of the histone N-terminal tails could 

also affect higher-order chromatin structure by inhibiting self-association of the histone 

tails, thereby preventing the folding of nucleosomes into secondary and tertiary chromatin 

structures, leading to additional chromatin decondensation and thereby allowing further 

transcription factors access to chromatin (Tse et al., 1998; Shogren-Knaak et al., 2006; 

Wang and Hayes, 2008). In this thesis, the focus will be on one of the more exceptional 

histone acetylation modifications: H4K16ac. 

 

1.2 H4K16ac and MOF 

1.2.1 H4K16ac 

Four lysines (K) on the histone H4 N-terminal tail can be acetylated: 5, 8, 12, and 16. 

K16ac in particular appears to be unique: in yeast, only mutation of K16 led to negative 

transcriptional consequences, as well as defects in replication and DNA repair (Megee et 

al., 1990; Durrin et al., 1991; Dion et al., 2005; Chiani et al., 2006). Mutation of the other 

H4 lysines alone did not appear to have any effect; only combined mutation of K5, K8, 

and K12 led to cumulative but non-specific effects on transcription (Dion et al., 2005). 

Over 80% of H4K16 is acetylated, and it is the preferred site of acetylation on the histone 

H4 tail (Clarke et al., 1993; Smith et al., 2003). While the histone H4 tail has long been 

known to be required for promoter activation (Durrin et al., 1991), the K16ac mark is now 

known to be an activator of transcription by relaxing chromatin, independent of other H4 

modifications (Akhtar and Becker, 2000; Kind et al., 2008). As well as this, H4K16ac has 

also been shown to have an effect on higher order chromatin compaction. In vitro, 

incorporation of acetylated H4K16 into chromatin abolished folding of nucleosomal 

arrays, while in vivo, H4K16ac was enriched in soluble chromatin fractions, as well as in 

transcriptionally active regions (Davie and Candido, 1978; Shogren-Knaak et al., 2006; 

Robinson et al., 2008). This suggests that H4K16ac is responsible for the maintenance of 

the open, active regions of chromatin, i.e. euchromatin (Suka et al., 2002). 
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H4K16ac levels vary throughout the cell cycle. Levels peak in mid-S phase (Rice et al., 

2002) and are at their lowest during the G2/M phase, at which point H4K16ac levels 

decrease globally, most likely to enable the global chromatin condensation required for 

mitosis (Vaquero et al., 2006). Mutation of H4K16 in yeast leads to defects in the cell 

cycle, by causing a delay in G2/M progression (Megee et al., 1995). Two mechanisms for 

inducing this decrease in levels has been proposed: firstly, the deacetylation of H4K16 by 

SIRT2, an NAD+ dependant deacetylase of the Class III or sirtuin family of KDACs, 

which has a strong preference for H4K16ac during the G2/M transition (Vaquero et al., 

2006). The second mechanism of H4K16ac regulation is a more global effect on Histones 

H3 and H4 as part of the cell cycle. SIRT2 is not the only H4K16 deacetylase, as SIRT1 

can also deacetylate K16 (Vaquero et al., 2004). These deacetylases may also be 

responsible for the hypoacetylation of K16 necessary for the formation of heterochromatin 

(Jeppesen and Turner, 1993; Vaquero et al., 2004). Unlike deacetylation, where a number 

of KDACs can remove the acetyl group from H4K16, there is only one reported histone 

acetyltransferase responsible for H4K16ac: males absent on the first (MOF; Hilfiker et 

al., 1997). A brief introduction to MOF will therefore precede a more detailed description 

on the function of both. 

 

1.2.2 MOF function and regulation 

1.2.2.1 MOF in transcription 

MOF has a number of aliases: it is also known as MYST1, as it is a member of the MYST 

family of KATs, and KAT8 (lysine acetyltransferase 8). In humans, MOF can also be 

referred to as hMOF (human MOF). This protein is encoded by the 11-exon KAT8 gene, 

located on chromosome 16, though there are a number of splice variants which are 

discussed further in Chapter 3. The full-length transcript encodes a 458-amino acid, 

55kDa protein, which preferentially acetylates K16 on H4 (Akhtar and Becker, 2000); in 

fact, MOF is believed to be both necessary and sufficient for the majority of H4K16ac 

(Edwin R Smith et al., 2005; Taipale et al., 2005).  
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Though H4K16ac was recognised as being associated with male X chromosomes in 1993 

(Bone et al., 1994), its essential role in maintaining dosage compensation was not 

recognised until the discovery of MOF in Drosophila melanogaster flies by Hilfiker et al. 

(Hilfiker et al., 1997). Dosage compensation is the process by which males (XY) and 

females (XX) compensate genes on the X chromosome to ensure the same amount is 

transcribed in both sexes. In Drosophila, this is achieved via the 2-fold upregulation of 

transcription (‘hypertranscription’; Akhtar and Becker, 2000; reviewed by Laverty et al., 

2010) of X-linked genes in males (reviewed by Lucchesi et al., 2005). MOF mutant flies 

fail to compensate for their single X chromosome, leading to the name ‘males absent on 

the first’. MOF acts as part of the dosage compensation complex (‘DCC’) which contains 

the male-specific-lethal (MSL) proteins (Section 1.2.2.2 below). Distinct from dosage 

compensation, MOF was also shown to play a key role in general transcription regulation 

in flies (Akhtar and Becker, 2000; Smith et al., 2000; Kind et al., 2008). While male 

Drosophila flies compensate for X-linked genes by upregulating their single X 

chromosomes, in mammals, one of the two female X chromosomes is silenced (reviewed 

by Payer and Lee, 2008). Though the mechanisms of X chromosome regulation in humans 

is very distinct from Drosophila, MOF and the MSL complex still play a role in this 

process. Human MOF still plays an essential role in dosage compensation by regulating 

Tsix, the major repressor of Xist long non-coding RNA (lncRNA), the primary effector of 

X inactivation. Depletion of MOF leads to Xist accumulation and random inactivation of 

chromosomes during development (Chelmicki et al., 2014). 

 

While MOF is responsible for promoting transcription via its acetyltransferase activity, as 

described above (Section 1.2.1), it can also further enhance transcription by acting as a 

chromatin reader. MOF recognises the 14-3-3 adaptor protein on phosphorylated histone 

H3 serine 10 (H3S10ph), leading to H4K16ac as a result of crosstalk with H3S10ph. This 

crosstalk leads to a cascade of events ending in transcriptional activation by the release of 

paused RNA polymerase II (RNA PolII) which accumulates proximal to promoters, 

enhancing its processivity at promoters and therefore transcription (Zippo et al., 2009). 

H4K20me3 crosstalk antagonises H4K16ac, and opposes the positive effect on 
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transcription by blocking RNA PolII recruitment to promoters (Kapoor-Vazirani et al., 

2011). H4K16ac also has crosstalk with H3K4me3 marks, as these two modifications are 

recognised simultaneously by a number of transcription factors (Katoh et al., 2011; 

Ruthenburg et al., 2011). 

 

MOF is regulated in part by auto-acetylation at K274 (Kadlec et al., 2011; Sun et al., 

2011; Yang et al., 2012; Yuan et al., 2012; McCullough et al., 2016), and this auto-

acetylation is essential for its enzymatic activity. This modification is deacetylated by 

SIRT1, the same HDAC which deacetylates H4K16 (Hajji et al., 2010; Lu et al., 2011; 

Peng et al., 2012). However, the majority of regulation of the acetyltransferase activity of 

MOF is via its integration into two distinct and evolutionarily conserved complexes: the 

MSL and NSL complexes. 

 

1.2.2.2 The MSL complex 

The dosage compensation complex in Drosophila, also known as the MSL complex, 

comprises five proteins: Msl1, Msl2, Msl3, maleless (Mle), and Mof (Hilfiker et al., 1997; 

Mendjan et al., 2006). Two long non-coding RNA on X chromosome (roX) RNAs, roX1 

and roX2, are also part of the complex, and are necessary for binding and spreading of 

H4K16ac along the X chromosome (Meller et al., 2000; Meller, 2003; Kelley et al., 2017). 

In humans, the complex comprises MSL1, MSL2, MSL3, and MOF; no associated RNAs 

or Mle orthologues have been identified (Marin, 2003; E R Smith et al., 2005). The MSL 

complex is specific and essential for both MOF’s targeting to H4K16 sites and its 

acetylation activity (Morales et al., 2004; E R Smith et al., 2005; Straub et al., 2005; 

Taipale et al., 2005; Kadlec et al., 2011). 

 

MSL1 forms the so-called ‘core’ of the MSL complex and maintains the functional 

integrity of the complex. MOF and MSL1 bind at multiple points in the C-terminal 

domains of each protein (Figure 1.6a and Figure 1.6b). Both MSL1 and MSL2 are 

required for formation of the MSL complex: this begins with the formation of a 
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homodimer from two MSL1 molecules, followed by binding of two MSL2 molecules 

(Figure 1.6b; Hallacli et al., 2012). The DNA binding CXC domain on MSL2 is required 

for correct targeting of the MSL complex to its targets by direct DNA binding (Fauth et 

al., 2010). Distinct from this, the RING finger on MSL2 has been identified as an E3 

ubiquitin ligase – together with MSL1, it can ubiquitylate histone H2B at lysine 34 

(H2BK34ub), a function unrelated to H4K16ac, which can stimulate H3K4 and H3K79 

methylation, marks of active transcription and an open chromatin conformation (L. Wu et 

al., 2011). This ubiquitin ligase activity also appears to be important in regulating the 

formation and stability of the MSL complex (Villa et al., 2012; Schunter et al., 2017). 

MSL3, meanwhile, interacts with MSL1 via its MRG domain (Morales et al., 2005), and 

may also have the capability of binding DNA and RNA via its chromodomain (Gorman 

et al., 1995), especially in Drosophila where Msl3 interacts with the RNA binding module 

on Mle and is dependent on the presence of the roX RNAs for assembly into the MSL 

complex (Oh et al., 2003; Morra et al., 2008). MSL3 stabilisation and localisation also 

requires direct acetylation of MSL3 at lysine 116 (K116) by MOF (Buscaino et al., 2003). 

The MSL3 chromodomain (Figure 1.6a) also appears to be responsible for targeting the 

MSL complex to the X chromosome and transcriptionally active sites, in Drosophila and 

humans respectively, by recognising the methylation marks which co-localise with 

H4K16ac, including H4K20me (Buscaino et al., 2006; Sural et al., 2008; Kim et al., 2010; 

Moore et al., 2010).  

 

The MSL complex has also been shown to interact with nuclear pore components, such 

as nucleoporin 153 (Nup153) and megator (Mtor). In Drosophila, loss of either of these 

proteins leads to a loss of X-chromosome-associated MSL proteins, accompanied by a 

loss of dosage compensation (Mendjan et al., 2006). Similarly, depletion of MOF in 

human HeLa cells leads to nuclear morphology defects, especially polylobular nuclei 

(Taipale et al., 2005), indicating the nuclear pore components in the functioning of the 

MSL complex. 
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Figure 1.6: Domains and structure of the MSL complex. (a) Functional domains of each of the MSL 
proteins. Binding partners of each domain are indicated above each. Location on the amino acid sequence 
is located below each domain. Brown on MSL1 = coiled coil. PEHE = proline-glutamic acid-histidine-
glutamic acid domain. RING = really interesting new gene (RING) finger. CXC = DNA binding domain. 
CD = chromodomain. MRG = MORF4-related gene family domain. HAT = histone acetyltransferase. Zn = 
zinc finger. (b) Crystal structure of central dimer of MSL complex formed by MSL1 and MSL2. Green and 
brown = MSL1 coiled coil. Blue and gray = MSL2 RING finger. Red asterisk represents region which binds 
MSL3 and MOF, i.e. C-terminal domain. Images adapted from Hallacli et al., 2012 and Kadlec et al., 2011. 

 

 

1.2.2.3 The NSL complex 

MOF has also been characterised in a separate complex, named the non-specific lethal 

(NSL) complex. Compared to MOF, the other members of the NSL complex are less 

understood. One member of the complex, non-specific lethal 1 (NSL1, known as 

KANSL1 in mammals) is very similar to MSL1, and many of the key residues required 

for binding of MOF are conserved between the two proteins (Kadlec et al., 2011; Dias et 

al., 2014). In mammals, the NSL complex has been reported to contain KANSL1, 

KANSL2, KANSL3, O-linked N-acetylglucosamine transferase isoform 1 (OGT1), 

microspherule protein 1 (MCRS1), plant homeodomain finger protein (PHF20), host cell 

factor 1 (HCF1), WD repeated protein 5 (WDR5), and MOF, though this is not necessarily 

a comprehensive list of the members of the complex (Mendjan et al., 2006; Cai et al., 

2010; Raja et al., 2010). Considerably less is known about the NSL complex compared to 

the MSL complex, though it is known to localises to over 4,000 promoters, with more 

than 70% of these corresponding to active genes (Raja et al., 2010); the subset which are 

not active suggests that the NSL complex functions in a context- or promoter-dependant 
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manner (Feller et al., 2012; Liu et al., 2015). While MOF in the NSL complex can also 

acetylate H4K16, it appears to have a much broader substrate specificity than the MSL 

complex, as it can also acetylate the other N-terminal H4 lysines, i.e. K5, K8, and K12 

(Cai et al., 2010). NSL complex members are also associated with H3K4me2, H3K4me3, 

and H3K9ac, and NSL proteins appear to be required for correct initiation of transcription 

(Lam et al., 2012). OGT-1 appears to be responsible for the stability and activity of the 

NSL complex via O-GlcNAcylation of KANSL3 (Wu et al., 2017), while WDR5 is 

necessary for correct assembly and targeting of the NSL complex (Dias et al., 2014). 

Considerable further characterisation of the NSL complex is yet to be performed; 

however, this complex and its requisite activity has clinical significance, given that either 

truncation or haploinsufficiency of KANSL1/KANSL1 causes Koolen-de Vries syndrome, 

which leads to intellectual disability and congenital malformations in patients (Zollino et 

al., 2015; Koolen et al., 2016). Mosaic mutations in KANSL2 were also identified as a 

cause of severe intellectual disability (Gilissen et al., 2014). 

 

Another potential MOF-containing complex has also been described, named the MSL1v1 

complex. WDR5, which interacts with both the NSL complex and MLL1, has been 

hypothesised to act as a ‘bridge’ between MOF and MLL1. A stable and robust interaction 

between MLL1, which mediates H3K4 methylation, and MOF, was reported, and this 

interaction was required for activation of a number of MLL1 target genes (Dou et al., 

2005; X. Li et al., 2009; X. Zhao et al., 2013). This complex may explain the repeated 

correlation and crosstalk between H4K16ac and H3K4me marks (Katoh et al., 2011; L. 

Wu et al., 2011; Ruthenburg et al., 2011). However, other publications could not detect 

this interaction (Cai et al., 2010; Raja et al., 2010; Dias et al., 2014); therefore, the 

existence of this complex remains controversial. Nonetheless, it is plausible that the NSL 

complex has many other roles in vivo, given the numerous members of the complex.  

 

1.2.3 Non-canonical functions of human MOF 

For the purpose of this introduction, the activation of transcription by H4K16ac is 

considered MOF’s ‘canonical’ function. However, MOF plays an essential role in many 
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more cellular processes, many of which have been well studied. Some of the most well-

characterised functions of MOF are detailed below.   

 

1.2.3.1 Apoptosis and autophagy 

p53 is the most well-characterised and studied tumour suppressor protein. This protein is 

responsible for protecting the cell from malignant transformation, and is responsible for 

cell cycle arrest to enable DNA repair before cell division, or inducing cell death 

(apoptosis) when repair is unsuccessful. The gene encoding p53, TP53, is mutated or 

silenced in the majority of cancers (Levine, 1997). For the induction of apoptosis, p53 

induces transcription of a number of pro-apoptotic genes such as BAX, PUMA, NOXA, 

and PIG3 (reviewed by Vousden and Lu, 2002). The combined induction of these genes 

can lead to mitochondrial membrane permeabilisation, cytochrome c release, the 

activation of pro-apoptotic caspases, and ultimately cell death (reviewed by Green, 2000). 

For many years, it was unclear what made the decision to cross the so-called ‘apoptotic 

threshold’, i.e. the choice between cell cycle arrest and apoptosis induction. One 

mechanism to determine cell fate was found to be the acetylation of lysine 120 of p53 

(p53K120ac), mediated by both MOF and TIP60, another member of the MYST family 

of proteins with a high homology to MOF. This modification accumulates rapidly after 

DNA damage, especially at genes encoding pro-apoptotic pathways, while mutation of 

this lysine (K) to arginine (R) blocks the ability of p53 to induce BAX and PUMA 

transcription (Sykes et al., 2006). Therefore, MOF and TIP60 play a key role in 

influencing cells towards apoptosis in the p53 pathway. Further roles may yet be 

discovered with regards MOF’s role in p53 regulation: for example, MSL2, the E3 ligase 

protein in the MSL complex, can promote p53 relocalisation to the cytoplasm, though it 

does not influence degradation (Kruse and Gu, 2009). 

 

Distinct from apoptosis, MOF and H4K16ac also play a role in autophagy. Autophagy is 

an intercellular process whereby damaged cellular components are degraded and removed 

to the lysosome (reviewed by Mancias and Kimmelman, 2016). Though this provides 

protection to the cell by repairing damage within the cell, it can also lead to induction of 
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apoptosis if damage cannot be repaired. Induction of autophagy in cells has been found to 

induce a reduction in MOF and H4K16ac levels, and a balance between MOF, SIRT1, 

and H4K16ac are responsible for deciding cell fate in autophagy (Fullgrabe et al., 2013).  

 

1.2.3.2 DNA damage response 

Many histone modifications are known to be essential for a robust DDR (reviewed by 

Pandita and Richardson, 2009). In brief, the DNA damage response is induced by double-

strand breaks (DSBs) or single-strand breaks (SSBs) in the DNA. The first sensors of 

DSBs, the meiotic recombination 1-RAD50-Nijmegen breakage syndrome or MRE11-

RAD50-NBS1 (MRN) complex recruit ataxia-telangiectasia mutated (ATM) protein, 

which is then phosphorylated (phospho-ATM). Phospho-ATM in turn phosphorylates 

H2A.X to γH2A.X at serine 139. The phosphorylated serine on γH2A.X can be recognised 

by and lead to the recruitment of mediator of DNA-damage checkpoint1 (MDC1). These 

mechanisms lead to subsequent recruitment of further downstream mediators such as p53-

binding protein 1 (53BP1), and eventually to effectors of the cellular response which can 

determine whether the cell will arrest at a cell checkpoint and then continue cycling after 

repair of DNA breaks, or induce cellular senescence or apoptosis (Figure 1.7; Chapman 

et al., 2012, reviewed by d’Adda di Fagagna, 2008). There are two primary pathways for 

DSB repair in eukaryotes. In the S/G2 phases of the cell cycle, a repair template is 

available for repair of DSBs due to the presence of homologous sister chromatids 

following DNA replication; in this case, 5’ DNA resection occurs at the site of the DSB, 

and precise, high-fidelity repair of the DNA can occur, generating error-free restoration 

of the original DNA sequence in a method known as homology-directed repair (HDR; 

Krejci et al., 2012). BRCA1 provides an important scaffolding function in this method of 

repair. Meanwhile in the G1 phase of the cell, no repair template is available and 53BP1 

prevents the resection of DNA (Bothmer et al., 2010): instead, the Ku70/Ku80 

heterodimer protects the DNA from degradation by exonucleases, allow for eventual 

processing and ligation of the broken DNA ends (Fell and Schild-Poulter, 2012; Malu et 

al., 2012). This method of repair is more error-prone than the HDR pathway. 
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H4K16ac levels increase following DNA damage (Li et al., 2010; Sharma et al., 2010; 

Gupta et al., 2013; Hsiao and Mizzen, 2013), and MOF was first found to be required for 

a robust DDR in yeast, followed by a comparable observation in Drosophila (Bird et al., 

2002; Bhadra et al., 2012). Similarly, in humans, induction of DSBs by irradiation in a 

MOF- and H4K16ac-depleted environment has a dramatic effect on ATM activity: 

decreased ATM phosphorylation and kinase activity is seen and is accompanied by a 

decrease in activation of the ATM’s downstream targets as well as increased levels of 

apoptosis (Gupta et al., 2005; Sharma et al., 2010). A delay in the appearance of γH2A.X 

foci has also been observed in MOF-depleted cells following DNA damage (Sharma et 

al., 2010). Interestingly, other groups have observed normal γH2A.X and ATM function 

at DSBs in the absence of MOF, but have found that the recruitment of downstream 

mediators and signalling proteins is negatively affected, including MDC1, 53BP1 and 

breast cancer 1 (BRCA1), suggesting that MOF plays a role both in the error-prone non-

homologous end joining (NHEJ) DNA repair pathway, modulated by 53BP1, and in 

homology-directed repair (HDR), regulated by BRCA1 (Li et al., 2010; Sharma et al., 

2010; Hsiao and Mizzen, 2013). The essential role of MOF in the DNA damage response 

was further consolidated by the discovery that MOF is directly phosphorylated by ATM 

at T392 following DNA damage, and that phosphorylated MOF co-localises with γ-

H2AX, ATM, and 53BP1. Even more central to the DDR, this phosphorylated MOF 

appears to play a key role in the recruitment of proteins involved in the cell cycle specific 

selection between NHEJ and HR DNA repair (Figure 1.7; Gupta et al., 2014). 
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Figure 1.7: MOF is implicated in a number of stages of the DNA damage response (DDR). Top: DSBs in 
DNA are recognised by the MRN complex, initiating the activation of a cascade of proteins which lead to 
the effector of cell response. Phosphorylated (‘P’) ATM is recruited to the DNA and phosphorylation of the 
histone variant H2A.x occurs to γH2A.x. MOF is directly phosphorylated by ATM and this boosts the DDR. 
Damage mediators such as MDC1 are then recruited the DNA DSBs. Bottom: in the G1 phase of the cell 
cycle, 53BP1 prevents DNA end resection, leading to NHEJ repair. In the S/G2 cell cycle phases, however, 
MOF induces the release of 53BP1 from DSBs, allowing HDR to occur using homologous sister chromatids 
as a repair template.  
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Loss of MOF also appears to lead to severe genomic instability, as various chromosomal 

aberrations are observed even in undamaged cells following MOF RNA interference 

(RNAi), including chromatin bridges, chromosome end associations, and chromatid gaps 

and breaks. In another study, severe genomic instability was also observed upon MOF 

depletion, with Li et al. reporting aneuploidy and chromosome breaks in Mof -/- mice (Li 

et al., 2010). Similarly, in another publication, Mof +/- mice had a higher frequency of 

spontaneous micronucleus formation (Gupta et al., 2008). In human cells, depletion of 

MOF in cells leads to increased phosphorylation of ATM and γH2A.X without exogenous 

DNA damage (Taipale et al., 2005), indicating that cells are poor at repairing even 

endogenous DNA breaks in the absence of MOF. 

 

1.2.3.3 Cell viability and development 

KAT8 is an essential gene - in human cells, knockdown of MOF leads to the induction of 

ATM phosphorylation, cell cycle checkpoint activation, and the arrest of cells in G2/M (E 

R Smith et al., 2005; Taipale et al., 2005). Unlike the male-specific lethality of loss of 

MOF in Drosophila, knockout of MOF in mice leads to early embryonic lethality in both 

sexes due to massive chromatin condensation at E7.5 (Gupta et al., 2008; Thomas et al., 

2008). ChIP-seq (chromatin-immunoprecipitation sequencing) data show an enrichment 

of H4K16ac peaks at transcription start sites of active genes and enhancers in embryonic 

stem cells which disappears following differentiation, suggesting that H4K16ac plays a 

role in differentiation (Taylor et al., 2013). Another group also identified that MOF, as 

part of the NSL complex, abundantly binds to promoters of broadly expressed genes in 

ESCs and NPCs (Chelmicki et al., 2014). This role was further confirmed by a conditional 

knockout of Mof in mouse embryonic stem cells (mESCs): this knockout led to stem cell 

renewal defects, a loss of differentiation potential, global transcription perturbations, and 

aberrant expression of the key transcription factors involved in maintaining pluripotency: 

Nanog, Oct4 and Sox2 (Li et al., 2012; Ravens et al., 2014). Other acetylation marks, 

such as H3K9ac, H3K14ac, H4K5ac, H4K8ac, and H4K12ac, however, were unaffected 

(Thomas et al., 2008). Oocyte-specific deletion of MOF followed by RNA-seq (RNA-

sequencing) showed that a loss of MOF and H4K16ac led to infertility by generation of 

increased levels of damaging reactive oxygen species at gene promoters, implicating MOF 
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both in oogenesis and antioxidant gene expression (Yin et al., 2017). Similarly, the 

depletion of Drosophila maternal MOF leads to defects such as mitotic asynchrony, 

mitotic catastrophe and chromatid bridges in embryos (Pushpavalli et al., 2013).  

 

1.2.3.4 Other MOF functions 

MOF has many other reported functions which cannot be covered in the scope of this 

introduction. For example, a mitochondrial pool of MOF was recently discovered which 

is responsible for regulating expression of respiratory genes and therefore oxidative 

phosphorylation in the cell. Mof knockout mice showed high energy consumption, severe 

mitochondrial defects, dysregulated metabolism, and hypertrophic cardiomyopathy, 

leading to cardiac failure, indicating a link between MOF and cellular metabolism 

(Chatterjee et al., 2017). Indeed, another group have linked decreased MOF with cardiac 

hypertrophy and increased reactive oxygen species (Qiao et al., 2014). In another link 

with metabolism, MOF was found to acetylate fatty acid synthase (FASN), an enzyme 

responsible for the production of long-chain saturated fatty acids which is often increased 

in cancer due to its role in cell proliferation. MOF acetylation led to ubiquitylation, 

destabilisation, and degradation of FASN, leading to decreased tumour cell growth in 

cultured cancer cells (Lin et al., 2016). MOF may also play a role in preventing diet-

induced obesity, as illustrated by Mof silencing in high-fat diet mice (Brenachot et al., 

2014). MOF has also been found to promote resistance to cellular stress by upregulating 

the class O of forkhead box (FOXO) transcription factors (TFs; Ikeda et al., 2017), a 

family of TFs which activate survival pathways regulating cell growth, death, metabolism, 

differentiation, and resistance to oxidative stress (reviewed by Accili and Arden, 2004). 

 

Given the abundance of H4K16 acetylation, it is perhaps not surprising that MOF also 

appears to have various tissue-specific roles; for example, in Purkinje cell survival and 

function. Mof depletion in Purkinje cells, signalling neurons in the cerebellar cortex, leads 

to cerebellar dysfunction and neurological abnormalities similar to those seen in ataxia 

telangiectasia, a disease which leads to a loss of Purkinje cells, causing motor and 

cognitive defects (Kumar et al., 2011). In the specialised kidney cells podocytes, MOF is 
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dispensable under normal conditions, as these cells are terminally differentiated and not 

mitotic; however, after cellular stress, a lack of MOF led to severe morphologic and 

functional defects in the kidney, and cells showed perturbations in endoplasmic reticulum 

(ER), Golgi and chromatin structure (Sheikh et al., 2016), indicating MOF plays a role in 

the cellular stress response in podocytes. 

 

1.3 MOF and cancer 

1.3.1 Cancer  

Cancer involves the transformation of a normal cell into one which possesses malignant 

properties, allowing it to grow and divide unimpeded by normal growth-limiting factors 

such as apoptosis induction and cell cycle checkpoints. Cancer is an incredibly diverse 

disease which involves the mutation and/or aberrant silencing or activation of numerous 

cellular functions. Few reviews can cover the scope of events which occur in cancer, but 

the benchmark publications for describing the key properties of a tumour cell are the 

Hallmarks of Cancer reviews. These reviews outline specific characteristics which a 

tumour cell acquires, and how a cumulation of these characteristics and repeated 

mutations and genomic alterations lead to the development of a malignant cell. These 

characteristics can describe how a cancer cell grows and proliferates unimpeded, 

ultimately leading to tumour formation, metastasis to distant sites in the body, and an 

invasion of an organism’s tissues and organs by tumour cells. The original hallmarks of a 

cancer cell, described in 2000, were sustained proliferative signalling by cancer cells, an 

evasion of apoptosis and of growth suppressors, activation of invasion and metastasis, 

enabling replicative immortality, and inducing angiogenesis (Hanahan and Weinberg, 

2000). However, an updated version of these hallmarks also included the deregulation of 

cell metabolism and evasion of immune destruction as novel hallmarks, and described 

genomic instability, mutation, and tumour-promoting inflammation as core characteristics 

of the tumour (Hanahan and Weinberg, 2011). This updated description of the tumour 

also included the key role that the tumour microenvironment plays in signalling within 

the tumour, as well as the role of cancer stem cells (CSCs) in aiding the dedifferentiation 

of tumours, subsequently increasing the heterogeneity and complexity of tumours. 
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In this thesis, breast cancer will be a particular focus. Breast cancer is the most commonly 

diagnosed cancer in women, accounting for nearly 30% of all cancer diagnoses in women. 

Despite improvements in early detection and treatment options for breast cancer (Berry et 

al., 2005), it remains the second most common cause of cancer mortality in women, and 

will be responsible for an estimated 41,000 deaths in 2017 in the USA alone (Siegel et al., 

2017). There are five main subtypes of breast cancer, each of which exhibit distinct 

patterns of gene expression and have differing responses to therapy (Perou, Sorlie, et al., 

2000). The subtypes, Luminal A, Luminal B, human epidermal growth factor receptor 2 

(HER2)-positive, basal-like and triple negative, are classified based on the expression of 

different hormone receptors in tumour cells (Sørlie et al., 2003). Luminal A tumours 

express both oestrogen and progesterone receptors (ER and PR, respectively), and are the 

more amenable subtype to hormone therapy (‘Effects of chemotherapy and hormonal 

therapy for early breast cancer on recurrence and 15-year survival: an overview of the 

randomised trials’, 2005; Kennecke et al., 2010). Similarly, Luminal B and HER2-

positive breast cancers also express hormone receptors which can be targeted 

therapeutically, though the prognosis from these subtypes is not as favourable as tumours 

from the Luminal A type (Cheang et al., 2009). Unlike the other subtypes, basal-like and 

triple negative breast cancers do not express oestrogen, progesterone, or HER2 hormone 

receptors. These subtypes have the poorest overall survival rate and are highly metastatic, 

with triple negative breast cancer having the poorest prognosis of all subtypes (Perou, 

Brown, et al., 2000; Sørlie et al., 2001; Qiu J, Xue X, Hu C, Xu H, Kou D, Li R, 2005; 

Hu et al., 2006). This method of classification, however, is only one of a number of ways 

of defining different types of breast cancer, as even within these subtypes, there remains 

a huge diversity in gene expression (Paik et al., 2004; ‘Comprehensive molecular portraits 

of human breast tumours’, 2012), and the cancer subtype of breast carcinomas are not 

entirely predictive of their disease outcome or response to therapy (Van’t Veer et al., 

2002).  
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1.3.2 Histone modifiers in cancer 

In the past 30 years, epigenetic modifiers and their role in cancer development and 

progression have increasingly come into focus. Now known as cancer epigenetics, this 

area of research began with the observation that many tumours exhibit global 

hypomethylation of genes which are not silenced in normal tissue (Feinberg and 

Vogelstein, 1983). This hypomethylation was found to precede malignancy, as benign 

growths were also hypomethylated, suggesting that this global gene silencing may be a 

transformative step in the development of malignancy (Goelz et al., 1985). Further 

analysis of methylation in cancer revealed that CpG islands, which mark the promoter 

regions of genes and are normally unmethylated, were hypermethylated in cancer.  Genes 

involved in pathways including DNA repair, cell cycle, apoptosis, cell adherence, among 

others, have all been found to be hypermethylated in almost every tumour type (Herman 

et al., 1994, 1995, 1998, Esteller et al., 2000, 2001; Ballestar et al., 2003; Chmelarova et 

al., 2013), meaning that tumour suppressor genes can be silenced in cancer without 

mutation.  

 

While the majority of cancer epigenetics research, especially in its infancy, has focussed 

on methylation, this silencing is most likely part of a larger epigenetic alteration of the 

epigenetic landscape of the cell. For example, various studies have observed a global 

decrease of levels of a number of post-translational modifications in cancer cells including 

H4K20me2/3, H3K9me2, and H4ac, particularly H4K16ac (Fraga et al., 2005; Wen et 

al., 2009). Many other perturbations of epigenetic regulators have been identified in 

cancer such as mutations in KATs (Gayther et al., 2000; Yang, 2004; Chan et al., 2007), 

overexpression of KDACs (Pruitt et al., 2006; Ropero et al., 2006), and perturbation of 

histone methyltransferases due to chromosomal translocations, mutations, or 

amplifications. In fact, the MLL gene, which encodes the H3K4 methylase MLL, has more 

than 50 reported gene fusions in cancer and is responsible for 80% of all infant leukemias 

(reviewed by Krivtsov and Armstrong, 2007). 
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Given the reversible nature of histone modifications, perturbed modifications represent a 

promising druggable target for cancer treatments. Indeed, a number of KDAC inhibitors 

are already being used to treat T-cell lymphomas, by targeting the overexpression of 

KDACs in these cancers (Olsen et al., 2007; Piekarz et al., 2009; O’Connor et al., 2015). 

Many more drugs, which target various perturbed histone modification pathways in 

cancer, are in development (reviewed by Arrowsmith et al., 2012). However, the 

mechanism by which epigenetic modifiers and their pathways are affected, as well as the 

global effect this has on the cell, is still indistinct. 

 

1.3.3 MOF in cancer 

Given MOF’s role in so many of the processes which are perturbed in cancer, it is perhaps 

unsurprising that levels of MOF have been repeatedly observed as being decreased or 

absent in cancer, accompanied as expected by a loss of H4K16ac. In fact, a loss of 

H4K16ac together with H4K20me3 was described as a hallmark of cancer cells (Fraga et 

al., 2005). In a larger cohort, a loss of H4K16ac, H4R3me2, and H3K9ac were all 

associated with larger tumour size, but only the loss of H4K16ac was correlated with 

vascular invasion of tumours (Elsheikh et al., 2009).  

 

The first observation of MOF expression being lost in cancer was reported in breast 

carcinomas and medulloblastomas. In this study, Pfister et al. found that KAT8 was 

downregulated >2-fold in 41% of breast carcinomas (Figure 1.8a) and MOF protein and 

H4K16ac were undetectable in 18% of a 298-patient cohort of breast carcinoma samples 

(Figure 1.8b). Interestingly, the loss of MOF in tissues correlated with a more invasive 

carcinoma, and no loss of MOF or H4K16ac was observed in low-risk, non-invasive 

tumours. The same study identified a loss of KAT8 in 79% of medulloblastomas, while 

MOF protein was undetectable in 40% of a 164-sample cohort. In this case, a loss of MOF 

correlated directly with a poorer survival probability (Pfister et al., 2008). Since the 

publication of this seminal paper on tumour-specific loss of MOF, MOF has been 

repeatedly observed as lost or absent in cancer. KAT8 mRNA and MOF protein are both 

decreased or absent in hepatocellular carcinoma (Zhang et al., 2014). In this case, low 
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MOF is a predictor of poorer overall survival, an observation which was also made in 

renal cell carcinoma (Y. Wang et al., 2013). A number of studies have observed a loss of 

MOF in ovarian cancer (Liu et al., 2013; Cai et al., 2015), and this loss was again 

associated with poorer patient survival rates (Cai et al., 2015). Similarly, low MOF has 

been observed in gastric (Zhu et al., 2015), colorectal, and renal cell carcinomas (Cao et 

al., 2014). In colorectal cancer, this loss was observed in more metastatic tumours. 

Interestingly, in gastric cancer, adjacent tissue to the carcinoma also showed a decrease 

in MOF levels, perhaps implicating MOF in the development of malignancy (Cao et al., 

2014). In another study, low KAT8 mRNA levels in breast cancer patient samples were 

associated with a higher tumour grade, a poorer disease prognosis, and a significantly 

lower survival rate than patients with normal or low KAT8 levels (Patani et al., 2011). The 

same observation has been made in mouse models of cancer: a mouse model of 

hepatocellular carcinoma showed that cancer led to a global decrease in H4K16ac which 

led to inhibition of cell death and evasion of apoptosis by cancer cells (de Conti et al., 

2017).  

 

Figure 1.8: MOF and H4K16ac are reduced in breast carcinoma. (a) KAT8 (MOF) mRNA levels were 
analysed in breast carcinoma tissues. KAT8 was reduced >2-fold in 41% of tumours (grey shaded area). (b) 
MOF levels were detected by immunohistochemical staining on breast tissue microarrays. Compared to 
normal staining in breast tissue (brown, top panel), many breast cancers showed unchanged MOF levels 
(middle panel); however, 18% of carcinomas show a loss or absence of MOF. (c) The pattern of MOF 
staining correlates with H4K16ac levels in all samples (lower panel). Data from Pfister et al., 2008. 
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While the studies mentioned have all detected a loss of MOF in cancer, a mechanism 

which causes this loss, or how it correlates to the observed poorer disease outcome, is 

unclear. However, a number of links with how a loss of MOF leads to cancer progression 

have been made. One such example is the observation that H4K16ac is important for 

maintenance of gene activity of the pro-apoptotic tumour suppressor TMS1, a CpG island-

associated gene. TMS1 has been repeatedly reported as silenced in cancer (reviewed by 

McConnell and Vertino, 2004), and this silencing is accompanied by a loss of H4K16ac 

and a gain of H4K20me3 (Kapoor-Vazirani et al., 2008, 2011). The Notch signalling 

pathway, which has been shown to promote oncogenesis in a number of cancers (Gao et 

al., 2012; Liu et al., 2012; Wang et al., 2012; Won et al., 2012), was found to induce 

degradation of MOF, therefore leading to a loss of H4K16ac, perhaps indicating how a 

loss of MOF may occur in cancer (Liu et al., 2014). Recently, MOF in the NSL complex 

was found to directly acetylate three lysines on lysine-specific demethylase 1 (LSD1). 

This acetylation was robust in epithelial cells, but undetectable in mesenchymal cells, and 

loss of the acetylation of LSD1 by MOF via RNAi depletion of KAT8 led to the induction 

of markers of the epithelial-mesenchymal transition (EMT) and transcription of CDH1 (e-

cadherin) repressors SNAI1 and SLUG (Luo et al., 2016). This identified MOF as a key 

suppressor of the EMT. Conversely, EMT-inducing signals such as transforming growth 

factor β (TGF-β) treatment led to downregulation of MOF expression (Luo et al., 2016); 

therefore, it remains unknown whether MOF downregulation is a cause or consequence 

of tumour progression. 

 

While the above data repeatedly report a loss of MOF in cancer, this is not always the 

case. This is especially true in non-small-cell lung cancer (NSCLC): MOF has been 

detected as overexpressed in NSCLC tissues, and this overexpression was correlated with 

metastasis and a poor disease prognosis (Song et al., 2011; L. Zhao et al., 2013; Chen et 

al., 2014). MOF has been found to regulate proliferation, cell cycle progression, 

migration, and adhesion in NSCLC, with a pro-tumourigenic effect (Song et al., 2011; L. 

Zhao et al., 2013). Indeed, a KAT RNAi screen in lung cancer cells showed that depletion 

of MOF led to decreased viability, cell cycle arrest, and p53 induction in tumour cells 
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(Zhang et al., 2013). MOF was also found to have an oncogenic effect in oral tongue 

squamous cell carcinoma (OTSCC) by upregulating levels of EZH2, an e-cadherin 

repressor (C. Wang et al., 2013; Li et al., 2015). Most recently, an increase in H4K16ac 

was found to have a pro-tumourigenic effect in gliomas, an aggressive brain tumour with 

a poor patient prognosis (Saidi et al., 2017). 

 

Similarly, mRNA from a range of breast, lung and prostate tumours in mouse showed 

consistently higher levels of Mof and H4K16ac, and this was proposed to be a mechanism 

by which cells maintained a longer lifespan (Gupta et al., 2008). Overexpression of Mof 

in mice led to increased H4K16ac and accelerated proliferation, larger tumour sizes, and 

faster regrowth of tumours after radiation treatment, suggesting a pro-oncogenic role for 

MOF in cancer (Gupta et al., 2008). An animal model of acute myeloid leukemia (AML) 

also showed that deletion of Mof led to a decrease in tumour size and increased survival 

rates, again suggesting a pro-oncogenic role for MOF (Valerio et al., 2017). Therefore, 

the role of MOF in cancer may be disease-type or tissue specific, or it may play a different 

role at different stages of tumourigenesis. Certainly, much is yet to be understood 

regarding its effects in tumour cells and its relation to disease outcome. 
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1.4 Aims of this study 

The primary goal of this study was to further unravel the role(s) of a loss of MOF in cancer 

progression. While the loss of MOF and H4K16ac have been observed repeatedly in 

cancers, and, as described above, this loss appears to correlate with a more invasive cancer 

phenotype, the majority of these results have been observational rather than mechanistic. 

We therefore wished to recreate this disease phenotype in an experimental setting in an 

attempt to elucidate the molecular mechanisms behind this phenotype. To address this 

goal, we first generated the tools necessary to study this in commercial breast cancer cell 

lines. However, in the process of setting up these tools, we encountered a number of 

unexpected results which further progressed our knowledge of MOF, not alone in a 

disease context, but also in normal functioning of the cell. Firstly, generation of a 

monoclonal antibody against MOF led to the discovery of a novel MOF isoform which is 

characterised herein. Secondly, the knockout of MOF in cells led to an unexpected 

maintenance of H4K16ac which warranted further investigation. The knockout of MOF 

in breast cancer cell lines was used to elucidate the effect a loss of MOF has on various 

tumourigenic properties of the cell such as proliferation, motility, and adhesion. Finally, 

given the increasing diversity in the known functions of MOF, we aimed to identify novel 

MOF interactors and proximal proteins in various cellular conditions, including in a 

cancer context, using a proximity biotinylation method known as BioID. 
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2.1. Materials 

Common chemicals used in these experiments were purchased from Sigma-Aldrich or 

ThermoFisher Scientific, unless stated in the text. Solutions were prepared with either 

double distilled H2O (ddH2O) or MilliQ H2O, unless specified, and were autoclaved or 

filtered before use when appropriate.  

 

2.1.1. Common reagents and buffers 

A list of the common reagents prepared for use in the lab is outlined below: 

 

Table 2-1: Common reagents and buffers 

Name Composition Use 

20x annealing 
buffer 

0.2M Tris-HCl (pH = 7.9) + 40mM MgCl2 + 
1M NaCl + 20mM EDTA in ddH2O 

Molecular 
cloning 

10% ammonium 
persulfate (APS) 

0.1g ammonium persulfate in 0.9ml ddH2O SDS-PAGE 

Benzonase lysis 
buffer 

10% glycerol + 50mM Tris-HCl (pH = 7.4) 
+ 0.5% NP-40 + 150mM NaCl in ddH2O.  

1x PI, 1x PPI + benzonase (1:1,000 dilution) 
added just before use. 

Whole cell 
protein 

extraction 

Blocking solution  1% Bovine Serum Albumin (BSA) in PBS 
Immunofluor-
escence (IF) 

Blocking solution 
5% dried semi-skimmed milk (Marvel) in 

PBS-T 
Western blot 

(WB) 

Blocking solution 1% BSA in PBS-T WB 

Coomassie stain 
50% methanol +10% acetic acid + 40% H2O 

+ 1g/L Brilliant Blue R + 1g/L Brilliant 
Blue G 

Staining of 
acrylamide gels 

to visualise 
proteins 

Coomassie destain 
30% methanol + 10% acetic acid +  

60% H2O 

Destaining of 
Coomassie-
stained gels 

Crystal violet 0.5% w/v crystal violet in 20% ethanol Staining cells 
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Name Composition Use 

Cytoskeleton 
buffer 

100mM NaCl + 300mM sucrose + 3mM 
MgCl2 + 10mM PIPES (pH 6.8) + 0.5μg/ml 

RNAse A (added just before use) 

For pre-
extraction before 
fixation of slides 

for IF 

Fixative solution 25% glacial acetic acid + 75% methanol 
Metaphase 

spreads 

Freezing media 90% FBS (filtered) + 10% DMSO 
For freezing 

down cell stocks 

4N HCl 3.6ml 37.5% HCl + 6.4ml ddH2O Flow cytometry 

Hypotonic buffer 75mM KCl in miliQ H2O 
Metaphase 

spreads 

Isotonic lysis 
buffer 

10mM Tris-HCl (pH = 7.4) + 50mM NaCl + 
0.5M sucrose + 0.5% Triton X-100 + 

0.1mM EDTA.  
1mM DTT + 1x PI added just before use 

Subcellular 
fractionation 

2x loading sample 
buffer (LSB) 

2% SDS + 160mM Tris-HCl (pH = 6.8) + 
20% glycerol + 5% 2-mercaptoethanol + 

pinch of Bromophenol Blue in ddH2O 
SDS-PAGE 

4x LSB 
4% SDS + 160mM Tris-HCl (pH = 6.8) + 
20% glycerol + 5% 2-mercaptoethanol + 

pinch of Bromophenol Blue in ddH2O 
SDS-PAGE 

Luria-Bertani (LB) 
agar 

3.5% LB agar powder in ddH2O.  
Autoclave to dissolve LB and sterilise. 

Molecular 
cloning 

LB medium 
10g LB Broth in 500mL ddH2O.  

Autoclave to dissolve LB and sterilise. 
Molecular 

cloning 

Mounting medium 3% L-propyl-gallate + 80% glycerol in PBS 
Mounting slips 

for IF 

Nuclear extraction 
buffer 

10mM Tris-HCl (pH = 7.4) + 500mM NaCl 
+ 0.5% NP-40 + 0.1mM EDTA.  

1mM DTT + 1x PI added just before use 

Subcellular 
fractionation 

Paraformaldehyde 
fixative 

16% (w/v) paraformaldehyde diluted 1:4 in 
PBS to a final concentration of 4% 

Fixation for IF 

PBT 0.5% BSA + 0.1% Tween20 in 1x PBS Flow cytometry 

Permeabilisation 
buffer 

0.2% Triton X-100 in PBS IF 

10x phosphatase 
inhibitor cocktail 

(PPI) 

1 PhosSTOP Phosphatase Inhibitor cocktail 
tablet (Roche) in 950µl ddH2O 

Protein 
extraction from 

cells/tissues 
10x phosphate 
buffered saline 

(PBS) 

10 PBS tablets dissolved in 1L ddH2O. 
Filtered or sterilised by autoclaving. 

Solute for 
buffers; washing 
in IF, WB, TC 
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Name Composition Use 

1x PBS 10% 10x PBS + 90% ddH2O 
Solute for 

buffers; washing 
in IF, WB, TC 

PBS-Tween  
(PBS-T) 

10% 10x PBS + 89.9% ddH2O + 0.1% 
Tween20 

WB 

PBS++ 1x PBS + 1mM MgCl2 + 1mM CaCl2 Adhesion assay 

Ponceau S solution 5% acetic acid + 0.5% Ponceau S in ddH2O WB 

50x Protease 
Inhibitor cocktail 

(PI) 

1 tablet cOmplete EDTA-free protease 
inhibitor cocktail (Roche) in 950µl ddH2O 

Protein 
extraction from 

cells/tissues 
10% sodium 

dodecyl sulphate 
(SDS) 

10% SDS in ddH2O (heated to dissolve) WB 

SDS-PAGE 
running buffer 

10% 10x TG buffer + 1% 10% SDS + 89% 
ddH2O 

SDS-PAGE 

50x Tris-Acetic 
Acid-EDTA (TAE) 

buffer 

2M Trisma base + 0.95M glacial acetic acid 
+ 0.05M EDTA (pH = 8.0) in ddH2O 

DNA gel 
electrophoresis 

1x TAE buffer 1:50 dilution of 50x TAE in ddH2O 
DNA gel 

electrophoresis 
10x Tris-Glycine 

(TG) buffer 
250mM Trisma base + 1.92M glycine in 

ddH2O 
WB 

10x Tris-buffered 
saline (TBS) 

100mM Tris + 750mM NaCl, adjust pH to 
7.6 with 37.5% HCl, in ddH2O 

WB 

1x Tris-buffered 
Saline-Tween 

(TBS-T) 
10% 10x TBS + 0.5ml Tween-20 in ddH2O WB 

Tris-Glycine 
transfer buffer 

10% 10x TG buffer + 90% ddH2O WB 

Triton extraction 
buffer 

0.5% Triton-X100 + 2mM 
phenylmethylsufonyl fluoride (PMSF) + 
0.02% sodium azide (NaN3) in ddH2O 

Histone 
extraction 

Wash Buffer A 
10mM Tris-HCl, pH = 7.4 + 150mM NaCl + 

0.05% v/v Tween-20 
Proximity 

ligation assay 

Wash Buffer B 200mM Tris-HCl, pH = 7.4 + 100mM NaCl  
Proximity 

ligation assay 
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2.1.2. Molecular biology reagents 

A list of kits used in this study is detailed below in Table 2-2. 

Table 2-2: Kits used during this study 

Kit Name Part No. Supplier 

Gel elution SmartPure Gel kit SK-GEPU Eurogentec 

Gel elution (ii) QIAquick gel extraction kit 28706 Qiagen 

Midiprep NucleoBond® Xtra Midi EF 740422 Machery-Nagel 

PCR cleanup SmartPure PCR kit SK-PCPU Eurogentec 

PCR cleanup 
(ii) 

QIAquick PCR purification kit 28106 Qiagen 

Proximity 
ligation assay 

Duolink® in situ detection 
reagents green mouse/rabbit 

DUO92014 Sigma 

RACE FirstChoice® RLM-RACE kit AM1700 Ambion 

RNA extraction Bioline Isolate RNA Mini BIO-52044 Bioline 

RNA-to-cDNA 
High-Capacity RNA-to-

cDNA™ kit 
4387406 

ThermoFisher 
Scientific 

Silver stain 
ProteoSilver Plus™ Silver Stain 

kit 
PROTSIL2 Sigma 

SYBR Green 
Fast SYBR™ Green Master 

Mix 
4385612 

ThermoFisher 
Scientific 

 

2.1.3. Antibodies 

2.1.3.1. Primary antibodies 

Primary antibodies used in this study, as well as their source and dilution used, are detailed 

below in Table 2-3. 
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Table 2-3: Primary antibodies 

Antibody Source Product no. Host species 
Dilution 

WB IF FACS 

53BP1 Novus Bio NB100-904 
Rabbit 

polyclonal 
- 1:1,000 - 

Acetylated 
lysine 

Cell 
Signalling 

Technology 
9441 

Rabbit 
polyclonal 

1:500 - - 

α-tubulin Sigma T-6074 
Mouse 

monoclonal 
1:5,000 1:5,000 - 

β-actin-HRP Sigma A3854 

Mouse 
monoclonal 

conjugated to 
horseradish 
peroxidase 

(HRP) 

1:40,000 - - 

BRCA1  
(D-9) 

Santa Cruz sc-6954 
Mouse 

monoclonal 
- 1:200 - 

BrdU 
BD 

Biosciences 
347 580 

Mouse 
monoclonal 

- - 1:50 

E-Cadherin 
Cell 

Signalling 
Technology 

24E10 
Rabbit 

monoclonal 
1:500 1:200 - 

Flag Sigma F1804 
Mouse 

monoclonal 
1:500 1:500 - 

GAPDH Sigma G9545 
Rabbit 

polyclonal 
1:10,000 - - 

γH2A.x Merck 05-636 
Mouse 

monoclonal 
- 1:1,000 - 

GFP Roche 11814460001 
Mouse 

monoclonal 
1:500 1:500 - 

H4K16ac Merck 07-329 
Rabbit 

polyclonal 
1:1,000 1:1,000 - 

HA 
Sigma-
Aldrich 

H3663 
Mouse 

monoclonal 
1:1,000 - - 

Histone H3 Abcam ab1791 
Rabbit 

polyclonal 
1:5,000 - - 

hMOF 7D1 
(hybridoma 
supernatant) 

Dundee Cell 
Products 

- 
Mouse 

monoclonal 
1:5 1:4 - 

hMOF 7D1 
(affinity 
purified) 

Dundee Cell 
Products 

- 
Mouse 

monoclonal 
1:100 1:100 - 
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Antibody Source Product no. Host species 
Dilution 

WB IF FACS 

hMOF 

Akhtar lab 
(Germany; 

Pfister et al., 
2008) 

- 
Rabbit 

polyclonal 
1:500 1:100 - 

Lamin B1 Abcam ab133741 
Rabbit 

polyclonal 
1:5,000 - - 

MDC1 Bethyl A300-053A 
Rabbit 

polyclonal 
- 1:1,000 - 

p53 Santa Cruz DO-1 
Mouse 

monoclonal 
1:1,000 - - 

SCCI 
(RAD21) 

Morrison lab 
(NUI 

Galway) 
- 

Rabbit 
polyclonal 

1:3,000 - - 

Streptavidin-
HRP 

Cell 
Signalling 

Technology 
3999 

Rabbit 
monoclonal 

conjugated to 
HRP 

1:2,000 - - 

TFIP11 Santa Cruz sc-393081 
Mouse 

monoclonal 
1:50 1:50 - 

Vimetin 
Cell 

Signalling 
Technology 

D21H3 
Rabbit 

monoclonal 
1:500 1:200 - 

 

2.1.3.2. Secondary antibodies 

A list of both horseradish peroxidase (HRP)-conjugated and fluorescent secondary 

antibodies can be found below (Table 2-4). 

Table 2-4: Secondary antibodies 

Antibody Source 
Product 

no. 
Host 

species 

Dilution 

WB IF FACS 

Anti-Mouse-HRP 
Amersham NA931 Sheep 1:10,000 n/a n/a 

Anti-Rabbit-HRP 
Amersham NA934 Donkey 1:10,000 n/a n/a 

Alexa Fluor 488 
anti-mouse 

Molecular 
Probes 

A21202 Donkey n/a 1:500 1:50 
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Antibody Source 
Product 

no. 
Host 

species 

Dilution 

WB IF FACS 

Alexa Fluor 594 
anti-mouse 

Molecular 
Probes 

A21203 Donkey n/a 1:500 n/a 

Alexa Fluor 488 
anti-rabbit 

Molecular 
Probes 

A21206 Donkey n/a 1:500 n/a 

Alexa Fluor 594 
anti-rabbit 

Molecular 
Probes 

A21207 Donkey n/a 1:500 n/a 

Duolink In Situ 
PLA probe anti-
mouse PLUS 

Sigma 
DUO9200

1 
Donkey n/a 1:5 n/a 

Duolink In Situ 
PLA probe anti-
rabbit MINUS 

Sigma 
DUO9200

5 
Donkey n/a 1:5 n/a 

 

2.1.4. DNA for cloning 

2.1.4.1. Plasmids 

The following is a list of plasmids used throughout the course of these experiments:  

Table 2-5: Plasmids used in this study 

Plasmid Source 
pcDNA3.1(+) Morrison lab (CCB, NUI Galway) 
pcDNA3.1(+)_HA2FMOF Akhtar lab (Germany) 
pcDNA3.1(+)_HA21MOF This study 
pcDNA3.1(+)_MCSBirA(R118G)-HA Roux lab (Addgene plasmid # 36047; 

Roux et al., 2012) 
pcDNA3.1(+)_MOFBirAHA This study 
pcDNA5/FRT/TO Sanatocanale lab (CCB, NUI Galway) 
pOG44 Sanatocanale lab (CCB, NUI Galway) 
pcDNA5/FRT/TO_MOFBirAHA This study 
pcDNA5/FRT/TO_BirAHA This study 
px330 Lowndes lab (CCB, NUI Galway) 
px330_MOFgRNA1a This study 
px330_MOFgRNA1b This study 
px330_MOFgRNA2 This study 
px330_p53gRNA4a This study 
px330_p53gRNA4b This study 
px330_p53gRNA5 This study 
eGFP_N1 McStay lab (CCB, NUI Galway) 
eGFP_N1_TIP60 This study 
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Plasmid Source 
pLOX_puro Morrison lab (CCB, NUI Galway) 
pLOX_blast Morrison lab (CCB, NUI Galway) 
pLOX_geneticin Morrison lab (CCB, NUI Galway) 
mCherry-alpha-tubulin Voeltz lab (Addgene plasmid #49149; 

Friedman et al., 2010) 
pCAG_eGxxFP Ikawa lab (Addgene plasmid #50716; 

Mashiko et al., 2013) 
pCAG_eGxxFP_MOFUTR-Ex2 This study 
pCAG_eGxxFP_p53Ex2-4 This study 

 

A list of primers used over the course of these experiments is detailed in Appendix A. 

 

2.1.4.2. siRNA sequences 

A list of siRNAs used in this study are detailed below. All siRNAs were obtained from 

Sigma except for the non-targeting siRNA #5, which was obtained from Dharmacon (GE 

Healthcare, USA).  

Table 2-6: Sequences of siRNAs used in this study 

siRNA Sequence (5’ to 3’) 
MOFsi1 GUGAUCCAGUCUCGAGUGA[dT][dT] 
MOFsi4 GCAAAGACCAUAAGAUUUAUU[dT][dT] 
MOFsi21 GUGUCAGGGACUUUACCUACU[dT][dT] 
Tip60si1 (siKAT5.1) GACCAUAAGACACUGUACUAU[dT][dT] 
Tip60si2 (siKAT5.2) GUACCUCAAUCUCAUCAACUA[dT][dT] 
siKAT6a GCUGUCCCUCUGUCAUUGAGU[dT][dT] 
siKAT6b UUCCAAACGCGCUGUGAAUAA[dT][dT] 
siKAT7 GCCGCUAUGAGCUUGAUACCU[dT][dT] 
Non-targeting siRNA #5 D-001210-05, Dharmacon (GE Healthcare) 

 

2.1.5. Biological materials 

2.1.5.1. Bacterial strains 

Only one bacterial strain was used for cloning in this study: 
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Table 2-7: Bacterial strains used in this study 

E.Coli strain Genotype 

Top10 F- mcrAΔ (mrr-hsdRNS-mcrBC) φ80lacZΔM15 ΔlacX74deoR 
recA1 araD139 Δ(araleu) 7697 galU galK rpsL(StrR) endA1 
nupG 

 

2.1.5.2. Cell lines 

A list of the human commercial cell lines used throughout this study are detailed below. 

Table 2-8: Cell lines used in this study 

Cell type Source Origin 
MDA-MB-231 American Type 

Culture Collection 
(ATCC) 

Breast adenocarcinoma, derived from 
pleural metastatic effusion 

MDA-MB-231 KAT8-/- This study MDA-MB-231 + CRISPR/Cas9 
editing to knock out MOF expression 

MCF-7 European 
Collection of 
Authenticated Cell 
Cultures (ECACC) 

Breast adenocarcinoma, derived from 
pleural metastatic effusion 

MCF-7 TP53-/- This study MCF-7 + CRISPR/Cas9 editing to 
knock out p53 expression 

MCF-7 TP53-/-KAT8-/- This study MCF-7 TP53-/- + CRISPR/Cas9 
editing to knock out MOF expression 

hTERT-RPE1 Lowndes lab, 
CCB,  
NUI Galway 

Retina pigmented epithelium 
immortalised with hTERT 

hTERT-RPE1 TP53-/- This study hTERT-RPE1 + CRISPR/Cas9 
editing to knock out p53 expression 

hTERT-RPE1  
TP53-/- KAT8-/- 

This study hTERT-RPE1 TP53-/- + 
CRISPR/Cas9 editing to knock out 
MOF expression 

hTERT-RPE1 MSL1-/- Anna Meller,  
Rea lab 

hTERT-RPE1 + CRISPR/Cas9 
editing to knock out MSL1 
expression 

hTERT-RPE1 MSL2-/- Anna Meller,  
Rea lab 

hTERT-RPE1 + CRISPR/Cas9 
editing to knock out MSL2 
expression 

Hek T-Rex Flp-In  Sanatocanale lab, 
CCB, NUI Galway 

Human embryonic kidney stably 
expressing pFRT⁄lacZeo and 
pcDNA™6⁄TR 
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Cell type Source Origin 
Hek T-Rex Flp-In MOF-
BirA*-HA 

This study Hek T-Rex Flp-In stably expressing 
MOF-BirA*HA 

Hek T-Rex Flp-In 
BirA*-HA 

This study Hek T-Rex Flp-In stable expressing 
BirA*-HA 

MDA-MB-436 ATCC Breast adenocarcinoma, derived from 
pleural metastatic effusion 

MDA-MB-453 Glynn lab, 
Translational 
Research Facility 
(TRF), NUI 
Galway 

Metastatic breast carcinoma, derived 
from pericardial metastatic effusion 

SK-BR-3 ATCC Breast adenocarcinoma, derived from 
pleural metastatic effusion 

MCF-10A Sanatocanale lab, 
CCB,  
NUI Galway 

Epithelial breast, derived from 
fibrocystic disease site 

BT-549 Glynn lab, TRF, 
NUI Galway 

Breast ductal carcinoma, derived 
from breast tissue 

HCC1806 Glynn lab, TRF, 
NUI Galway 

TNM stage IIB, grade 2, primary 
acantholytic squamous cell 
carcinoma, derived from breast 
epithelium 

HepG2 Murphy lab, 
REMEDI, NUI 
Galway 

Hepatocellular carcinoma, derived 
from liver tissue 

Hek293 ATCC Embryonic kidney epithelium 
U2OS ATCC Osteosarcoma, derived from bone 

epithelium 
HeLa ATCC Cervical adenocarcinoma, derived 

from cervical epithelium 
BJ Agami lab, 

Division of 
Tumour Biology, 
NKI, Netherlands 

Normal fibroblast cells, derived from 
foreskin 

hTERT-BJ_H2B-GFP Agami lab, 
Division of 
Tumour Biology, 
NKI, Netherlands 

BJ cells immortalised with hTERT, 
stably expressing histone H2B-GFP 
fusion protein 

 

2.1.5.3 Drugs 

The following drugs were used to treat cells at the indicated concentration.  
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Table 2-9: Drugs used in this study. 

Drug 
Stock 

concentration 
Working 

concentration 
Source 

Product 
code 

TH1834 50mM 10µM 
Dr Brown, TRF, 

NUI Galway 
- 

Fibronectin 1mg/ml 5µg/ml Sigma  F1141 
Etoposide 10mM 25µM Sigma E1383 

BrdU 200mM 20µM Sigma B5002 
MitoTracker 1mM 1µM Molecular probes M7512 

Doxycycline hyclate 
(tetracycline) 

200µg/ml 1µg/ml Sigma D9891 

MG132 10mM 5µM Sigma C2211 
ALLN 10mM 50µM Merck 208719 
Biotin 10mM 50µM Sigma B4639 

 

2.2 Molecular cloning methods  

2.2.1 Resuspending primers 

Primers were received as dry pellets from Sigma Aldrich. Upon receipt, tubes containing 

oligos were centrifuged for 30 seconds at 10,000rpm. ddH2O was added to the DNA pellet 

to a final concentration of 100μM as per datasheet for each primer. Tubes were vortexed 

and shaken on benchtop mixer at 1,400rpm for 20 minutes at room temperature. 

Resuspended oligos were stored at -20oC and were used at a final concentration of 10μM 

for experiments.  

 

2.2.2  Preparation of oligo/plasmid 

2.2.2.1 Annealing of oligos 

For cloning of complementary oligos into px330 plasmid, oligos were first annealed by 

setting up a reaction as follows: 

 1µl forward primer (100µM) 

 1µl reverse primer (100µM) 

 1µl 20x px330 annealing buffer 

 17µl ddH2O 
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This reaction was placed in a heating block at 95oC. The heating block was then turned 

off and the reaction allowed to cool slowly to room temperature (2-3 hours) before 

proceeding to PNK treatment.  

 

2.2.2.2 Phosphorylation of oligo ends 

To introduce a phosphate to the 5’ end of oligos, oligos were treated with T4 

polynucleotide kinase (PNK, New England Biolabs (NEB)) as follows: 

 20µl annealed oligos 

 2µl T4 PNK 

 4µl 10x T4 PNK buffer 

 14µl ddH2O 

Reactions were incubated at 37oC for 30 minutes, after which the reaction was halted by 

incubation in a heat block for 20 minutes at 65oC. A PCR cleanup of the reaction was 

performed (Section 2.3.7.2), and this was eluted in 30µl of the provided elution buffer. 

Annealed, PNK-treated, purified oligos were then diluted 1:200 in ddH2O before 

proceeding to ligation (Section 2.2.2.5). 

 

2.2.2.3 Restriction enzyme digest 

Cloning of inserts into plasmids required restriction enzyme digest of both vector and 

insert. This was done using restriction enzymes and their respective buffers, all obtained 

from NEB. Reactions were performed as per manufacturer’s instructions. Generally, 1-

5μg DNA was used in reactions to prepare plasmid DNA for ligation, and 500ng-1μg of 

DNA was used for a diagnostic digest to screen plasmid DNA for successful ligation of 

inserts. Reactions were incubated at 37oC for 1-3 hours. If necessary, enzymes were then 

inactivated as per the manufacturer’s instructions. Following digest, DNA was run on an 

agarose gel for further analysis and purified if required (Section 2.3 below). 
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2.2.2.4 Dephosphorylation of DNA ends 

In the case of the presence of blunt DNA ends being created following restriction enzyme 

digest, for example following enzyme digestion with EcoRV, 3’ and 5’ DNA ends were 

dephosphorylated to prevent re-ligation of vectors. This was performed by incubation of 

the digested DNA with Shrimp Alkaline Phosphatase (SAP, Promega) or Calf Intestinal 

Phosphatase (CIP, NEB) and their corresponding buffers for 1 hour at 37oC, followed by 

purification of DNA by PCR cleanup.  

 

2.2.2.5 Ligation 

In order to ligate inserts into the required vector following enzymatic digest, DNA insert 

and vector plasmid were combined at a 1:3 vector:insert molar ratio. The ligation was 

performed using 1μl of T4 DNA ligase (NEB) and the corresponding T4 DNA ligase 

buffer, and was incubated at room temperature for 1-2 hours. Ligation products were then 

transformed into competent E.Coli cells (Section 2.2.3.2 below). 

 

2.2.3 Bacterial culture methods 

2.2.3.1 Preparation of E.Coli stocks 

4μl of Top10 E.Coli cells were incubated in 4ml of LB broth overnight at 37oC in a rotary 

shaker. This starter culture was then inoculated in 100ml of LB at 37oC with shaking until 

an OD600 of between 0.4 and 0.6 was reached (4-6 hours). Following this, cells were 

pelleted by centrifugation at 4,500rpm for 10 minutes at 4oC.  The supernatant was 

discarded and the pellet resuspended in 50ml of ice-cold 0.1M CaCl2 and incubated on ice 

for 30 minutes. Cells were again pelleted as before and the supernatant discarded. Cells 

were resuspended in 10ml of cold 0.1M CaCl2 containing 15% glycerol. This cell 

suspension was aliquoted into 1.5ml sterile microcentrifuge tubes, snap frozen in liquid 

nitrogen (LN2), and then stored at -80oC until required. 
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2.2.3.2 E.Coli transformation 

E.Coli cells and ligation mixtures were incubated on ice. 5μl of ligation mixture was then 

added to 50μl of E.Coli. This mixture was incubated for 20-30 minutes on ice, after which 

heat shock was performed by incubating the cells at 42oC for 1 minute. Cells were 

immediately returned to ice for 5 minutes. 500μl of LB broth was added to the cells and 

this mixture was incubated for 30-60 minutes at 37oC with shaking. Cells were then 

pelleted by centrifugation at 5,000rpm for 2 minutes and resuspended in 50-100µl LB 

broth, which was then spread onto LB agar plates made with the appropriate antibiotic (in 

this study, all plasmids were ampicillin-resistant). Plates were incubated at 37oC 

overnight; resulting colonies were picked and incubated individually in 4ml LB broth 

containing ampicillin at 37oC with shaking to enable DNA miniprep (below). For larger 

scale DNA preparations, transformed E.Coli were added to 200mL LB broth containing 

ampicillin and incubated overnight at 37oC with shaking, enabling subsequent midiprep. 

 

2.2.3.3 Plasmid DNA purification  

Transformed E.Coli were isolated from LB broth starter cultures by centrifuging at max 

speed (14,000 rpm) for 1 minute. After discarding supernatant, cells were resuspended in 

200μl cold resuspension buffer (note: all buffers in this protocol were from NucleoBond 

Xtra Midi Plus EF kit) and vortexed briefly. 200μl lysis buffer was added to cells and 

incubated for 2-3 minutes at room temperature. Lysis was stopped by adding 200μl 

neutralization buffer and inverting tube until a homogeneous suspension was formed. This 

suspension was incubated on ice for 5 minutes and then centrifuged at max speed for 30 

minutes at 4oC. The resulting supernatant was transferred to a fresh tube and 200μl 

isopropanol was added. This suspension was then centrifuged at max speed for 30 minutes 

at 4oC. The supernatant was removed and the remaining pellet was washed by adding 

500µl 70% ice-cold ethanol and centrifuging at max speed for 10 minutes at 4oC. Ethanol 

was aspirated and DNA pellets were allowed to dry at room temperature for 10 minutes. 

Purified plasmid DNA was resuspended in 30-100μl Tris-EDTA (TE) buffer. 
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For midiprep, the Nucleobond Xtra Midi Plus EF kit was used as per the manufacturer’s 

protocol. Unlike the miniprep protocol, the Nucleobond Xtra Column was used to bind 

DNA. To do this, the column was first equilibrated with the provided equilibration buffer 

prior to the lysed, neutralised DNA suspension being allowed to flow through the column. 

After washing, the DNA was eluted from the column, precipitated using isopropanol, and 

washed again was 70% ethanol. DNA was eluted using the Nucleobond Finaliser in 300μl 

TE buffer.   

 

2.3 Nucleic acid methods  

2.3.1 DNA gel electrophoresis 

To analyse DNA fragments following enzymatic digest or PCR amplification, samples 

were run on an agarose gel. Most were run on a 1% (w/v) gel, though fragments <500bp 

were run on a 1.5-2% gel, while fragments >8kb were run on a 0.75% gel. Gels were 

prepared by dissolving the appropriate amount of agarose in 60ml TAE buffer by 

microwaving. Following cooling, SYBR Safe dye (Invitrogen) was added to the agarose 

solution at a 1:10,000 dilution, and the gel was poured into the appropriate casting block. 

Before loading onto the gel, DNA samples were mixed with 6x DNA loading dye (NEB). 

GeneRuler™ 1kb Plus DNA Ladder (NEB) was also run on each agarose gel to enable 

size estimation of observed DNA products. Electrophoresis was performed in TAE buffer 

at 70-85V for 50 minutes using a Bio-Rad PowerPac Basic, and were visualised with a 

UV transilluminator ChemiImager 5500 (Alpha Innotech). 

 

2.3.2 DNA gel purification 

DNA bands were excised from the gel using a sterile scalpel blade and placed in a 1.5ml 

Eppendorf tube. The gel slice was dissolved and DNA was extracted using either the 

QIAquick Gel Extraction kit (Qiagen) or the SmartPure Gel kit (Eurogentec) as per the 

manufacturer’s instructions. DNA was eluted in 30-60μl TE buffer.   
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2.3.3 Estimating nucleic acid concentration 

The concentration of DNA or RNA was estimated using the Nanodrop 2000c (Thermo 

Scientific) by measuring its absorbance at 260nm. This was also used to estimate purity 

of the nucleic acid preparations – samples with a 260/280 ratio between 1.8 and 2.0, and 

a 260/230 ratio greater than 1.8 were considered suitable for use in future experiments.  

 

2.3.4 Sequencing of DNA 

To ensure there were no point mutations in molecular cloning, or in sequencing of 

potential CRISPR knockouts, Sanger sequencing was performed, either by Source 

Bioscience (UK) or Eurofins (Germany). Resulting sequences were aligned with expected 

sequences created in Snapgene Viewer using the software tool CLC Sequence Viewer 7.  

 

2.3.5 Genomic DNA extraction 

Genomic DNA extraction was performed using the Genomic DNA Extraction kit 

(Eurogentec) as per the manufacturer’s instructions. Briefly, pellets were resuspended in 

100μl Buffer ‘A’ and incubated for 10 minutes at 95oC. 14μL of Buffer ‘B’ was then 

added and DNA concentration was estimated using the Nanodrop 2000c as above.  

 

2.3.6 RNA extraction and cDNA synthesis 

Total RNA was extracted from cells using the Bioline Isolate RNA kit as per the 

manufacturer’s protocol. Briefly, a cell pellet was resuspended in the supplied lysis buffer. 

Released RNA was bound to a column and washed. Following this, RNA was eluted in 

30-60μl RNAse-free water and stored at -80oC until required, or used immediately in 

cDNA synthesis. For cDNA synthesis, RNA concentration and purity was first determined 

using the Nanodrop 2000c. Reverse transcription to cDNA was performed using the High 

Capacity RNA-to-cDNA kit (Applied Biosystems) as follows: 
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Table 2-10: Setup of RNA-to-cDNA reverse transcription reaction 

Reagent Volume (µl) 
2x buffer 5 
20x enzyme 0.5 
RNA (0.5µg) x (depending on RNA concentration) 
RNAse-free H2O up to 10µl final volume 

 

This mixture was incubated for 1 hour at 37oC, followed by inactivation of the enzyme by 

incubation at 95oC for 5 minutes. cDNA was then stored at 4oC for future use, or diluted 

1:50 for use in qPCR experiments.  

 

2.3.7 Polymerase chain reaction  

2.3.7.1 PCR reaction 

KOD polymerase (Merck) was used to amplify target DNA sequences as per the reaction 

set-up below (Table 2-11). Generally, a 20μl reaction was used, though when a larger 

DNA yield was required, a 50μl reaction was prepared. 

 

Table 2-11: PCR setup 

Reagent Stock conc. 
Desired 
conc. 

Vol. added 
(μl) 

KOD Hot Start buffer 10x 1x 2 
dNTPs 2mM 200μM 2  
MgSO4 25mM 1.5mM 1.2 
Forward primer 10μM 0.3μM 0.6 
Reverse primer 10μM 0.3μM 0.6 
DMSO 100% 5% 1 
DNA sample 40-100ng/μl 40-100ng 1 
KOD Hot Start Polymerase 1.0 U/µl 0.02U 0.4 
H2O - - 11.2 
Total Volume - - 20 

  

 



  Chapter 2 – Materials and Methods 
 

52 
 

2.3.7.2 PCR cleanup 

If amplified DNA was not run on an agarose gel for gel extraction and purification, it 

could be purified directly using a PCR cleanup kit. PCR cleanup was performed using 

either the SmartPure PCR (Eurogentec) or QIAquick PCR cleanup (Qiagen) kit as per 

manufacturer’s protocol. DNA was eluted in 30-60μl of TE buffer. 

 

2.3.7.3 PCR mutagenesis 

To introduce point mutations in proteins, site-directed mutagenesis was used to substitute 

a single nucleotide in the DNA sequence, therefore leading to a single amino acid 

substitution in the protein sequence. This was performed by designing complementary 

primers containing the desired mutation at the centre of the primer, with at least 16 base 

pairs flanking the mutation on either side. Primers were designed to have a melting 

temperature of at least 55oC, and it was ensured that the melting temperature of 

complementary oligos did not differ by more than 1oC.  

 

Following primer design, a standard 20µl PCR reaction was set up, with plasmid DNA 

containing the sequence to be mutated as template, and the complementary mutagenesis 

primers as forward and reverse primers. A negative control PCR was also included, i.e. 

with no primers. Following PCR amplification, the resulting products were DpnI (NEB) 

digested by adding 0.5µl of enzyme to the PCR product and incubating at 37oC for 1 hour 

in order to remove unmethylated DNA, i.e. DNA which was not newly synthesised in the 

preceding PCR reaction. 10µl of each PCR product was run on a 1% agarose gel to ensure 

the reaction was successful. Following conformation of this, the digested products were 

transformed into Top10 E.Coli cells as per protocol and plated onto LB/Amp agar plates. 

Following miniprep of selected colonies, successful mutagenesis was confirmed by 

sequencing. 
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2.3.7.4 Quantitative real-time PCR (qRT-PCR) 

cDNA was synthesised from RNA as previously described and diluted 1:50 to a final 

volume of 500μl. qPCR reactions were set up as follows: 

Table 2-12: qPCR setup 

Solution Volume (µl) 
Fast SYBR Green master mix 5 
Forward primer (10µM) 0.5 
Reverse primer (10µM) 0.5 
Diluted cDNA 4 
Total Volume: 10 

 

Samples were aliquoted in triplicate into MicroAmp Optical 96-well plates and run on the 

StepOne™ Real-Time PCR system (Applied Biosystems). To normalise expression to 

total cDNA levels, PPIA (cyclophilin A) and MRPL19 (39S ribosomal protein L19, 

mitochondrial) reference genes were amplified as well as the gene(s) of interest, as these 

have been shown to be the most stable and reliable housekeeping genes in breast cancer-

specific studies (McNeill et al., 2007). 

 

2.3.7.5 3’ Rapid Amplification of cDNA Ends (RACE) 

3’ RACE was performed using the Ambion RLM-RACE kit. RNA, extracted from cells 

as described previously, was first reverse transcribed to cDNA with the provided 3’ RACE 

adapter to bind to PolyA tails at the end of transcribed mRNA regions. The reaction was 

set up as follows: 

 

Table 2-13: RT-PCR setup for 3’ RACE 

Component Volume (µl) 
RNA x (1µg) 
3’ RACE adapter 2 
2x RT buffer mix 10 
20x enzyme mix 1 
RNase-free H2O 7-x 
Total Volume: 20 
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Reverse transcription (RT) was carried out as per protocol above (Section 2.3.6). 

Following RT, 1µl of this reaction was used as a PCR template for a 3’ RACE outer PCR. 

This was set up as described previously (Table 2-11), using a gene-specific primer as 

forward primer and the provided 3’RACE outer primer as reverse primer. To increase the 

yield and specificity of the outer PCR yield, an inner PCR was then run using the outer 3’ 

RACE PCR product as template DNA, a 3’ RACE gene-specific inner primer as forward 

primer, and the provided 3’ RACE inner primer as reverse primer. PCR products were 

visualised by agarose gel electrophoresis for use in downstream applications such as 

molecular cloning or sequencing. 

 

2.4 Mammalian cell culture 

2.4.1 Cell maintenance 

2.4.1.1 Growth conditions for cells 

Cells were incubated in a sterile humidified 37oC incubator with 5% CO2 and maintained 

in the appropriate media (detailed in Table 2-14 below). All cell culture work was 

performed in sterile conditions in a laminar flow hood. Reagents were stored at 4oC; media 

and PBS were warmed to 37oC before use while trypsin was warmed to room temperature. 

Cells were visualised using an Olympus (Japan) CKX41 inverted light microscope.  
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Table 2-14: Growth conditions for cells cultured during this study 

Growth medium Cell type 
DMEM (Dulbecco’s Modified 
Eagle’s Medium) + 10% FBS 

MDA-MB-231 
MDA-MB-231 KAT8-/- 
MCF-7 
MCF-7 TP53-/- 
MCF-7 TP53-/- KAT8-/- 
Hek293 
U2OS 
SK-BR-3 
HeLa 
MDA-MB-436 
BJ 
hTERT-BJ_H2B-GFP 

DMEM-F12 (Lonza) + 10% FBS RPE1 
RPE1 TP53-/- 
RPE1 TP53-/- KAT8-/- 
RPE1 MSL1-/- 
RPE1 MSL2-/- 

Low glucose DMEM (Lonza) + 
10% FBS 

HepG2 

DMEM + 10% tetracycline-free 
FBS (BioSera, France) + 15μg/ml 
blasticidin + 100μg/ml zeocin 

Hek T-Rex Flp-In  

DMEM + 10% tetracycline-free 
FBS + 15μg/ml blasticidin + 
150μg/ml hygromycin B 

Hek T-Rex Flp-In MOF-BirA*-HA 
Hek T-Rex Flp-In BirA*-HA 

DMEM + 5% horse serum + 
10µg/ml insulin + 0.5mg/ml 
hydrocortisone + 20ng/ml 
epidermal growth factor (EGF) + 
100ng/ml cholera toxin (from 
Vibrio cholerae) + 5ml 
penicillin/streptomycin 

MCF-10A 

RPMI + 10% FBS BT-549 
HCC1806 
MDA-MB-453 

 

2.4.1.2 Passaging cells 

When cells reached near-confluence (approximately 80% confluency), cells were 

passaged by removing media and washing cells with sterile, autoclaved PBS. Cells were 

detached from the bottom of the flask by incubation in trypsin-EDTA (Lonza or Sigma) 
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for approximately 5 minutes or until >95% of cells were detached. Activity of trypsin was 

quenched with media and cells were seeded in a new dish or flask at a 1:5 or 1:10 dilution 

in fresh medium. 

 

2.4.1.3 Harvesting cells 

Following trypsinisation of cells and quenching of trypsin with medium, the cell 

suspension was transferred to the appropriate tube and centrifuged at 1,200 rpm for 5 

minutes. Supernatant was aspirated and cells were washed with PBS. Cells were again 

spun down at 1,200 rpm for 5 minutes. The PBS supernatant was removed and cell pellets 

were stored at -80oC for future use. 

 

2.4.1.4 Freezing down cells 

To freeze down cells, the protocol for isolating the cell pellet was followed as above. The 

washed cell pellet was then resuspended in freezing media. Aliquots were placed in 1ml 

cryovials (Nalgene) and allowed to cool gradually to -80oC in a Mr Frosty™ freezing 

container. The following day, frozen cell stocks were transferred to storage in LN2 or kept 

at -80oC if they were to be thawed within 12 months. 

 

2.4.1.5 Thawing cells 

To thaw cells from liquid nitrogen or -80oC, cells in cryovials were warmed at 37oC and 

transferred to a 15ml centrifuge tube. 7ml pre-warmed media was added to cells dropwise, 

followed by centrifugation at 1,200rpm for 5 minutes. Cell pellets were resuspended in 

pre-warmed media, plated in the appropriate dish or flask, and transferred to the 

humidified incubator. Media was changed the following day to remove any residual 

DMSO. For cells maintained in antibiotics (e.g. Hek293 T-Rex Flp-In cells), cells were 

thawed and plated in antibiotic-free media and changed to complete media 12-24 hours 

after thawing.  
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2.4.2 Hybridoma culture 

To culture hybridomas for generation of supernatant-containing antibody, a specific 

hybridoma medium was used: 

 

Table 2-15: Hybridoma culture medium 

Component 
Stock 

concentration 
Desired 

concentration 
Volume (ml) 

DMEM - - 415 
FBS 100% 10% 50 

L-glutamine 200mM 4mM 10 
Penicillin/Streptamycin 10,000 units/ml 100 units/ml 5 

Non-essential amino acids 100x 1x 5 
Hypoxanthine 100x 1x 5 

Hybridoma cloning and 
fusion supplement 

50x 1x 10 

 

Cells were cultured in this medium and expanded to 2 175cm2 flasks. Cells were grown 

to reach 100% confluency and left for a further 4-5 days to continue generating antibody 

and secreting this into the media. Media was then removed and transferred to 50ml falcon 

tubes. Cell debris was removed from the media by centrifugation at 1,500rpm for 5 

minutes. The supernatant was then filtered into fresh 50ml Falcon tubes through a 0.2µm 

filter. The supernatant was then stored at -80oC until purification or aliquoted into 1.5ml 

microcentrifuge tubes and stored at -80oC for use without purification. 

 

2.4.3 Cell counting 

Cells were counted using a glass haemocytometer (Marienfeld-Superior, Germany). The 

haematocytometer and a glass coverslip were first cleaned with ethanol and allowed to 

dry. The glass coverslip was then affixed to the haematocytometer and 10µl of an even 

cell suspension was added to the haematocytometer. Cell number was estimated by 

counting four of the smaller squares (marked on Figure 2.1) within four of the larger 

squares, leading to a count of 16 squares in total. This number, when multiplied by 104, 
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gives the cell number per ml. This number was then multiplied by the number of ml in the 

original cell suspension for total cell number and dilutions made as appropriate.  

 

 

Figure 2.1: Cell counting using a glass haematocytometer.  10µl of cell suspension covers the entire surface 
of the haematocytometer. Counting the four corners indicated in red in all four corner boxes (marked 1-4) 
is first performed. This number can then be multiplied by 104 to obtain cells/ml of the original cell 
suspension. 

 

2.4.4 Proliferation studies 

To calculate the rate of growth of cell lines, growth curves were used. In most cases, 5 × 

104 (though in the case of RPE1, this was decreased to 2 × 104 due to their quicker 

doubling time) cells were seeded into 6 well plates. Cell counts were performed at 4 

timepoints and were performed in triplicate for each timepoint; therefore, 12 wells were 

seeded for each cell line to be counted. Cells were counted as described above at 24, 48, 

72 and 96 hours after seeding by trypsinisation and resuspension in media. 

 

2.4.5 Transfection 

2.4.5.1 siRNA transfection 

For transfection with siRNA, cells were seeded onto 6-well plates 24 hours before 

transfection to be 30-40% confluent at the time of transfection. 100picomoles of siRNA 

was added to Optimem (Gibco) reduced serum medium to a final volume of 40µl. 

Meanwhile, 5µl Oligofectamine was added to 155µl Optimem. These mixtures were 
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incubated at room temperature for 15 minutes. The oligofectamine mix was then added to 

the siRNA mixture and mixed gently by pipetting. This mixture was then incubated at 

room temperature for a further 30 minutes.  

 

Before transfection, media was removed from the cells and they were washed twice in 

serum-free media. 1mL serum-free media was added to the cells. After incubation, the 

siRNA-oligofectamine complexes were added to the cells dropwise and transferred to an 

incubator. After 4-5 hours, 600µl 3x media (i.e. 30% FBS in the appropriate medium) was 

added to cells to bring the final FBS concentration to 10% as normal. Cells were harvested 

24-72 hours after transfection. 

 

2.4.5.2 Plasmid DNA transfection 

In the case of plasmid DNA transfection, cells were seeded in the appropriate dish to be 

~70% confluent at the time of transfection. The appropriate concentration of plasmid 

DNA (0.25-5µg, depending on the size of dish and the experiment) was added to 250µL 

Optimem. Lipofectamine was added to 250µl Optimem at a 3:1 v/w ratio with the DNA 

concentration, i.e. 3µl Lipofectamine per 1µg DNA. These mixtures were incubated at 

room temperature for 15 minutes, and were then mixed gently by pipetting, with the 

Lipofectamine mixture being added to the DNA mixture, not vice versa. The DNA-

Lipofectamine mix was then incubated at room temperature for 30 minutes.  

 

Before transfection, whole media was removed from cells, cells were washed in 1x PBS, 

and the appropriate amount of Optimem was added to wells to ensure they were covered, 

e.g. 500µl for a 6-well plate. DNA-Lipofectamine complexes were added to the cells 

dropwise and were incubated at 37oC, 5% CO2, for 4 hours. After 4 hours, the media was 

removed, cells were washed with 1x PBS, and whole media was returned to the cells. 

Cells were harvested 24-72 hours after transfection. 
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2.4.5.3 Stable cell line generation 

For stable cell line generation, a concentration of 2.5µg DNA was used to transfect a 

10cm2 dish. Following formation of DNA-Lipofectamine complexes as before, these were 

added dropwise to the dish without removing complete media. Cells were incubated as 

normal for 24 hours. Following this, cells were trypsinised, resuspended in 10ml media 

and serial dilution was used to dilute cell number (Figure 2.2).  

 

 

Figure 2.2: Method of serial dilution for generation of stable cell lines. Cell suspension from Plate (i), which 
had been transfected 24 hours previously and then trypsinised for dilution, was diluted 1:5 into Plate (ii). 
This was then repeated for three subsequent plates. These dilutions ensured a low enough number of cells 
on plates to allow individual cells to form colonies. 

 

Cells were again incubated for 24 hours as normal, and then placed under the appropriate 

antibiotic selection (Table 2-16, all from Invivogen, France) for 2-5 days, depending on 

the antibiotic. The appropriate concentration of antibiotic for each cell line was 

determined by treating cells with increasing doses of antibiotic and choosing the dose 

which killed all cells within the 2-5-day timeframe. Cells were allowed to grow until 

colonies formed from single cells, after which individual colonies were picked, transferred 

to wells in 48 well plates, and expanded in culture until harvest and freezing down of cells 

for screening and downstream applications.  
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Table 2-16: Antibiotic concentrations for generation of stable cell lines 

Antibiotic Cell line Working concentration 
Puromycin MDA-MB-231 0.5µg/ml 

MCF-7 1.5µg/ml 
RPE1 5µg/ml 

Geneticin MDA-MB-231 1mg/ml 
MCF-7 1.5mg/ml 
RPE1 1mg/ml 

Blasticidin MCF-7 5µg/ml 
RPE1 7.5µg/ml 
Hek293-T-Rex-Flp-In 15µg/ml 

Hygromycin B Hek293-T-Rex-Flp-In 150µg/ml 
Zeocin Hek293-T-Rex-Flp-In 100µg/ml 

 

2.4.6 Cell cycle arrest 

To arrest cells in G0, complete media was removed. Cells were washed twice with 1x 

PBS. Serum-free media was then added to the cells, following which cells were returned 

to the incubator and left for 48 hours to allow cells to enter G0. Cell cycle arrest was 

confirmed using flow cytometry. 

 

2.4.7 Cell irradiation 

To induce double-stranded DNA breaks, cells were first seeded in 10cm2, 65mm2 or 

35mm2 dishes. Following attachment of cells to dishes, breaks were created via ionising 

γ-irradiation using a 137Cs source at 9.5Gy/min (Mainance Engineering, UK). 3Gy 

irradiation was used in all experiments in this study. 

 

2.4.8 Proteosome inhibition 

To inhibit proteolytic activity in cells, MG132 or ALLN was added to cells at 60-70% 

confluency. Cells were incubated for 8 hours to ensure proteosomal inhibition, and 

harvested as per protocol. 
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2.4.9 Wound healing and migration assay 

To assay the rate of growth of cells into a cell-free gap, 2-well culture inserts (ibidi, 

Germany) were used. To set up the assay, a culture insert was placed, sticky side down, 

into a 35mm2 dish. A cell suspension was adjusted to a final concentration of 5 × 105 

cells/ml. 70µl of this cell suspension was pipetted into each well. 24 hours after seeding, 

the insert was removed using sterile tweezers and 2ml media was added to the dish. An 

Olympus E-420 digital camera connected to an Olympus CKX41 inverted light 

microscope was used to image the ~500µm cell-free gap at this 0-hour timepoint. Cell 

growth and migration into this gap was imaged in the same manner every 24 hours up 

until 96 hours after the removal of the insert to track cell migration. 

 

2.4.10 Cell adhesion assay 

To measure the ability of cells to re-adhere to a surface after trypsinisation and 

resuspension in cell culture media, a cell adhesion assay adapted from the Viapiano lab 

(Harvard, USA) was used. Fibronectin was diluted to its working concentration just before 

use and 300µl of fibronectin was added to a 24-well plate, avoiding creating bubbles or 

touching the bottom of the well with tips. Plates were incubated for 2 hours at room 

temperature. Excess fibronectin solution was removed by inverting the plates over a 

plastic reservoir and tapping, after which the wells were washed twice with PBS, again 

removing the solution by inverting the plates over a reservoir. Wells were blocked by 

adding 500µl complete medium and incubating at 37oC for 30 minutes. In the meantime, 

cells were trypsinised and resuspended in media. After counting, cell density was adjusted 

to 5 × 105 cells/ml. Before seeding cells, blocking medium was removed and the wells 

were washed once with PBS. 300µl of complete media was added to the wells, followed 

by 200µl of cell suspension. Cell suspensions were seeded in triplicate along with a blank 

control, i.e. media containing no cells. Cells were then incubated at 37oC for 30 minutes 

to allow adhesion to occur. 

 

To fix cells, media and non-adhered cells were removed by inverting the plates over the 

reservoir, without tapping the plate. Wells were washed twice with ice-cold PBS++ and 
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cells were fixed with 400µl ice-cold 100% methanol. Plates were incubated at room 

temperature for 10 minutes. Methanol was washed off with PBS (3 times for 1 minute 

each), and 200µl crystal violet solution was added to each well. Cells were stained by 

gentle shaking in crystal violet for 10 minutes at room temperature. Excess crystal violet 

was removed by washing plates 3 times in ddH2O for 1 minute each. Crystal violet-stained 

adhered cells was recovered by adding 300µl 100% methanol and gently shaking plates 

for 15 minutes at room temperature. 100µl of extracted crystal violet was added in 

duplicate to flat-bottom 96-well plates. Absorbance was measured at 590nm using a 

Varioskan Flash spectral scanning multimode plate reader (ThermoFisher Scientific). 

Average absorbance was calculated for each cell line and the average non-cell blank 

control reading was subtracted from each measurement.  

 

2.4.11 Production of cancer-conditioned medium 

As they are of the most aggressive and invasive breast cancer subtype, i.e. triple negative 

breast cancer, MDA-MB-231 cells were used to produce cancer-conditioned medium as 

per published protocols (Colzani et al., 2009; Guo et al., 2017). The only deviation from 

published protocols was the serum percentage in the conditioned medium. Many 

publications use serum-free media to generate conditioned media due to serum masking 

signals and creating high background when bioinformatic analysis is performed of the 

conditioned media to analyse the cell secretome (Dowling and Clynes, 2011). In this case, 

the media was not to be used in downstream applications; therefore, normal serum 

concentrations could be used. MDA-MB-231 cells were grown in media containing 10% 

tetracycline-free FBS to 80-90% confluency. Cells were then washed once with PBS and 

fresh media was added. Cells were incubated in this media for 24 hours. After 24 hours, 

media was removed from the cells, centrifuged at 1,500 rpm for 5 minutes, and the 

supernatant filtered through a 0.2μm filter. Cancer-conditioned media was stored at -80oC 

until its use, at which stage it was diluted in a 1:1 ratio with fresh media. 

 



  Chapter 2 – Materials and Methods 
 

64 
 

2.5 Protein methods 

2.5.1 Whole cell protein extraction 

To extract total protein from harvested cell pellets, pellets were resuspended in benzonase 

lysis buffer containing protease inhibitors (PI), phosphatase inhibitors (PPI) and 

benzonase nuclease added just before use. Depending on cell number, cells were 

resuspended in 50-500μl of buffer (generally 100μl/106 cells). Samples were then 

incubated on ice for 45 minutes and centrifuged at 14,000rpm for 15 minutes at 4oC. The 

resulting supernatant was transferred to a fresh 1.5ml Eppendorf as this contained the 

lysed cellular contents. Protein concentration was estimated using a Bradford assay 

(Section 2.5.4 below).  

 

2.5.2 Subcellular fractionation 

To enrich nuclear and cytoplasmic fractions, cells in culture were first harvested as before 

(at least 1 × 107 cells for subcellular fractionation). Cells were then resuspended in the 

appropriate amount of isotonic lysis buffer containing DTT and protease inhibitors 

(500µl/107 cells). After 15 minutes incubation on ice, 10% IGEPAL CA-630 was added 

to a final concentration of 0.3% and the cell suspension was mixed thoroughly by 

vortexing. Cells were incubated for a further 5 minutes on ice and then centrifuged at 

1,500rpm for 10 minutes at 4oC. The supernatant containing cytosolic fraction was 

transferred to a fresh 1.5ml microcentrifuge tube and was spun at 14,000rpm for 15 

minutes at 4oC to remove any residual debris. The resulting supernatant was transferred 

to a fresh microcentrifuge tube. In the meantime, the pellet containing nuclear fraction 

was washed by resuspending in isotonic lysis buffer and re-pelleted by centrifugation at 

1,500rpm for 5 minutes at 4oC. After removal of the supernatant, the pellet was 

resuspended in the appropriate volume of nuclear extraction buffer containing DTT and 

protease inhibitors (100µl/107 cells). The cell suspension was placed on a mixer and 

agitated at 700rpm for 10 minutes at 4oC, followed by agitation at 1,400rpm for 10 

minutes at 4oC. Cells were then centrifuged at 14,000rpm for 10 minutes and the 

supernatant containing nuclear fraction was transferred to a fresh microcentrifuge tube. 

Protein concentration was estimated using a Bradford assay. 
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2.5.2.1 Histone extraction 

To specifically extract histones from cell pellets, cells were first harvested as described 

previously. They were then resuspended in 200µl Triton extraction buffer and lysed for 

10 minutes on a rotator at 4oC. Cells were then pelleted by centrifugation at 2,000rpm for 

10 minutes at 4oC and the supernatant was discarded. Pellets were washed by resuspension 

in 100µl Triton extraction buffer and centrifuged again at 2,000rpm for 10 minutes at 4oC. 

After discarding the supernatant, the pellet was resuspended in 100µl 0.2M HCl and 

histones were extracted by overnight rotation at 4oC. The following day, extracts were 

centrifuged at 2,000rpm for 10 minutes at 4oC and the supernatant, containing histones, 

transferred to a fresh microcentrifuge tube. 

 

2.5.3 Protein extraction from tissues 

Rat tissue samples were obtained with thanks to Dr Kieran Rea, Department of 

Pharmacology, NUI Galway. Tissue slices of 100mg were excised from the sample using 

a sterile scalpel blade and transferred to a 1mL Dounce homogeniser. DTT and protease 

inhibitors were added to 1mL T-Per Tissue Extraction Reagent to a final concentration of 

1mM and 1x respectively. This solution was then added to the homogeniser containing 

tissue sample. Tissue was homogenised with 20-50 strokes of the homogeniser, depending 

on the tissue used. After homogenisation, extracts were transferred to a clean 1.5mL 

microcentrifuge tube and were spun down at 14,000rpm for 15 minutes at 4oC. The 

resulting supernatant was then transferred to a fresh tube and protein concentration was 

estimated using the Bradford assay. 

 

2.5.4 Estimation of protein concentration 

The Bradford assay was used to estimate protein concentration. In this assay, 500µL of 

Bradford reagent and 500µL ddH2O were added to a 1.6ml Polystyrene Semi Micro 

cuvette. 5µL of protein extract was then added to the solution and the cuvette was 

vortexed. This mixture was incubated at room temperature for 5 minutes to allow for the 

colour to develop. Absorbance was then measured at 595nm using the Nanodrop 2000c 

against a water-only ‘blank’. 
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To correlate protein concentration with absorbance readouts from the Nanodrop 2000c, a 

10mg/ml stock solution of bovine serum albumin (BSA) standard curve was first 

performed using decreasing known doses of BSA and correlating this with absorbance 

(see example curve below).  

 

 

Figure 2.3: Method of generating a standard curve using BSA. Increasing concentrations of BSA protein 
were used to standardise the correlation between absorbance and protein concentration. The resulting 
standard curve (top right) could then be used to estimate unknown protein concentrations. In this case, 

protein concentration could be estimated using the equation: 𝑥 =
.

.
; where x = unknown protein 

concentration in µg/µl, and y = absorbance reading at 595nm. This equation was adjusted based on each 
BSA standard curve for each experiment.  

 

2.5.5 SDS-PAGE 

To separate proteins for downstream applications such as Western Blotting or Silver 

staining, SDS-PAGE (sodium dodecyl sulphate polyacrylamide gel electrophoresis) was 

used. A separating gel of 8%, 10% or 12% was used, depending on the size of the protein 

of interest, along with a 4% stacking gel (Table 2-17). 4x LSB buffer was added to 30-

100µg protein to a final concentration of 1x. Proteins were then denatured by boiling at 

95oC for 5 minutes followed by centrifugation at 5,000rpm for 2 minutes to remove debris. 

Following loading of denatured protein samples and Precision Plus Protein™ All Blue 

Prestained Protein Standard (Bio-Rad laboratories, USA) or PageRuler Plus Prestained 

Protein Ladder (ThermoFisher Scientific), gels were run by electrophoresis at 180V for 
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50-70 minutes, depending on acrylamide gel percentage. Gels were then removed from 

the glass plates for downstream applications. 

 

Table 2-17: SDS-PAGE gel setup 

Component Stock conc. 
Desired 

conc. 

ml 
for 
8% 

ml for 
10% 

ml for 
12% 

ml for 
4% 

MiliQ H2O - - 2.85 2.05 1.25 3.05 
Tris-HCl (pH = 8.8) 1M 0.375M 3.75 3.75 3.75 - 
Tris-HCl (pH = 6.8) 0.5M 0.125M - - - 1.25 

Bis-acrylamide 30% 5-12% 3.3 4.1 5.1 0.65 
SDS 10% 0.1% 0.1 0.1 0.1 0.05 
APS 10% 0.05% 0.05 0.05 0.05 0.025 

TEMED 99%+ 0.05-0.1% 0.005 0.005 0.005 0.005 
Total volume:   10 10 10 5 

 

2.5.6 Coomassie staining 

For detection of total protein on a SDS-PAGE gel, Coomassie staining was used. After 

electrophoresis, the gel was washed 3 times for 4 minutes each in ddH2O to remove 

residual SDS. Coomassie stain was added to cover gel and this was incubated for 1 hour 

at room temperature on a benchtop rocker. Coomassie stain was removed and the gel was 

again washed three times for four minutes each time. The gel was de-stained using 

increasing length incubations in Coomassie de-stain solution (1 minute, 5 minutes, 20 

minutes, etc.) until background staining was removed. The stained gel was then imaged 

by scanning or photography.  

 

2.5.7 Silver staining 

For sensitive detection of proteins which were to be excised and sent for mass 

spectrometry identification, silver staining was employed. This was done using the Sigma 

ProteoSilver Silver Plus Stain kit as per the manufacturer’s protocol. Briefly, the 

acrylamide gel was fixed with the provided Fixing solution overnight. The following day, 

the gel was washed with ethanol and then with miliQ H2O, followed by incubation in the 

provided Sensitiser solution. After further washing, 100mL silver solution was added for 
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10 minutes, followed by a brief wash in miliQ H2O. The gel was then developed by adding 

Developer solution for 3-7 minutes until distinct bands were observed. This developing 

was then halted using the provided Stop Solution and the gel was imaged by scanning.  

Upon detection of the bands of interest, these were excised using a sterile scalpel blade 

and the gel slice was transferred to a clean microcentrifuge tube. The silver stain was 

removed from the gel using the provided ProteoSilver Destainer solutions and was stored 

in miliQ H2O until mass spectrometric analyses were performed.  

 

2.5.8 Western blotting 

To detect specific proteins of interest, western blotting was used. For this, proteins were 

immobilised on a 0.2µm nitrocellulose membrane (Amersham, USA) using either a wet 

or semi-dry transfer method. For both transfer methods, gel and membrane were 

sandwiched between Grade 3MM Whatman blotting papers and provided sponges. All 

components were equilibrated in 1x TG transfer buffer before transfer assembly. For the 

semi-dry method, transfer was carried out at 15V for 1-3 hours, depending on protein size, 

using the Bio-Rad Trans-Blot® SD Semi-Dry Transfer Cell and the Bio-Rad PowerPac 

HC. For wet transfer, transfer was performed at 100V for 1 hour at 4oC using the Bio-Rad 

Mini Trans-Blot® Electrophoretic Transfer Cell and the Bio-Rad PowerPac HC. 

 

To confirm proper transfer, nitrocellulose membranes were incubated for 5 minutes at 

room temperature in Ponceau S stain. Ponceau S was removed from the membrane and it 

was washed three times in ddH2O, allowing visualisation of immobilised proteins on the 

membrane. Following this, membranes were blocked for 30 minutes at room temperature 

using either 5% w/v non-fat milk in PBS-T, 5% w/v non-fat milk in TBS-T, or 1% w/v 

BSA in PBS-T, depending on the antibody to be used. For the majority of antibodies, 

membranes were incubated in primary antibody, diluted in blocking buffer, overnight at 

4oC; apart from loading control antibodies such as α-tubulin or β-actin, which only 

required one hour’s incubation at room temperature. Following incubation in primary 

antibody, membranes were washed 3 times for 4 minutes each in either PBS-T or TBS-T. 
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All membranes were incubated in the appropriate secondary antibody, also diluted in 

blocking buffer, for one hour at room temperature on a roller, and were then washed three 

times as before. Chemiluminescent signal was enhanced using ECL Plus and detected by 

exposure to x-ray film (Konica Minolta, Japan), which was developed and fixed using a 

CP-1000 Automatic Film Processor (Agfa-Gevaert, Belgium).  

 

2.5.9 Peptide array 

Peptide arrays were kindly generated by Beatrice Malacrida from the Kiely lab, University 

of Limerick, Ireland. Briefly, peptide arrays overlapping 18-mer peptides were produced 

by automatic SPOT synthesis and synthesised on Whatman 50 cellulose using Fmoc (9-

fluorenylmethylcarbonyl) chemistry with the MultiPep RSI synthesis module (Intavis 

Bioanalytical Instruments, Germany)(Frank and Overwin, 1996; Kramer and Schneider-

Mergener, 1998; Frank, 2002). Upon receipt of peptide arrays, they were imaged using a 

UV box to visualise the location of the arrays. Arrays were then incubated in 100% ethanol 

for 5 minutes. They were equilibrated in 1x TBS-T for 10minutes and blocked in 5% milk-

TBS-T for 1 hour at room temperature. After blocking, 10µg/ml 7D1 antibody in 5% milk-

TBS-T was placed on the array at incubated overnight at 4oC. The next day, the array was 

washed three times with TBS-T for 4 minutes each. The chemiluminescent signal was 

enhanced using ECL Plus and imaged using x-ray film as per the western blot protocol 

above. 

 

2.5.10 Immunoprecipitation 

One of the methods employed to study protein interactions was immunoprecipitation. For 

this, cells were first harvested as described above and whole cell extracts were performed 

using benzonase lysis buffer in the appropriate volume, depending on total cell number. 

Immunoprecipitation was performed using Dynabeads Protein G®. The required volume 

of Dynabeads Protein G® (20-40µl per sample) was transferred to a sterile low-adhesion 

1.5ml microcentrifuge tube. The tube was placed on a magnet for 1 minute and the 

supernatant discarded by aspiration. The tube was then removed from the magnet and the 

beads washed with 0.5ml benzonase lysis buffer (not containing benzonase). The tube was 
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then placed on a magnet for 1 minute and the supernatant again discarded by aspiration. 

This wash step was repeated once. Following this, 200µl of the appropriate IgG antibody 

at the appropriate dilution was added to the washed beads and incubated with gentle 

mixing for 40 minutes at room temperature. The tube was then placed on a magnet for 2 

minutes and the antibody solution was aspirated. The beads were washed three times with 

lysis buffer as before. If the antibody was to be crosslinked to the beads, this step was then 

performed here (see below). Otherwise, the protein-containing sample was added to the 

washed beads and was incubated overnight with gentle mixing at 4oC. The following day, 

the tube was again placed on a magnet and supernatant aspirated. The beads were then 

washed three times with lysis buffer. To elute immunoprecipitated proteins, beads were 

resuspended in 20-30µl 2x LSB and boiled at 95oC for 10 minutes.  

 

2.5.10.1 Crosslinking of antibody to beads 

When immunoprecipitating proteins with antibody, the elution step also leads to elution 

of the IgG antibody from the beads. To prevent the bands from the IgG heavy and light 

chains interfering with signal from immunoprecipitated proteins, the antibody can be 

crosslinked to the beads so it will not be eluted in the final step. Following incubation of 

the antibody containing sample with the beads and subsequent washing as before, the 

beads were washed twice in 1ml 0.2M triethanolamine. The beads were then resuspended 

in freshly made 13mg/ml DMP (dimethyl pimelimidate x 2HCl) in 0.2M triethanolamine 

and incubated with gentle mixing at room temperature for 45 minutes. The tube was 

placed on a magnet and the supernatant was removed from the beads. The crosslinking 

reaction was quenched by incubating the beads in 50mM ethanolamine in PBS for 15 

minutes at room temperature. The tube was again placed on the magnet and the 

supernatant was discarded. Beads were washed 3 times in PBS-T and 3 times in lysis 

buffer, following which the protein-containing sample was added to the protein for 

incubation and elution as above. 
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2.6 Flow cytometry methods 

2.6.1 Fixing cells for flow cytometric analysis 

For flow cytometric analysis, around 1-5 × 106 cells were used. Cells were first trypsinised 

and resuspended in the appropriate media. This cell suspension was then centrifuged at 

1,500rpm for 5 minutes. The supernatant was aspirated and the cell pellet was washed in 

1ml PBS. The cells were pelleted again by centrifugation at 1,500rpm for 5 minutes. This 

PBS was aspirated and cells were resuspended gently in 0.5ml PBS. Cells were then fixed 

by adding 4.5ml ice-cold 70% ethanol to the suspension while continuously gently 

vortexing to ensure a homogenous cell suspension. Cells were stored at 4oC for at least 

two hours to ensure fixation, up to a number of days. Cells were stored at -20oC if there 

was to be longer before proceeding with staining and FACS analysis. All FACS analysis 

was performed on the BD Accuri C6 Flow Cytometer (BD Biosciences, USA), part of the 

Flow Cytometry Core Facility, NUI, Galway. 

 

2.6.2 Analysis of cell cycle profile 

2.6.2.1 Propidium iodide 

To analyse the cell cycle profile of cells, they were first fixed as described above. Cells 

were then pelleted by centrifugation at 2,000rpm for 5 minutes. Supernatant was carefully 

removed, leaving a small amount behind to resuspend the cell pellet by gentle vortexing 

to prevent cell clumping. Cells were washed twice in PBS in the same manner. The cell 

pellet was then resuspended in a solution of 40µg/ml propidium iodide (PI) + 100µg/ml 

RNase A in 0.5ml PBS. Cells were stained for 30 minutes at 37oC and were then 

transferred to FACS round-bottom tubes through CellTrics® 30 µm filters (Sysmex Partec, 

Germany). Cells were analysed by flow cytometry within 2 hours of staining. 

 

2.6.2.2 BrdU incorporation 

If a more detailed visualisation of the cell cycle was required, BrdU incorporation into 

DNA was measured. While cells were still in culture, BrdU was added to the media and 

cells were incubated for 1 hour before trypsinisation and fixation as described above. 
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Following fixation, cells were pelleted by centrifugation at 2,000rpm for 5 minutes. After 

washing once in PBS and removal of the supernatant, 1ml of 4N HCl was added and cells 

were mixed by vortexing briefly. After incubating at room temperature for 15 minutes, 

cells were pelleted again by centrifugation and the supernatant was aspirated. Cells were 

resuspended in 1ml PBT, centrifugated at 2,000rpm for 5 minutes, and the supernatant 

aspirated. Cells were then resuspended in 50µl PBT containing anti-BrdU primary 

antibody. Cells were incubated for 30 minutes in the dark at 37oC, after which 1ml PBT 

was added to the cells. Cells were pelleted as before and resuspended in 50µl PBT 

containing anti-mouse FITC-conjugated secondary antibody at the appropriate dilution 

(Table 2-4). Cells were again incubated for 30 minutes in the dark at 37oC, followed by 

the addition of 1ml PBT and pelleting of the cells by centrifugation. Supernatant was 

aspirated and cells were resuspended in 300µl PI/RNase staining solution as above. Cells 

were incubated at 37oC for 30 minutes, followed by their transfer to a FACS round-

bottomed tube by filtration through CellTrics® 30 µm filters. As before, cells were 

analysed by flow cytometry within two hours of staining.  

 

2.7 Immunofluorescence microscopy 

2.7.1 Indirect immunofluorescence of cells 

Prior to seeding of cells for visualization using microscopy, uncoated glass slips were 

washed with ethanol before being placed in wells and UV sterilised for 30 minutes. Cells 

were then seeded as normal into wells.  

 

Most cells seeded for IF microscopy were fixed with methanol. For this, 100% methanol 

was stored at -20oC for a minimum of 4 hours. Cells were washed twice with PBS and the 

ice-cold methanol was added to wells, after which they were transferred to -20oC for at 

least 30 minutes to ensure complete fixation of cells. Before proceeding to staining with 

antibodies, cells were incubated in PBS for 4 × 5 minutes. For a number of antibodies, 

methanol fixation blocked the fluorescent signal, and so paraformaldehyde (PFA) was 

used to fix cells. 16% (w/v) PFA was diluted in PBS to 4% PFA. Cells were washed twice 
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with PBS and incubated for 10 minutes in PFA. Cells were again washed twice with PBS 

and permeabilised by incubation for 10 minutes with 0.2% (v/v) Triton-X in PBS. Cells 

were again washed twice with PBS.  

 

Following fixation using either methanol or PFA, slips with fixed cells were blocked using 

either 1% BSA-PBS or 5% BSA-PBS/0.05%-TritonX-100 for 30 minutes at room 

temperature. Slips were incubated in primary antibody diluted in blocking solution for 1 

hour at room temperature, after which they were washed 3 times for 4 minutes in PBS. 

Slips were then incubated in fluorescent secondary antibodies, as well as a fluorescent 

DNA stain, Hoechst (bisbenzimide H 33342 trihydrochloride), at a final concentration of 

0.3µg/ml), for one hour at room temperature. Slips were again washed 3 times for 4 

minutes, this time protected from light to ensure maintenance of antibody fluorescence. 

After washing, slips were washed briefly in ddH2O, dried, and mounted onto Superfrost® 

Plus adhesive microscope slides with mountant. Excess mountant was removed and slips 

were sealed using nail varnish. Stained and mounted slips were stored in the dark at 4oC 

until imaging. Most experiments were imaged using an Olympus BX51 microscope with 

a Hamamatsu C10600 camera, using a 100x oil objective. Images were taken as single 

snapshots or serial z-sections which were merged and deconvolved using Volocity 

software (Perkin-Elmer, USA). A number of experiments were imaged with a DeltaVision 

Elite (GE Heathcare, USA) with a 100x or 60x oil objective using SoftWoRx Version 

6.5.2 and were deconvolved using Huygens Professional. 

 

2.7.2 Pre-extraction of cells 

For improved visualization of chromatin-bound proteins, cells were treated with a 

cytoskeleton (CSK) buffer before fixation, to remove non-chromatin-bound proteins. For 

this, CSK buffer was added to the wells for 10 minutes at room temperature. After removal 

of the CSK buffer, cells were washed twice with PBS before fixation with 4% PFA/PBS 

as above. 

 



  Chapter 2 – Materials and Methods 
 

74 
 

2.7.3 Visualisation of mitochondria 

To visualise mitochondria by immunofluorescence microscopy, cells were seeded onto 

glass coverslips as per protocol. 1 hour before fixation, MitoTracker™ Red CMXRos was 

added to the culture media to a final concentration of 1µM. For optimal visualisation of 

mitochondria, cells were fixed at 37oC using pre-warmed 4% PFA/PBS for 10 minutes. 

Permeabilisation and staining were carried out as per protocol above.  

 

2.7.5 Metaphase spreads 

To image chromosomes, metaphase spreads were prepared by growing cells to 60-70% 

confluency, ensuring they still had a high mitotic index. 30 minutes before fixation, 

colcemid was added to cells to a final concentration of 0.1µg/ml. Cells were then 

trypinised and a cell pellet was obtained by centrifugation at 1,500rpm for 5 minutes, 

followed by washing once in PBS as per protocol. PBS was mostly aspirated, leaving 

~500µl in the tube. This was used to gently resuspend the pellet, after which 2-3ml ice-

cold hypotonic buffer was added and the mixture incubated at room temperature for 25 

minutes. 2-3ml of fixative solution was added to the cell solution, followed by 

centrifugation at 1,200rpm for 5 minutes. Supernatant was aspirated and the pellet was 

resuspended very slowly, dropwise, in 1ml fixative solution. The volume of fixative 

solution was brought up to 5ml while gently vortexing the mixture, and cells were 

centrifuged again at 1,500rpm for 5 minutes. This resuspension/centrifugation step was 

repeated twice. The cells were then resuspended in a final volume of 1-5ml fixative 

solution, depending on the concentration of metaphase spreads. After resuspension, 3 

drops of spreads were dropped onto a polylysine glass slide from a height and allowed to 

dry overnight. The following day, mountant containing 0.3µg/ml Hoechst was added to 

the slide and slides were sealed with a glass coverslip and nail varnish for imaging using 

fluorescent microscopy. 

 

2.8 Computer programs 

Primer design was performed using Primer3web (primer3.ut.ee) and analysed using 

Primer-BLAST (www.ncbi.nlm.nih.gov/tools/primer-blast/) and NetPrimer 
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(www.premierbiosoft.com/netprimer/). CRISPR/Cas9 guide RNA oligos were designed 

using CHOPCHOP Version I (chopchop.rc.fas.harvard.edu/). Gene and protein sequences 

were obtained from the NCBI, ENSEMBL and UniProt databases 

(www.ncbi.nlm.nih.gov, www.ensembl.org and www.uniprot.org). DNA and protein 

sequences and plasmid maps were visualised using Snapgene Viewer (GSL Biotech) and 

sequencing results were aligned to DNA sequences using CLC Sequence Viewer 

(QIAGEN Bioinformatics). Predicted novel DNA sequences were translated to protein 

sequences using ExPASy Translate (web.expasy.org/translate/) and their molecular 

weight predicted using ExPASy Computer pI/Mw tool (web.expasy.org/cgi-

bin/compute_pi/pi_tool). 

 

Microscopy images were exported as .tiff files using Volocity 6.3 (PerkinElmer) or 

SoftWoRx 6.5.2 (GE Healthcare) and analysed using Image J software (NIH).  qPCR data 

were analysed using StepOne software v2.3 (Thermo Fisher). Graphs were generated 

using GraphPad Prism 7 (GraphPad) and statistical analyses were also performed using 

this software. Figures were generated using Illustrator (Adobe). Flow cytometry data were 

analysed using the BD Accuri native software. 

 

For bioinformatic analyses of mass spectrometry data, Significance Analysis of 

INTeractome (SAINT) scoring was used to identify significant hits indicating true 

interactors (Choi et al., 2011). The CRAPome (contaminant repository for affinity 

purification, Mellacheruvu et al., 2013) was used to remove non-specific interactors 

(www.crapome.org). These were visualised using the prohits-viz tool (prohits-

viz.lunenfeld.ca). Protein lists were converted to gene lists using bioDBnet Database to 

Database conversion (biodbnet-abcc.ncifcrf.gov/db/db2db.php). Following this, gene 

ontology analysis and functional classification of hits was performed using DAVID 6.8 

(david.ncifcrf.gov/). 
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Identification of a novel MOF splice variant 
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3.1 Introduction  

3.1.1 MOF structure and activity 

MOF, encoded by the KAT8 gene, has two main functional domains. The first, the MYST-

like HAT domain (Figure 3.1a), is highly conserved both between species and between 

different members of the MYST family of histone acetyltransferases (discussed in more 

detail in Chapter 4; Neal et al., 2000; Yuan et al., 2012). This HAT domain contains an 

acetyl-CoA binding site, required for MOF’s acetyltransferase function (Taipale et al., 

2005; Kadlec et al., 2011; Yuan et al., 2012; Section 1.1.3), as well as a C2HC-type zinc 

finger motif, which appears to be required for MOF’s interaction with a number of 

complexes such as the MSL complex (Morales et al., 2004). The other primary functional 

domain of MOF is the chromobarrel domain, or chromodomain (Figure 3.1a). Though the 

chromodomain was first identified as an RNA-interacting module in Drosophila (Akhtar 

et al., 2000), it was later found to also be required for DNA binding and interaction, and 

was shown to be necessary for H4K16ac in Drosophila (Conrad et al., 2012). 

 

Other predicted motifs on MOF are a nuclear localisation signal (NLS) and nuclear export 

signal (NES), which is perhaps unsurprising given MOF has a role both in the nucleus and 

the cytoplasm. Using cNLS Mapper (Kosugi, Hasebe, Matsumura, et al., 2009; Kosugi, 

Hasebe, Tomita, et al., 2009), a NLS is identified on MOF aas 140-149 (marked on Figure 

3.1a and Figure 3.1b). Using a similar method to the NLS predictor, NetNES 1.1 (la Cour 

et al., 2004) predicts an NES in aas 268-273 (Figure 3.1b); though no NES was predicted 

using another program (LocNES; Xu et al., 2015).  
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Figure 3.1: MOF structure and functional domains. (a) A schematic of MOF (MYST1/KAT8) protein’s 
main functional domains, including the chromodomain (‘Chromo’) and the MYST-type histone 
acetyltransferase domain (‘MYST-type HAT’), which contains a C2HC-type zinc finger domain (‘C2HC’). 
The 458aa protein is encoded by an 11-exon gene, KAT8 (below). (b) MOF protein sequence with predicted 
nuclear localisation signal in red (predicted using the NLSmapper program), and potential nuclear export 
signal marked in green (predicted using NetNES). 

  

3.1.2 Alternative splicing 

Splicing is the process by which non-coding intronic sequences are removed from 

messenger RNA (mRNA), leaving only coding exonic sequences which are translated and 

expressed in the cell as proteins (Berget et al., 1977; Chow et al., 1977). This process is 

carried out by a set of small nuclear RNAs (snRNAs) as well as more than 50 proteins 

which assemble into a complex known as the spliceosome (reviewed by Will and 

Luhrmann, 1997). The number of protein coding genes in humans is unexpectedly low 

(~25,000), considering our phenotypic complexity and diversity (‘Initial sequencing and 

analysis of the human genome’, 2001). One mechanism, known as alternative splicing, 

helps augment the proteome. In this process, multiple mRNA and protein products can 

result from a single gene due to different combinations of exons being spliced together 
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(Gilbert, 1978). The first estimates hypothesised that 5% of genes may undergo alternative 

splicing (Sharp, 1994); with modern high-throughput and deep sequencing methods, it is 

now believed that up to 100% of human genes encode at least two alternative isoforms 

(Barbosa-Morais et al., 2012; Merkin et al., 2012). 

 

The Ensembl gene database (Aken et al., 2016; Yates et al., 2016) lists the current known 

transcripts of KAT8. There are four known protein coding transcripts: KAT8-206, KAT8-

201 and KAT8-202 (Figure 3.2a, Ensembl transcript IDs ENST00000543774.6, 

ENST00000219797.8, and ENST00000448516.6, respectively). All encode the full length 

MOF protein shown above (UniProt identifier Q9H7Z6; ‘UniProt: the universal protein 

knowledgebase’, 2017), though KAT8-202 is 467aa in length rather than 458aa due to an 

extended C-terminal domain. For the purpose of these studies, references to full-length 

MOF are referencing KAT8-206, the 1.8kb transcript which is considered the canonical 

KAT8 gene. The fourth protein coding transcript, KAT8-203 (Ensembl transcript ID 

ENST00000537402.1, UniProt identifier H3BMX5), encodes a 187aa isoform which 

contains part of exon 5 as well as exons 6-9 of the canonical transcript (Figure 3.2a), 

though this isoform has not been mentioned in the literature; all current research focuses 

on the canonical, KAT8-206 encoded MOF protein. There are also a number KAT8 

transcripts which contain retained introns, though these have not been annotated as protein 

coding; i.e. KAT8-204, KAT8-205, and KAT8-207 (Ensembl transcript IDs 

ENST00000538768.2, ENST00000539683.2 and ENST00000573144.1, respectively, 

Figure 3.2b).  

 

3.1.3 Aims of this study 

The following work began with the goal of generating a monoclonal antibody against 

MOF for use in immuno-techniques such as western blotting or immunofluorescence 

imaging. However, generation of this antibody in fact led to the discovery of a previously 

unreported isoform of MOF which warranted further investigation. This chapter details 

the identification and characterisation of this splice variant and its encoded isoform. 
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Figure 3.2: KAT8 alternative transcripts. (a) KAT8-206, considered the canonical KAT8 variant, contains 
11 coding exons as well as a non-coding exon in the 5’ UTR (untranslated region). For these studies, the 
first coding exon is considered Exon 1. Coding exons are shown in black, non-coding exons in white, and 
intronic sequences are shown as black lines between exons. Splice variants KAT8-201, KAT8-202, and 
KAT8-203, are shorter variants of the canonical gene, though they all encode the same protein. (b) So far, 
three further splice variants have been annotated by the Ensembl/Havana gene annotation process, but these 
are not annotated as protein-coding. These splice variants contain retained intronic regions (shown in grey). 

 

3.2 MOF monoclonal antibody 

3.2.1 Generation of MOF monoclonal antibody in mouse 

A monoclonal antibody was generated in the lab by Dr Jennifer Eykelenboom. For this, 

full-length MOF was cloned from cDNA and expressed as an N-terminally 6×His-tagged 

fusion protein. This was used as an antigen for monoclonal antibody generation in mice 

(Dundee Cell Products, UK). Various supernatants were tested for their reaction to GST-

MOF and hybridoma clone 7D1 was deemed suitably reactive to MOF (data not shown). 
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This antibody was used in subsequent analyses following the scaling up and harvest of 

antibody-containing supernatant from hybridoma culture, as described in Section 2.4.2. 

 

3.2.2 Identification of potential isoforms 

When this novel antibody was used for western blotting, a band corresponding to full-

length MOF was observed at 55kDa. However, two extra bands were also observed, at 

approximately 37 and 25kDa (Lane 1, Figure 3.3a). While siRNA-mediated depletion of 

MOF did not affect the 37kDa band, the 25kDa band was depleted along with full-length 

MOF and, as expected, H4K16ac (Lane 2, Figure 3.3a), while expression levels in cells 

treated with a non-targeting siRNA were unchanged compared to wild type (Lane 3, 

Figure 3.3a). Therefore, while the 37kDa band was most likely due to non-specific binding 

of the antibody to an off-target epitope, the 25kDa band was conceivably MOF protein. 

The reported isoform of MOF, encoded by KAT8-203 (Figure 3.2; UniProt ID H3BMX5), 

has a predicted molecular weight of 22kDa, and therefore potentially corresponded to the 

observed 25kDa band.  

 

To further characterise the 7D1 monoclonal antibody and investigate this potential MOF 

isoform, western blotting was performed in a panel of immortalised commercially 

available cell lines, as well as a small panel of human tissue lysates (Figure 3.3b and 

Figure 3.3d). Full-length MOF (55kDa) as well as the 37kDa and 25kDa bands were 

observed, though there were variations in the relative amounts of each band. Rat Mof 

(Ensembl transcript ID ENSRNOT00000026527.4, UniProt identifier Q5XI06) has a 98% 

identify to MOF when compared using protein-protein BLAST (Altschul, Gish, Miller, 

Myers and Lipman, 1990; Altschul, Gish, Miller, Myers, Madden, et al., 1990). Analysis 

of Mof expression in a range of rat tissue lysates using the 7D1 antibody detected full-

length Mof as well as the newly-observed 37kDa and 25kDa bands (Figure 3.3c). 

Significantly, the 37kDa and 25kDa bands were not observed when western blotting was 

performed using the MOF polyclonal antibody (Pfister et al., 2008; acquired from Asifa 

Akhtar, Max Planck Institute of Immunology and Epigenetics, Germany). 
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Figure 3.3: Western blot analyses using the 7D1 monoclonal antibody. Whole cell or tissue lysates were 
subjected to SDS-PAGE followed by western blot analyses (as described in Materials and Methods Section 
2.5.8) using the 7D1 monoclonal antibody and, where indicated, commercial antibodies H4K16ac (10kDa) 
and β-actin (42kDa) in (a) RPE1 cells, wild type (WT) or treated for 48 hours with a MOF siRNA (MOFsi1) 
or non-targeting control siRNA (NTsi5); (b) a panel of commercial human cell lines (HA-2F231 = MDA-
MB-231 cells expressing HA-2xFlag tagged MOF; MDA231 = MDA-MB-231; MDA436 = MDA-MB-
436; MDA453 = MDA-MB-453); (c) a panel of rat tissue lysates; and (d) human tissue lysates. (e) Western 
blotting was also performed using the published MOF polyclonal antibody (‘MOF poly’; Pfister et al., 2008) 
in whole cell lysates from a panel of commercial human cell lines.   
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3.2.3 Subcellular localisation of MOF 

When imaged using indirect immunofluorescence, staining with MOF antibody showed 

diffuse nuclear staining (Figure 3.4a and Figure 3.4b), with a small level of cytoplasmic 

staining visible, possibly due the mitochondrial pool of MOF (Chatterjee et al., 2017; 

Figure 3.4b and Figure 3.4c). To further investigate the mitochondrial localisation MOF, 

cells were incubated with a mitochondrial tracking dye and stained for MOF expression 

(Figure 3.4c). No apparent co-localisation of MOF was observed with mitochondrial 

staining using MitoTracker (Figure 3.4d); however, the visualisation of MOF in the 

cytoplasm was made difficult by the significantly higher levels of MOF in the nucleus. 

Further optimisation of this protocol may lead to visualisation of the mitochondrial 

localisation of MOF with the 7D1 monoclonal antibody. Cell fractionation was performed 

to enrich the cell’s cytoplasmic and nuclear fractions (Figure 3.4e) and western blotting 

was performed. The majority of full-length MOF was nuclear, as expected. However, 

interestingly, a higher proportion of the 25kDa band was observed in the cytoplasmic 

fraction than full-length MOF (Figure 3.4f). 

 

 

 

 

 

 

Figure 3.4: Subcellular localisation of MOF. (a) and (b) RPE1 cells were stained with MOF 7D1 and 
H4K16ac antibodies and the appropriate fluorescent secondary antibody. (c) MOF nuclear signal was over-
exposed to enable imaging of MOF cytoplasmic staining. Cells were incubated with MitoTracker Red 
before fixation to enable fluorescent visualisation of mitochondria. The white box in the MitoTracker panel 
corresponds to the zoomed image in (d). (d) The cropped image was deconvolved without the MOF nuclear 
signal to aid visualisation of cytoplasmic MOF and potential co-localisation with the mitochondrial signal. 
All immunofluorescence images were acquired on a DeltaVision Elite. Scale bar corresponds to 10µm. (e) 
Cell fractionation was performed on a panel of cell lines. Successful enrichment of the nuclear and 
cytoplasmic fractions was confirmed by western blotting using an antibody against a nuclear protein, SCC1 
(135kDa), and an antibody against a cytoplasmic protein, α-tubulin (50kDa). (f) The full panel of cell lines 
was subjected to cell fractionation. SDS-PAGE followed by western blotting was performed as per protocol 
and Ponceau S staining was used to compare total protein levels (‘L’ corresponds to pre-stained protein size 
ladder).
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Analysis was also performed on the expression of MOF and these potential isoforms 

throughout the cell cycle. RPE1 cells were synchronised in G0 as per protocol (Section 

2.4.6), released from arrest by changing to complete media, and harvested at several 

timepoints following this. Cell cycle arrest was confirmed by flow cytometry analysis 

(data not shown). There was no change in full-length MOF levels or levels of the lower 

bands throughout the cell cycle (Figure 3.5a), indicating their expression levels are not 

cell cycle dependant. To confirm that the newly observed bands were not a proteosomal 

degradation product of MOF, and to support the existence of a novel isoform, the 

proteasome was inhibited in cells using either ALLN or MG132. No increase in the levels 

of the 37kDa or 25kDa bands was observed in proteasome inhibitor-treated cells (Figure 

3.5b). Similarly, overexpression of the full-length MOF protein did not lead to any 

increase in levels of the 37 or 25kDa bands (Lane 1, Figure 3.3b), further suggesting that 

these bands are not degradation products of full-length MOF.  

 

 

Figure 3.5: Effect of cell cycle arrest and proteasomal inhibition on expression of extra bands by western 
blot. Whole cell lysates were subjected to SDS-PAGE followed by western blotting with the 7D1 MOF 
antibody after various treatments. (a) Cells were synchronised in G0. After release from cell cycle arrest, 
cells were harvested at various timepoints, as was an unsynchronised population (US). (b) Cells were non-
treated (NT), treated with DMSO only (DMSO), or treated with a proteosomal inhibitor (ALLN or MG132), 
for 8 hours in culture, followed by cell harvest and whole cell protein extraction.  

 

 

3.2.4 Identification of antibody binding site 

To identify the binding epitope of 7D1 on the MOF protein, the following GST-fused 

fragments of the protein were generated by Dr Stephen Rea and expressed in Escherichia 
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coli: amino acids 1-230, 1-121, 70-160, 122-230, 160-458, and full-length (i.e. amino 

acids 1-458) of MOF. Western blotting with the expressed fragments and MOF 

monoclonal antibody 7D1 indicated that the antibody epitope was within residues 1-70 of 

the MOF protein (Figure 3.6a). Conversely, the polyclonal antibody did not recognise any 

epitope within the first 70 amino acids (Figure 3.6b). 

 

As the binding site for the 7D1 monoclonal antibody was located within the first 71 amino 

acids of the MOF protein, an overlapping peptide array was generated against these 

residues to more specifically identify the site of recognition of the 7D1 MOF antibody. 

This peptide array was generated by Beatrice Malacrida, a member of Dr Patrick Kiely’s 

lab in the University of Limerick, Ireland, as described in Section 2.5.9. Arrays were 

generated containing amino acids 1-70 of the MOF protein (Figure 3.6c). These were then 

probed with either the MOF 7D1 antibody or the polyclonal antibody. The binding site of 

the MOF 7D1 antibody was identified within amino acids 15-20 of the MOF protein. 

Adjacent arrays, which did not contain all 6 amino acids, did not show any binding of the 

MOF 7D1 antibody, indicating that all 6 amino acids are required for antibody epitope 

recognition (Figure 3.6c). The polyclonal antibody, as expected, did not produce any 

signal in the peptide array (Figure 3.6c), as no binding site within the first 71 amino acids 

was identified for the polyclonal antibody using the GST fragments. 
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Figure 3.6: Identification of the 7D1 antibody binding site on MOF. (a) GST-fused MOF fragments were 
cloned and expressed in E.Coli and expression induced by isopropyl β-D-1-thiogalactopyranoside (IPTG), 
confirmed by western blotting with anti-GST antibody (top panel). Expressed GST fragments were then 
subjected to western blotting with the MOF 7D1 antibody (lower panel). (b) Induced GST fragments were 
also used to investigate the epitope(s) which the polyclonal antibody recognised by western blotting. (c) 
Schematic which shows the amino acid sequence of the first 12 peptides in the peptide array generated 
against residues 1-70 of the MOF protein. The peptides marked in bold indicate the antibody epitope (see 
(d)). (d) Peptides were visualised by UV transillumination (top panel). Following this, the array was 
incubated with MOF 7D1 antibody and developed as per protocol (Section 2.5.9) The peptide array was 
also probed with the polyclonal antibody (lower panel).  

 

The binding site of the monoclonal antibody residing within amino acids 15-20 of MOF 

means the observed band at ~25kDa cannot be the KAT-203 splice variant, as this is a C-

terminal isoform starting within Exon 5 of the full-length protein, while amino acids 15-

20 of MOF are encoded in Exon 1. Therefore, we wished to investigate whether this band 

corresponded to a previously unreported isoform of MOF. 
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3.3 A novel MOF isoform 

3.3.1 Sequencing of the novel isoform 

To identify whether the extra bands observed by western blot did in fact correspond to 

novel splice variants, 3’ RACE was performed in MCF-7 cells by Neil O’Donnell and Dr 

Stephen Rea as described in Section 2.3.7.5. Outer followed by inner PCRs were 

performed using forward primers designed to bind in Exon 1 near the antibody binding 

region, a region known to be common to all potential isoforms, and reverse primers which 

bind to the adapter region added during the reverse transcription step. Two bands were 

seen when the resulting PCR products were run on a 1.5% agarose gel: one at 

approximately 1400bp (corresponding to full-length MOF) and one at 500-600bp (data 

not shown). This lower band was excised, purified by gel extraction, and sent for Sanger 

sequencing. This returned a transcript containing Exons 1-3 of the full-length KAT8 

sequence, as well as a readthrough into Intron 3, leading to a stop codon 90bps later 

(Figure 3.7a). It must be noted that the sequencing primer for the novel isoform was 3’ to 

the MOF start codon (highlighted in grey on Figure 3.7a) and so the start codon of the 

novel sequence was not returned in these results, but it was predicted to use the same start 

site as full-length MOF. Indeed, cloning and expression of this sequence assuming the 

canonical start site was successful (Section 3.4 below), suggesting that this is also the start 

site for the novel transcript. This sequence would encode a 183aa protein with a molecular 

weight of 20.2kDa (Figure 3.7b). In Ensembl release 89 (May 2017), the 

Ensembl/HAVANA gene annotation process predicted a retained intronic sequence in 

Intron 3 (KAT8-205) which corresponds to the returned 3’ RACE sequence. However, this 

transcript was not predicted to be protein coding (Figure 3.2b). This isoform is particularly 

interesting; while it does contain DNA-interacting chromodomain, it does not contain the 

enzymatic acetyltransferase domain and would therefore be catalytically inactive (Figure 

3.7c).   

 

As added validation to our hypothesis that the 25kDa band observed following MOF 

western blotting is in fact a MOF isoform, mass spectrometry analysis was performed. 

Following enrichment by IP with the 7D1 antibody, bands at 55kDa, 37kDa, and 25kDa 
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were observed by silver staining of an SDS-PAGE gel (not shown), which were then 

excised, destained and sent for trypsin digestion followed by mass spectrometric analysis. 

This was performed by the Proteomics Facility, University of Bristol. Numerous peptides 

from the full-length MOF sequence were identified in the excised 55kDa band. Peptides 

from Exons 1, 2, and 3, were all identified in the band excised at 25kDa, as was a peptide 

encoded by the retained intronic region (highlighted in Figure 3.7b), confirming that the 

band at 25kDa is indeed a MOF isoform. Conversely, there was no MOF protein detected 

in the 37kDa band. It is also of interest to note that the 37kDa band was significantly less 

abundant on the Silver Stained gel after enrichment than the 55 and 25kDa bands, while 

it appears equally abundant by western blot, further suggesting that this band is not a MOF 

isoform. 

 

 

Figure 3.7: Sequencing and validation of novel isoform sequence. (a) Sequence of the KAT8 splice variant 
identified by 3’ RACE. The returned sequence begins following the sequencing primer, marked in grey. 
Alternating exons are marked in bold and normal font, retained intronic region marked in italics, and the 
non-coding sequence 3’ to the novel stop codon is underlined. (b) This novel sequence codes a 183aa 
protein. Alternating exons are marked in bold italics and normal font. Peptides detected by mass 
spectrometry following MOF enrichment with the 7D1 antibody are highlighted in grey. (c) Schematic 
showing the exon map and protein map of the novel isoform (‘20kDa iso’). This isoform contains the 
chromodomain and predicted NLS, but does not encode the HAT domain. The encoded retained intronic 
region is marked in grey. 
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3.3.2 siRNA targeting of the novel MOF isoform 

To further confirm that the 20kDa MOF isoform existed and had been correctly 

sequenced, an siRNA was designed to specifically target the short unique retained intronic 

sequence of the potential splice variant (named si21, Figure 3.8a). As well as this, an 

siRNA targeting a region of the acetyltransferase domain, which would only be present in 

the full-length MOF protein, was designed (named si4, Figure 3.8a). These siRNAs, as 

well as the siRNA targeting MOF in Exon1 (named si1, Figure 3.8a, also used in Figure 

3.3a), a region common to both isoforms, were transfected into RPE1 cells as per protocol 

and harvested at 48 hours post transfection. Isoform-specific knockdown was confirmed 

by qPCR analyses. As expected, si1 led to loss of mRNA expression of all isoforms 

compared to wild type, while loss of the long isoform alone only affected mRNA of full-

length MOF (Figure 3.8b). Interestingly, knockdown with si21 did lead to some loss of 

full-length MOF mRNA expression (to approximately 60% of wild-type, versus its loss 

to approximately 20% of wild type levels when targeted directly), indicating there may be 

some effect of targeting Intron 3 on full-length MOF. Western blot analyses of these 

targeting strategies indicated while si1 induced knockdown of both full-length MOF and 

the short isoform, si4, targeting only the acetyltransferase domain of the full-length 

isoform, only led to loss of full-length MOF protein, while leaving expression of the 

potential short isoform intact (Figure 3.8c). Similarly, si21 only led to loss of the short 

isoform (Figure 3.8c). As expected, only si1- and si4-mediated depletion of MOF led to 

loss of H4K16ac, as loss of the 20kDa isoform alone could not reduce acetylation due to 

its lack of enzymatic activity (Figure 3.8c), despite the apparent effect on full-length MOF 

by qPCR. 
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Figure 3.8: siRNA-mediated targeting of unique regions of full-length MOF and the novel short isoform. 
(a) Schematic of MOF proteins indicating regions targeted by siRNAs (si1, si4 and si21) on both full-length 
MOF (‘FL-MOF’) and the novel isoform (‘Novel iso’). Cells were untreated (UT), treated with MOF 
siRNAs (si1, si4, si21), or treated with a non-targeting siRNA (NTsi5) as per protocol. (b) Knockdown 
efficiency was analysed by comparative qPCR, comparing mRNA levels to wild type (WT), untreated cells. 
Data provided are mean ± SD (standard deviation) for three independent repeats. Significance testing was 
performed using multiple t tests of data, with *P < 0.05. (c) Whole cell lysates were subjected to SDS-
PAGE followed by western blotting with the indicated antibodies. H4K16ac levels were normalised to total 
protein using β-actin and are expressed as a percentage of wild-type below the western blot.  

 

3.4 Cloning and expression of novel MOF isoform 

After confirmation of the presence of this novel shorter MOF isoform, we wished to 

investigate whether a function exists for this isoform, as it appears to be ubiquitously 

expressed in all cells and tissues. Primers were designed to specifically amplify the novel 

isoform sequence from RPE1 cells and this was cloned in the pcDNA3.1(+) expression 

vector along with an N-terminal HA tag. Following successful cloning, pcDNA3.1(+) 

with HA-tagged 20kDa MOF (HA21 MOF) or pcDNA3.1(+) with N-terminal HA- and 

2×FLAG-tagged full-length MOF (HA2F MOF, generated by Mikko Taipale in the 

Akhtar lab, Freiburg, Germany) was transfected into RPE1 cells. Cells expressed both 

constructs, as detected by immunofluorescence imaging with the MOF monoclonal 



                                       Chapter 3 – Identification of a novel MOF splice variant 

92 
 

antibody (Figure 3.9a). Endogenous MOF is not detected in these images as the levels of 

the over-expression of MOF meant only very low exposures were needed for exogenous 

MOF to be detected. With a longer exposure, endogenous MOF is evident as in Figure 

3.4). Western blot analyses showed that overexpression of the tagged full-length MOF 

protein led to a mild increase in H4K16ac, as previously reported (Gupta et al., 2008); 

however, overexpression of the short isoform at increasing doses led to a decrease in 

H4K16ac (Figure 3.9b). This suggests that the shorter isoform can competitively bind to 

chromatin and block full-length MOF from acetylating K16, having a dominant negative 

effect on MOF’s canonical function. The decrease did not appear to be dose dependent, 

as increasing amounts of transfected DNA did not lead to any further decrease in 

H4K16ac. To investigate whether overexpression of the short isoform could influence any 

of MOF’s other functions, a p53 IP was performed followed by western blotting for 

acetylated lysines (AcK) to investigate the acetylation status of p53 following 

transfection. While we hypothesised that overexpression of the short isoform may lead to 

a decrease in p53 acetylation as the short isoform may block p53K120ac by full-length 

MOF, there was no decrease in acetylated p53 after transfection of cells with HA21 MOF 

(Figure 3.9c). In fact, there appeared to be a mild increase in p53 acetylation following 

transfection with HA21 MOF, while total p53 levels were unchanged (Figure 3.9c).  
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Figure 3.9: Effect of expressing exogenous short isoform in cells. (a) RPE1 cells were non-transfected (NT), 
transfected with HA-2xflag-tagged full-length MOF (HA2F MOF), or transfected with increasing doses of 
HA-tagged novel 20kDa MOF isoform (HA21 MOF), both with 1µg of DNA. 24 hours after transfection, 
cells were fixed, stained with the indicated antibodies and imaged by immunofluorescence microscopy. (b) 
Transfected cells were also harvested for western blot analyses and whole cell lysates were subjected to 
SDS-PAGE followed by western blotting with the indicating antibodies. H4K16ac levels, normalised to 
total protein levels with β-actin, are shown as a percentage of wild-type below the figure. (c) RPE1 cells 
were non-transfected (‘NT’) or transfected with 1µg HA2F MOF, HA21 MOF, or eGFP-N1, as transfection 
control. Whole cell lysates from treated cells (‘Input’) were subjected to a p53 IP (‘IP’) followed by 
immunoblot analysis for acetylated lysines (AcK). Flowthrough following IP enrichment of p53 (‘F/T’) was 
also included. Immunoblot analyses of total p53 levels were also performed. Equal amounts of total protein 
were loaded from each condition, as confirmed by Ponceau S staining.  
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3.5 Discussion 

A novel isoform has been identified for MOF which is expressed ubiquitously in cells and 

tissues. Unlike the full-length MOF protein, the shorter isoform does not contain the 

acetyltransferase domain. This isoform can potentially competitively bind to H4K16 sites 

and block acetylation. This can be expected based on its structure; the DNA-binding and 

-interacting chromodomain, as well as the predicted NLS, are still present in the short 

MOF isoform, indicating that it can most likely localise to MOF’s target sites. This 

isoform may therefore be important in the regulation of MOF’s activity. Dominant 

negative splice variants of other transcription factors have observed numerous times in 

the literature. A number of examples: oestrogen receptor α (ERα) and β (ERβ) both have 

isoforms (hERα46 and ERβcx, respectively) which have dominant negative effects on the 

canonical variants (Ogawa et al., 1998; Flouriot et al., 2000), as do the signal transducer 

and activator of transcription 3 (STAT3) and glucocorticoid receptor (GR) transcription 

factors (Caldenhoven et al., 1996; Oakley et al., 1999). More recently, a novel 

mineralocorticoid receptor (MR) isoform was reported, which also has a dominant-

negative effect on the transcriptional activity of the full-length MR protein (Lema et al., 

2017). Interestingly, this paper also identified mechanisms by which transcript splicing 

and levels of isoform expression could be regulated by cells in response to stress. It will 

be of interest to further query the regulation of the expression of the MOF short isoform.  

 

Given MOF’s role as a transcription activator, it would be useful to perform more 

comprehensive, cell- and genome-wide functional analysis to elucidate the effect of 

differentially expressing this shorter isoform on MOF’s targets in the genome. It is also 

yet to be elucidated the role that the shorter isoform plays on MOF’s other functions and 

non-histone targets; for example, MOF’s regulation of the induction of apoptosis via p53 

acetylation and its presence in the NSL complex. While an apparent increase in acetylated 

p53 was observed with overexpression of the short isoform (Figure 3.9c), it is unclear 

whether the increase was specific to the effect on p53K120 acetylation; for example, other 

toxic effects induced by overexpression of HA21 MOF may have induced apoptosis by 

acetylation of p53 on a different lysine. Therefore, further, more precise, investigation 
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into this result is needed. Additionally, further investigation into the localisation of the 

novel MOF isoform is of interest, given that the proportion of the isoform in the cytoplasm 

seems greater than the full-length protein. This may indicate a distinct cytoplasmic role 

for the novel isoform. Similarly, assaying the chromatin binding ability of the short 

isoform will help elucidate its function and role in regulating H4K16ac. 

 

The regulation of expression of the short isoform may be of particular interest in a disease 

setting, i.e. whether the balance between full-length and short isoform expression is 

dysregulated in disease. Differing levels of the isoform are seen in different cell lines 

(Figure 3.3c), but this does not appear to correlate with disease state or stage of the tissue 

from which the cell line was derived. Loss of H4K16ac has been described as a hallmark 

of cancer (Fraga et al., 2005), which was reportedly due to an observed loss of MOF 

expression. However, no previous antibodies detected this novel MOF isoform. 

Therefore, it is conceivable that it may not be a loss of total MOF that is linked to a loss 

of H4K16ac, but instead a dysregulation of isoform expression, leading to a relative 

increase in shorter isoform expression and competitive inhibition of H4K16 acetylation. 

A review of the literature which has observed a dysregulation of MOF in cancer (Table 

3-1) shows that the majority of the studies which observed a loss of MOF did not use RT-

PCR primers which could detect this novel isoform, with the exception of Zhang et al. 

(Zhang et al., 2014), who still observed decreased MOF in hepatocellular carcinoma 

despite RT-PCR primers targeting exons common to both isoforms. In all the publications 

which observed an increase in MOF in cancer (Table 3-1, bottom section), the RT-PCR 

primers used could detect the novel isoform. Many of the antibodies used had an unknown 

epitope and therefore few conclusions can be drawn regarding this aspect of the studies; 

though again, the Zhu et al. (2015) and Wang et al. (2013) studies both used a Bethyl 

Laboratories (USA) antibody with an antibody epitope in the first 50aas, a region common 

to both isoforms. Therefore, making a conclusion regarding the absence of the novel 

isoform in past data is inconclusive; instead, reanalysing the data now that this isoform 

has been reported may be necessary. Additionally, a bioinformatic approach may help 

elucidate whether the novel isoform is relevant in a cancer setting; for example, the 
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addition of this isoform to The Cancer Genome Atlas (TCGA; Weinstein et al., 2013) or 

other cancer genomic datasets such as MetaBric (Pereira et al., 2016) and an analysis of 

its expression level in cancer tissues versus matched normal tissue. Dysregulation of 

splice variants has previously been shown to be relevant in cancer, such as in the case of 

p63 and p73, two members of the p53 tumour suppressor family. p63 has been found to 

be decreased in numerous cancers, while concurrently an amplification of the dominant 

negative isoforms of p63 and p73 (ΔNp63/73), which have a dominant negative effect on 

a both their corresponding full-length proteins as well as on wild-type p53, have been 

observed and have been shown to act as immortalising oncogenes. Other dominant 

negative isoforms of both p63 and p73 (ΔTAp63/73) have also been observed to be 

overexpressed in cancer (reviewed by Moll and Slade, 2004). More recently, the lysine 

methyltransferase EZH2 was found to have oncogenic properties in xenograft models, 

while the dominant negative isoform EZH2Δ14 inhibited EZH2’s tumorigenic effects. In 

this case, an upregulation of the splicing factor which stimulates production of full-length 

EZH2 was observed, and this was associated with a higher tumour grade and lower overall 

survival rates (Chen et al., 2017). As MOF has been shown to be relevant in a cancer 

setting, investigating expression levels of this isoform in cancer tissues may help us begin 

to unravel how MOF and H4K16ac levels are perturbed in cancer and how this contributes 

to cancer progression.  
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Table 3-1: MOF mRNA and protein levels in cancer.

Cancer 
Type 

Samples Method Results 
Antibody 
epitope 

RT-
PCR 
iso? 

Primer 
binding 

Ref 

Colorectal 
carcinoma 

Tissue 
RT-PCR, 
WB, IHC 

Decrease 
(25/44) 

unknown No 
FW: ex3 
RV: ex4 

Cao et al., 
2014 

Gastric 
cancer 

Tissue RT-PCR 
Decrease 
(15/16) 

n/a No 
FW: ex3 
RV: ex4 

Cao et al., 
2014 

 Tissue 
RT-PCR, 

WB 
Decrease 
(57/68) 

1-50aa No 
FW: ex3 
RV: ex4 

Zhu et al., 
2015 

Renal cell 
carcinoma 

Tissue RT-PCR 
Decrease 
(35/47) 

n/a No 
FW: ex3 
RV: ex4 

Cao et al., 
2014 

 Tissue 
RT-PCR, 
WB, IHC 

Decrease 
(18/20) 

WB: unknown 
IHC: 1-50aa 

No 
FW: ex3 
RV: ex4 

Y. Wang 
et al., 
2013 

Ovarian 
cancer 

Tissue 
RT-PCR, 
WB, IHC 

Decrease 
(75/104) 

unknown No 
FW: ex3 
RV: ex5 

Liu et al., 
2013 

 Tissue 
RT-PCR, 
WB, IHC 

Decrease 
(n=30) 

unknown No 
FW: ex7 
RV: ex10 

Cai et al., 
2015 

Breast 
carcinoma 

Tissue 
RT-PCR, 

IHC 

Decrease 
(47/107 PCR) 
(49/280 IHC) 

C-terminal No 
FW: ex3 
RV: ex4 

Pfister et 
al., 2008 

Medullo-
blastoma 

Tissue 
RT-PCR, 

IHC 

Decrease  
(11/14 PCR) 
(66/164 IHC) 

C-terminal No 
FW: ex3 
RV: ex4 

Pfister et 
al., 2008 

Hepato-
cellular 
carcinoma 

Tissue,  
cell lines 

RT-PCR, 
WB, IHC 

Decrease C-terminal Yes 
FW: ex1 
RV: ex3 

Zhang et 
al., 2014 

Oral 
tongue 
squamous 
cell 
carcinoma 

Tissue RT-PCR 
Increase 
(40/64) 

n/a Yes 
FW: ex1 
RV: ex3 

Chen et 
al., 2014 

Lung 
cancer 

Tissue IHC 
Increase 
(14/43) 

unknown n/a n/a 
L. Zhao et 
al., 2013 

 Tissue 
RT-PCR, 

IHC 
Increase  
(n=54) 

unknown Yes 
FW: ex1 
RV: ex3 

Chen et 
al., 2014 

 
Tissue,  

cell lines 
RT-PCR, 

IHC 

Increase  
(10/20 PCR) 
(81/551 IHC) 

unknown Yes 
FW: ex1 
RV: ex3 

Song et 
al., 2011 

Perturbations in MOF levels were detected by real-time polymerase chain reaction (RT-PCR), western blot 
(WB), or immunohistochemistry (IHC). The antibody epitope is also noted for each study to query whether 
western blotting could have detected the 20kDa isoform. If RT-PCR was used, it is noted whether or not 
the primer pairs used (indicated in ‘Primer binding’ column) would have amplified mRNA from both full-
length and 20kDa MOF, i.e. whether the primer pairs used are within exons 1-3 (‘RT-PCR iso?’). Bold line 
separates cancer types which observed a decrease versus an increase in MOF expression.  
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4.1 Introduction 

4.1.1 MOF and the MYST KATs 

As referred to in the introduction (Section 1.1.3), there are two primary families of lysine 

(K) acetyltransferases (KATs). The first classified was the general control non-repressible 

5 (GCN5)-related N-acetyltransferase (GNAT) superfamily (Neuwald and Landsman, 

1997); in eurkaryotes, there are at least 30,000 GNAT proteins (reviewed by Salah Ud-

Din, Tikhomirova and Roujeinikova, 2016). The second family is the MOZ, Ybf2/Sas3, 

Sas2, TIP60 (MYST) family, named based on the founding members of the family. MOF 

(MYST1) is a member of the MYST family in yeast, and there are four other members of 

this family of proteins in humans: 

 TIP60 (HIV-1 Tat-interactive protein of 60kDa, encoded by the KAT5 gene); 

 MOZ (monocytic leukemia zinc-finger protein, MYST 3, encoded by the KAT6a 

gene); 

 HBO1 (histone acetyltransferase binding to ORC1, MYST 2, encoded by the 

KAT6b gene); and 

 MORF (Moz-related factor, MYST 4, encoded by the KAT7 gene). 

 

This family is defined by a highly conserved MYST domain which comprises an acetyl-

CoA KAT motif and a C2HC zinc finger. Within the MYST family, MOF and TIP60 have 

highly homologous structures and domains, characterised by the presence of a 

chromodomain. MOZ and MORF are also highly similar proteins; both are considerably 

larger than the other MYST proteins, containing PHD zinc finger domains, highly acidic 

central portions, and serine- and methionine-rich C-terminal domains. Hbo1 is the only 

member of the MYST family without a homologue (Figure 4.1). 
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Figure 4.1: Structure and functional domains of the human MYST proteins. All MYST proteins (MOF, 
TIP60, HBO1, MOZ and MORF) share a MYST-type lysine acetyltransferase domain containing a C2HC 
zinc finger and an Acetyl-coA binding site for enzymatic activity. Other functional domains are marked on 
the protein structure and explained in the figure legend. Size of each protein in amino acids is indicated 
beyond the C-terminal of each protein (adapted from Yang and Ullah, 2007 and Voss and Thomas, 2009).  

 

The MYST KATs have many and various functions. They have key functions in the DNA 

damage response, apoptosis, cell cycle progression, transcription regulation, replication, 

and metabolism, among others (reviewed by Sapountzi and Cote, 2011). The MYST 

proteins are also all essential for development; loss of any of the MYST proteins is 

embryonic lethal at different stages of development (Doyon et al., 2006; Gupta et al., 

2008; Sapountzi and Cote, 2011). The two most studied MYST proteins, MOF and TIP60, 

have many overlapping functions. Like MOF, TIP60 has long been known to have a role 

in DNA repair, as mutation of TIP60 leads to defective double stranded break repair and 

a failure to induce apoptosis (Ikura et al., 2000). MOF and TIP60 share many non-histone 

targets, though TIP60 has many more reported non-histone targets than MOF thus far. For 

example, both proteins interact with ATM as part of the DNA damage response (Gupta et 

al., 2005; Sun et al., 2005), both can acetylate p53 at K120, leading to induction of 

apoptosis (Sykes et al., 2006; Tang et al., 2006), and both can regulate androgen receptor 
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activity (Gaughan et al., 2002; J.-Y. Kim et al., 2016). Both MOF and TIP60 are also 

auto-acetylated, and this mark is removed by SIRT1 in both cases (Lu et al., 2011). 

Perhaps most interesting in the context of MOF, they may also share histone targets, as 

TIP60 has been reported to acetylate H4K16 (Miyamoto et al., 2008; Tang et al., 2013; 

Renaud et al., 2016; Li and Wang, 2017; Tam et al., 2017).  

 

Another interesting overlap in the MYST family is their involvement in cancer. As 

discussed in the introduction (Section 1.3.3), a loss of MOF is often seen in various 

cancers, and this loss appears to correlate with a more invasive tumour cell. Similarly, the 

other MYST proteins have been reported as lost or decreased in cancer. HBO1 has been 

observed at low levels in patients with acute myeloid leukemia (AML), and this loss was 

associated with poorer survival rates (Sauer et al., 2015). Chromosomal translocations of 

MOZ and MORF have been hypothesised to contribute to oncogenesis in AML (reviewed 

by Avvakumov and Cote, 2007). TIP60 has repeatedly been reported as reduced in cancer, 

for example in colorectal cancer, where this loss was associated with metastasis and a 

higher grade cancer (Sakuraba et al., 2009). A loss of TIP60 has also been observed in 

lymphomas, head-and-neck carcinomas, and mammary carcinomas (Gorrini et al., 2007); 

lung carcinomas (LLeonart et al., 2006), breast carcinomas (Pandey et al., 2015), 

melanoma (Chen et al., 2012), and gastric cancers (Sakuraba et al., 2011).  

 

4.1.2 CRISPR/Cas9 genome editing 

Genome engineering technologies have progressed vastly in the last 15 years, with the 

development of methods to induce double-stranded DNA breaks (DSBs) at specific loci, 

such as zinc finger nucleases (ZFNs; Porteus and Baltimore, 2003) and transcription 

activator–like effector nucleases (TALENs; Christian et al., 2010). However, no genome 

editing technology has been as ground-breaking as the advent of the clustered regularly 

interspaced palindromic repeats (CRISPR)/Cas9 nuclease system, due to the low cost, 

high efficiency, high specificity, speed and simplicity with which it can target genomic 

regions. The CRISPR/Cas system is an acquired immunity system in bacteria, where it 

acts as an immune defence by inducing double-strand breaks in foreign DNA using RNA-
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guided endonucleases to specific sites (Deveau et al., 2010; Horvath and Barrangou, 2010; 

Wiedenheft et al., 2012).  

 

In 2013, scientists harnessed this system from Streptococcus pyogenes, which uses a 

single protein, the Cas9 nuclease, to induce double strand breaks. Instead of endogenous 

CRISPR RNA (crRNA) binding region, which is normally used for recognition of the 

target sequence, a 20-nucleotide guide RNA sequence was co-transfected which is 

complementary to a protospacer, i.e. the target site in the genomic locus. This protospacer 

must precede a protospacer-adjacent motif (PAM) site, an NGG trinucleotide sequence. 

The Cas9 enzyme then induces a DSB within the protospacer, 3 base pairs upstream of 

the PAM sequence (Cho et al., 2013; Cong et al., 2013; Jinek et al., 2013; Mali et al., 

2013; Figure 4.2). This DSB is then repaired by one of the cell’s endogenous repair 

mechanisms: if no repair template is provided, cells by default repair DNA breaks by non-

homologous end-joining (NHEJ), an error-prone DNA re-ligation system. This generally 

leads to small insertions or deletions (indels) in the DNA, causing to a frameshift mutation 

in the gene’s coding sequence, a premature stop codon, and subsequent knockout of 

protein expression (Ran et al., 2013). To generate a more specific modification of the 

genome, the homology-directed repair (HDR) pathway can be employed by co-

transfecting the Cas9 enzyme and guide RNA with a repair template for the cell to use 

follow DSB induction. While this method is less efficient, it can be used to engineer more 

precise editing of the target locus, e.g. to add a fluorescent tag or inducible degron (Saleh-

Gohari and Helleday, 2004; Ran et al., 2013).  

 

CRISPR/Cas9 technology is now being applied to new, larger scale approaches, such as 

genome-wide gene regulation, fluorescent tagging of endogenous loci, such as for 

imaging of conformational dynamics of chromosomes, targeting and eliminating viral 

infections, and reversing cancer-causing chromosomal translocations (reviewed by 

Doudna and Charpentier, 2014). In this study, a CRISPR/Cas9 targeting strategy was 

employed to knock out protein expression in cells by inducing insertions of deletions in 

the coding sequence.  
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Figure 4.2: The CRISPR/Cas9 method of genome engineering. (a) Schematic indicating the mechanism of 
CRISPR/Cas9-mediated genome engineering. Cas9 (shown in yellow) is targeted to a specific genomic 
genomic locus (top) using a single guide RNA (‘sgRNA’, blue) complementary to the target, while also 
interacting with the Cas9 enzyme via a scaffold (shown in red), guiding it to the DNA target adjacent to a 
protospacer adjacent motif (PAM, 3’ to the DNA target sequence in red). The Cas9 enzyme then causes a 
double stranded break (DSB) 3 nucleotides upstream of the PAM (red triangle). Figure from Ran et al., 
2013. 

 

4.1.3 Targeting of MOF for CRISPR/Cas9-mediated knockout 

MOF is believed to be an essential gene. Animal studies indicate knockout of MOF leads 

to early embryonic lethality due to massive chromatin condensation at E7.5 (Gupta et al., 

2008; Thomas et al., 2008). In human cells, knockdown of MOF leads to the induction of 

ATM phosphorylation, cell cycle checkpoint activation, and the arrest of cells in G2/M (E 

R Smith et al., 2005; Taipale et al., 2005). However, in unpublished data from the Rea 

lab, it was found that, in a cellular context, loss of MOF is not lethal in a p53-null 

background. This knowledge was used previously in the lab to generate a stable MOF 

knockdown in p53-null BJ fibroblasts using shRNAs to deplete MOF levels (Dr Jennifer 

Eykelenboom, unpublished). Initially, for studying of MOF’s role in breast cancer, a 

targeting strategy was designed to deplete MOF using tetracycline-inducible shRNAs in 

various cell lines including breast cancer cell lines. However, there are several 

disadvantages to such a system. Primarily, the efficiency of shRNA knockdown is 

unreliable and the induction of RNA interference can lead to differential levels of 

knockdown between cells (Liberali et al., 2015). As well as this, data have shown that 
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doxycycline, the compound used to induce shRNA interference, can affect the growth and 

proliferation of breast cancer cells, potentially skewing any observed results (Fife and 

Sledge  Jr., 1995; Tang et al., 2017). However, thanks to the development of 

CRISPR/Cas-9 mediated gene editing, a gene knockout method could be used. Two 

CRISPR/Cas-9 targeting strategies were developed; first to knock out p53 protein 

expression in cells, which could then be followed by MOF targeting using a similar 

strategy. To look first at the functional effects of loss of MOF in normal conditions, 

hTERT-RPE1 cells were selected as they are karyotypically normal, untransformed cells 

(Bodnar et al., 1998; Jiang et al., 1999). Concurrently, MSL-1 and MSL-2 knockouts were 

generated in the Rea lab by Anna Meller for study of the role of other MSL complex 

members.  

 

4.2 p53 knockout in RPE1 cells 

Three guide RNAs (gRNAs) targeting p53 were designed to have the minimum 

probability of inducing off-target gene editing using CHOPCHOP Version 1 

(chopchop.rc.fas.harvard.edu/); two with cut sites in Exon 4 (gRNA4a and gRNA4b), and 

one which cut in Exon 5 (gRNA5; Figure 4.3a). These gRNAs were designed against the 

canonical p53 sequence (UniProt identifier P04637-1), which is encoded by the TP53-201 

gene transcript (Ensembl transcript ID ENST00000269305.8, Figure 4.3a). The resulting 

primers were cloned into the px330 plasmid (gifted from the Lowndes lab, CCB), which 

contains wild-type Cas9. Correctly integrated gRNAs were verified by sequencing (not 

shown). 

 

Following generation of the px330_p53gRNA constructs, cells were transfected with 

px330 constructs containing one of the three gRNAs, along with pLOX-geneticin at a 10:1 

px330:pLOX-geneticin molar ratio, to confer geneticin resistance to successfully 

transfected cells, as per Section 2.4.5.3. Cells were placed under selection in the 

appropriate dose of geneticin G418 for 5 days, after which media was changed to 

antibiotic-free complete media. Cells were left to grow for 10-14 days and resulting 

colonies were expanded and screened for p53 expression by western blot as per Section 
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2.5.8. A >45% targeting efficiency was observed with the p53_Exon4agRNA targeting 

(Figure 4.3b).  

 

 

Figure 4.3: Knockout of p53 in RPE1 cells. (a) The canonical TP53 gene transcript, TP53-201, with targets 
of the designed guide RNAs indicated – 4a and 4b on Exon 4, and 5 on Exon 5. (b) Screening for successful 
knockout of p53 was performed by western blotting against p53. Shown is the targeting for the Exon4a 
gRNA. Arrow marks the band corresponding to p53 at 50kDa. Extracts from hTERT-BJ cells stably 
expressing p53 shRNAs were used as control (BJ p53-). Clone 20 (marked with red asterisk) was selected 
for downstream applications. 

 

4.3 Knockout of MOF in p53-null RPE1 cells using CRISPR/Cas9 

Following successful targeting of the TP53 locus for knockout of p53 expression, a similar 

strategy was employed for knockout of MOF in p53-null RPE1 cells. Guide RNAs were 

again designed using CHOPCHOP. However, in this instance, only Exons1-3 were used 

as potential targeting sites, to ensure that knockout of the newly observed splice variant 

would occur as well as knockout of the full-length protein. Again, three guide RNAs were 

designed (Figure 4.4a) and ligated into px330 as described previously; in this case, two 

gRNAs were designed targeting Exon1 (gRNA1a and gRNA1b), as well as one gRNA in 

Exon2 (gRNA2). p53-null RPE1 cells (RPE1 TP53-/-) were transfected with px330 

containing either Exon1a, Exon1b or Exon2 MOF gRNAs, as well as pLOX-blasticidin, 

again in a 10:1 px330:pLOX molarity ratio. 48 hours after transfection, cells were placed 
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under blasticidin selection for 5 days. Following this, media was changed to antibiotic-

free complete media. After 10-14 days of growth, resulting colonies were expanded and 

screened for MOF expression. Cells were again screened by western blot for loss of MOF 

expression. Targeting was still moderately efficient, with successful targeting in 25% of 

clones screened (Figure 4.4b). Clone 1 from the Exon1b targeting strategy was selected 

and MOF knockout further confirmed by immunofluorescence microscopy, which 

showed an absence of MOF signal versus both wild-type and p53-null RPE1 cells (Figure 

4.4c).  

 

 

Figure 4.4: Knockout of MOF in RPE1 TP53-/- cells. (a) gRNAs were designed using CHOPCHOP targeting 
exons 1 and 2 of the KAT8 gene to ensure knockout of both the canonical variant (KAT8-206) and the newly-
reported protein-coding variant (KAT8-205). Two gRNAs were designed for Exon 1 (1a and 1b), and a third 
was designed for Exon 2 (2). (b) Resulting clones were harvested and whole cell lysates were screened for 
MOF expression by western blot with the 7D1 monoclonal antibody. In this case, the Exon1b targeting 
strategy is shown. Clone 1 (marked with red asterisk) was selected for downstream applications. (c) Clone 
1 was screened by immunofluorescence imaging with the MOF 7D1 monoclonal antibody to further validate 
the loss of MOF in cells. Cells were seeded, fixed, and stained as described, and imaged at 100x. Scale bar 
corresponds to 10µm. 
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4.4 Characterisation of MOF-null cells 

4.4.1 Growth and proliferation 

Proliferation rates of both p53-null and p53-null/MOF-null cells were analysed by 

generating growth curves; no difference was observed in proliferation levels at any 

timepoint (Figure 4.5a). Cell cycle analysis was performed by flow cytometric analysis of 

DNA content using propidium iodide (PI). The proportion of cells in each cell cycle phase 

was unchanged between cell lines (Figure 4.5b and Figure 4.5c). An increase in 

chromosome number was detected in the lab previously in shRNA-mediated MOF 

knockdown conditions in BJ cells (Dr Jennifer Eykelenboom, unpublished). However, 

there was no increase in polyploidy detected in MOF-null cells, quantified by including 

4N+ DNA in the G2/M gate during flow cytometry analyses (Figure 4.5b and Figure 4.5c). 

As expected, mRNA levels of MOF were also unchanged following CRISPR/Cas9-

mediated knockout of p53 and MOF (Figure 4.5d) 

 

 

 

 

 

  

Figure 4.5: Characterisation of TP53-/- and KAT8-/- RPE1 cells. (a) 2 x 104 RPE1 wild type (WT), p53-null 
(TP53-/-) or p53-/MOF-null (TP53-/-KAT8-/-) cells were seeded in triplicate in 6-well dishes. Cell number 
was counted every 24 hours for 96 hours total. Data points shown are the average of three independent 
experiments ± standard deviation (SD). (b) Fixed cells were stained with propidium iodide (PI) and analysed 
by flow cytometry to estimate the proportion of cells in each cell cycle phase. The percentage of cells in 
G0/G1, S, and G2/M phase is shown. Gating in the G2/M phase also included the polyploid population (see 
(c)) to observe whether this was altered in p53- or MOF-null cells. Data shown represents three independent 
experiments + SD. (c) Representative images from experiments indicating the gating strategy for flow 
cytometric analysis of cell cycle phase. Dead cells and cell clumps or doublets were first excluded and the 
singlet, live population was gated to be included in the cell cycle analysis (left panel). Fluorescence from 
PI was then used to identify the G0/G1 (‘M1’), S (‘M2’), and G2/M (‘M3’) phases and these were quantified 
based on the % of cells in that phase versus the total cells in the gated population (right panel). As can be 
seen, the G2/M phase also included the 4N+ population. (d) mRNA expression levels of KAT8 were analysed 
by qPCR in RPE1 WT, TP53-/-, and TP53-/-KAT8 using primers that would detect both full-length KAT8 and 
the transcript encoding the novel isoform. Data shown is the mean of two independent experiments + SD. 
n.s. = non-significant. 
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4.4.2 Robust H4K16ac maintained in MOF knockout cells 

While p53 and MOF knockout cell lines appeared normal in most respects, a surprising 

result was observed when H4K16ac was analysed in MOF knockout cells. Knockout of 

MOF did not affect H4K16ac. A maintenance of wild-type levels of H4K16ac levels was 

observed both by western blot (Figure 4.6a) and by immunofluorescence microscopy 

(Figure 4.6b). This result was contrary to any previously published data, which has shown 

that MOF in the MSL complex is responsible for bulk acetylation of H4K16, and depletion 

of MOF levels leads to loss of H4K16ac (Akhtar and Becker, 2000; E R Smith et al., 

2005; Taipale et al., 2005; Thomas et al., 2008). No previous data have been published 

which show maintenance of normal H4K16ac in MOF-null cells, despite there being data 

from cell lines, animal models and patient samples available. Indeed, MOF knockdown 

by RNAi leads to a loss of H4K16ac (Figure 3.3). Similarly, CRISPR-mediated knockout 

of other MSL complex members, MSL-1 and MSL-2, performed in the Rea lab at the 

same time as these studies, led to loss of H4K16ac in both instances. H4K16ac levels in 

MSL2-/- cells fell to approximately 75% of wild type levels; this loss was even more 

dramatic in MSL1-/- cells, with H4K16ac levels falling to less than 60% of wild type (data 

generated by Anna Meller, Figure 4.6c and Figure 4.6d).  
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Figure 4.6: Robust H4K16ac is maintained in KAT8-/- cells. (a) The western blot used to identify successful 
MOF knockouts (shown in Figure 4.4) was also blotted for H4K16ac (middle panel). Successful MOF 
knockout clones are clones 1 and 4. (b) Immunofluorescence imaging was also performed for H4K16ac in 
RPE1 wild type (WT), p53-null (TP53-/-), and p53-null/MOF-null (TP53-/-KAT8-/-) cells. Cells were also 
stained for MOF using the 7D1 MOF antibody and for DNA using Hoechst. Cells were imaged at 100x; 
scale bar corresponds to 10µm. (c) Whole cell lysates from knockouts of two other members of the MSL 
complex, MSL-1 and MSL-2, were subjected to SDS-PAGE followed by western blotting for H4K16ac. (d) 
RPE1 WT, MSL1-/- and MSL2-/- cells were fixed and stained for H4K16ac as described. H4K16ac levels 
were quantified by measuring the Raw Integrated Density (RID) of signal from fluorescent images. Data 
shown is from three independent repeats. Two-way ANOVA was performed to determine significance, with 
**P < 0.0021 and ****P < 0.0001. 

 

We hypothesised that while loss of MSL complex members may lead to a destabilisation 

of the MSL complex and therefore a reduction in effective H4K16ac, especially in the 

case of an MSL-1 knockout – MSL-1 being the core of the MSL complex (Section 1.2.2.2) 

- the complete knockout of MOF leads to the absence of any MSL complex being localised 

to H4K16ac. Perhaps without MOF, there is no binding of the MSL complex to these 

sites, potentially allowing another KAT to access H4K16. To query this hypothesis, we 

introduced exogenous MOF into MOF-null cells. Interestingly, overexpression of full-

length MOF did not lead to the increase in H4K16ac which is normally observed (Lane 
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2, Figure 3.9b; Figure 4.7d), though there was not a significant effect on H4K16ac. 

Overexpression of the short isoform alone led to a reduction in H4K16ac levels to around 

30% of wild type (Figure 4.7a). This may indicate that reintroduction of the MOF isoform 

containing the chromodomain alone, which can interact with DNA, is sufficient to block 

another acetyltransferase from accessing H4K16 sites. To further query this, a MOF 

sequence was generated with a KR mutation at lysine 274 (K274R), a mutation which 

renders MOF enzymatically inactive (Kadlec et al., 2011; Lu et al., 2011; Sun et al., 2011; 

Yang et al., 2012; Yuan et al., 2012; McCullough et al., 2016). This was generated by 

site-directed mutagenesis of the HA-2xFlag MOF plasmid, which was confirmed by 

sequencing (Figure 4.7b). Transfection of cells with exogenous MOF (HA2F MOF) 

caused no significant change H4K16ac levels, though again, transfection into TP53-/-

KAT8-/- cells did not lead to an increase in H4K16ac. However, transfection with the 

mutated MOF (K274R MOF) caused a significant decrease in H4K16ac, both in TP53-/- 

and TP53-/-KAT8-/- cells, with H4K16ac levels falling to ~50% of wilfd type in TP53-/-

KAT8-/-cells (Figure 4.7c and Figure 4.7d).  
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Figure 4.7: Effect of exogenous MOF on H4K16ac in MOF-null cells. (a) RPE1 TP53-/-KAT8-/- cells were 
non-transfected (NT), transfected with HA-2xFlag MOF (HA2F MOF), or transfected with the novel 
enzymatically inactive short isoform, cloned in Chapter 3 (HA21 MOF). Whole cell lysates were subjected 
to SDS-PAGE followed by western blotting against MOF, H4K16ac and β-actin using the appropriate 
antibodies. H4K16ac expression level is shown below the blot expressed as a percentage of levels in non-
transfected cells, normalised to β-actin. (b) A lysine to arginine (K to R) mutation at lysine 274 of MOF 
was created by generating a single A  G nucleotide mutation via site-directed mutagenesis. This mutation 
was created in the MOF insert of the HA2F MOF plasmid and confirmed by sequencing. The returned 
sequence aligned exactly to the wild type MOF sequence (top sequence) with the exception of the introduced 
single base pair mutation at nucleotide 821 (lower sequence), causing an amino acid substitution in the 
protein-coding sequence. This mutation is indicated by the red rectangle. (c) H4K16ac levels were measured 
in RPE1 TP53-/- or TP53-/-KAT8-/- cells which were non-transfected (NT), transfected with HA-2xFlag MOF 
(HA2F MOF), or transfected with the enzymatically inactive mutated MOF (K274R MOF). Expression was 
confirmed with western blotting against MOF using the novel monoclonal 7D1 antibody (top panel); total 
protein levels were normalised to β-actin levels. (d) H4K16ac levels were quantified in MOF-transfected 
cells. Data shown represents two independent experiments, with *P<0.05. Proteins levels were normalised 
with β-actin loading control and compared to non-transfected RPE1 TP53-/-.  

 

If our model is correct, another KAT can access H4K16 sites in the absence of MOF to 

acetylate target sites. We therefore wished to investigate which KAT could carry out this 

acetylation. The primary candidates for such activity are MOF’s closest orthologues, i.e. 

the other MYST family members.  
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4.5 Screening the MYST proteins for potential H4K16 acetyltransferases  

To investigate whether one or indeed a number of the MYST family members was 

involved in the maintenance of H4K16ac in the absence of MOF, we first aimed to 

investigate whether expression levels any of the candidate proteins were upregulated. 

mRNA expression levels of the four non-MOF MYST acetyltransferases were analysed 

by qPCR, i.e. TIP60 (KAT5), MOZ (MYST3, KAT6A), HBO1 (MYST2, KAT7) and 

MORF (MYST4, KAT6B) (note: for the remainder of this section, the MYST 

acetyltransferases will be referred to by their gene names). However, no change in 

expression levels of any of the MYST KATs was observed (Figure 4.8a).  

 

While there was no increase in transcription levels, there may have been a change in 

activity or localisation of transcribed proteins, perhaps sending these KATs to H4K16 

sites where they would not normally localise. Therefore, siRNAs were designed to knock 

down each MYST acetyltransferase to analyse what effect this would have on H4K16ac. 

Successful knockdown was confirmed by qPCR analyses of each KAT (Figure 4.8b). All 

siRNAs effectively knocked down their intended target, though the KAT6a knockdown 

was not as efficient, leading to a knockdown to ~65% of wild type in KAT6a versus 

knockdown to 35-45% of wild type in the other targets.  When H4K16ac levels were 

analysed by western blot, it was apparent that knockdown of KAT5 had a much more 

profound effect on H4K16ac in TP53-/-KAT8-/-cells than in cells lacking p53 only (Figure 

4.8c). Knockdown in TP53-/-KAT8-/-cells reduced H4K16ac levels to less than 20% versus 

non-transfected cells (Figure 4.8c, Figure 4.8d). This was not, however, due to the siRNA 

being more efficient at knockdown in the RPE1 TP53-/-KAT8-/-cells: qPCR analyses 

showed that knockdown reduced levels to ~37% versus wild type, a similar level to 

knockdown in RPE1 TP53-/ cells, which reduced KAT5 mRNA levels to 35% of wild type 

(Figure 4.8e). Similarly, the KAT6a siRNA had a more substantial effect on H4K16ac in 

TP53-/-KAT8-/-cells than TP53-/- cells; while there was no apparent effect on H4K16ac in 

TP53-/- cells, H4K16ac was reduced to less than 60% in TP53-/-KAT8-/-cells following 

KAT6a knockdown (Figure 4.8c and Figure 4.8d). This effect was not as dramatic as in 

the KAT5 knockdown; however, this siRNA was not as efficient as the others, and so a 
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stronger knockdown may yield similar results. KAT6b knockdown did not appear to 

influence H4K16ac in either cell line, while KAT7 knockdown decreased H4K16ac in 

both cell lines, indicating it may play a role in H4K16ac independent of MOF (Figure 4.8c 

and Figure 4.8d). In vitro, KAT7 has been shown to be able to acetylate all H4 N-terminal 

lysines (i.e. 5, 8, 12, and 16), though it does not appear to acetylate K16 as part of the 

complex in which its resides (known as the HBO1 complex), while TIP60 in its requisite 

complex, ING3-TIP60, can acetylate all four lysine residues (Doyon et al., 2006). 

Alternatively, it may be that KAT7 is essential to cells, as high levels of toxicity were seen 

in siKAT7-transfected cells, and this therefore may have been a more global effect on 

cellular functioning.  

 

Figure 4.8: RNAi screening of the MYST proteins for a H4K16 acetyltransferase. (a) mRNA expression 
levels of the MYST family members were analysed by qPCR in RPE1 WT, RPE1 TP53-/-, and RPE1 TP53-

/-KAT8-/- cells. Data shown are representative of three independent experiments + SD. (b) siRNAs were 
designed for the candidate MYST KATs and RPE1 TP53-/- cells were non-transfected (‘NT’), transfected 
with the indicated siRNA (‘siRNA’), or transfected with Dharmacon non-targeting siRNA#5 (‘NTsi5’). 
Data shown represent two independent experiments, mean + SD with *P<0.05. (c) Western blotting was 
performed to analyse H4K16ac levels following RNAi of the MYST proteins. Relative intensity of bands 
quantified and normalised to total protein using GAPDH as loading control is indicated below each western 
blot. (d) qPCR analyses were performed to estimate the degree of depletion of KAT5 in siRNA-treated 
TP53-/-KAT8-/-cells. Data shown represent two independent experiments, mean + SD. 
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4.6 Discussion 

These studies show that a successful knockout of MOF using CRISPR/Cas9-mediated 

targeting can be obtained in human cells, provided it is in a p53-null background.  While 

this loss did not appear to affect growth, proliferation, or cell cycle progression of cells, 

this may be due to a highly unexpected phenotype which was observed – that a loss of 

MOF expression did not affect H4K16ac. This is contrary to all previous data which has 

consistently shown that a loss of MOF leads to the loss of H4K16ac. The two have been 

inextricably linked in vitro (Dou et al., 2005; X. Li et al., 2009), in vivo (E R Smith et al., 

2005; Taipale et al., 2005; X. Li et al., 2009; Sharma et al., 2010), and in animal models 

(Gupta et al., 2008, 2013; Li et al., 2010; Kumar et al., 2011; Chatterjee et al., 2017; 

Valerio et al., 2017); while in patient samples, a loss of MOF has always been 

accompanied by a loss of H4K16ac (Pfister et al., 2008; Liu et al., 2013; Y. Wang et al., 

2013; Cao et al., 2014; Zhang et al., 2014; Cai et al., 2015; Zhu et al., 2015). In the Rea 

lab, all previous knockdown of MOF by siRNA or shRNA led to the loss of H4K16ac as 

expected (Dr Jennifer Eykelenboom, unpublished data; Dr Sandra Clasen, unpublished 

data; this study, unpublished data). Similarly, a knockout of two other members of the 

MSL complex, MSL-1 and MSL-2, led to a reduction in H4K16ac (Anna Meller, 

unpublished data). 

 

Why has this robust maintenance of acetylation in the absence of MOF not been observed 

in the literature previously? The simple answer may be the targeting strategy used in 

previous studies. Other targeting strategies to knock out MOF have targeted beyond the 

C-terminus of the novel short isoform in the Intron 3 region, meaning that this isoform 

remained when full-length MOF was absent. In our studies, we have shown that re-

introducing the short isoform alone into MOF-null cells led to a decrease in H4K16ac. 

The maintenance of chromatin binding by the novel short isoform may play a role in this. 

A question remains about the C-terminal isoform of MOF (KAT8-203), as this isoform 

would not have been knocked out in our CRISPR/Cas9 targeting. However, this isoform 

has simply been annotated by the Ensembl/HAVANA gene annotation project and has not 

been observed or studied in vivo; therefore, very few conclusions can be drawn about this 
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gene, its transcribed protein, or its role in H4K16ac. In the case of patient samples which 

have observed a loss of both MOF and H4K16ac, the antibodies and detection methods 

used may not have been able to detect the shorter isoform (see Chapter 3).   

 

While the caveat must be that this result is preliminary and needs further investigation, 

we have developed a potential model for this maintenance of H4K16ac. While MSL-1 

and MSL-2, and most likely the other member of the MSL complex, MSL-3, based on the 

current literature (Cai et al., 2010; Kim et al., 2010; Kadlec et al., 2011), are responsible 

for maintaining the stability, localisation, and activity of the MSL complex (Figure 4.9a), 

they do not appear to be essential for H4K16ac. Therefore, knockout of these proteins 

impairs H4K16ac due to the perturbation of the MSL complex, leading to a loss of 

structural integrity or regulation of the complex as is seen in both MSL1- and MSL2-

knockout cells (Figure 4.6 and Figure 4.9b). Similarly, the depletion of MOF by siRNA 

leads to a significant reduction in MOF, though the remaining 20-30% of wild-type levels 

of MOF can maintain low levels of H4K16ac. However, in the complete absence of MOF 

as in knockout cells, the MSL complex may not localise to H4K16 sites. No MOF is 

present to maintain low-level H4K16ac, and no binding to chromatin by MOF or the MSL 

complex occurs. This therefore leaves H4K16 sites open for other histone 

acetyltransferases to access the chromatin, allowing robust H4K16ac despite the absence 

of MOF (Figure 4.9c). This is supported by the fact that reintroducing mutated forms 

(K274R MOF) or truncated forms (HA21 MOF) of the full-length protein blocks 

acetylation, as MOF can now bind the chromatin, preventing any alternative 

acetyltransferases from accessing and acetylating K16; however, their enzymatically 

inactive nature means that acetylation cannot occur. This model could be further 

supported by future studies, such as the knockout of full-length MOF only via 

CRISPR/Cas9-mediated targeting. Studying H4K16ac and the chromatin binding of the 

short isoform following knockout of full-length MOF may further unravel the role of 

different isoforms in maintaining H4K16ac. Similarly, a conditional knockout may be of 

more benefit than CRISPR/Cas9-mediated knockout as it would allow real-time tracking 

of H4K16ac as MOF is depleted in the cell. For example, attaching an auxin-inducible 
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degron (AID) to MOF would allow reversible degradation of MOF in the cell and tracking 

of how H4K16ac is affected by different levels of MOF expression (Holland et al., 2012). 

 

 

Figure 4.9: A model for H4K16ac in the absence of MOF and other MSL complex members. (a) When the 
MSL complex can form normally due to the presence of MOF and MSL proteins, i.e. in wild type cells, 
robust H4K16ac can be maintained (indicated by red flags). MOF outside the MSL complex, or as part of 
other complexes such as the NSL complex, does not localise to H4K16 (top). (b) When members of the 
MSL complex are depleted, such as in the case of CRISPR/Cas9-mediated knockout of MSL1 (shown here), 
the MSL complex cannot correctly form due to a loss of structural integrity of the complex. This leads to a 
significant decrease in H4K16ac. However, some level of H4K16ac is maintained (~50%), perhaps as result 
of MOF’s interaction with the remaining members of the MSL complex or as a result of MOF as part of the 
NSL complex acetylating H4K16. (c) When MOF (KAT8) is knocked out, however, robust H4K16ac is 
maintained, perhaps due to a complete lack of MSL or NSL complex localisation to H4K16 sites, allowing 
an unknown lysine acetyltransferase (‘????’) to access H4K16 and maintain wild-type levels of acetylation. 

 

If this model is correct, an important fact to determine will be what is performing MOF’s 

acetyltransferase function in its absence. The obvious candidate is TIP60 (KAT5), given 

that MOF and TIP60 have highly analogous structures and many overlapping functions 

within the cell, as discussed in Section 4.1.1. Our studies show that this may be the case; 
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loss of TIP60 in MOF-null cells leads to a significant decrease in H4K16ac to less than 

20% of levels in untransfected cells. However, our data show that MOZ (KAT6a) may 

also have a role to play. These results will need to be queried further, perhaps by chromatin 

immunoprecipitation (ChIP) or mass spectrometry methods. However, while TIP60 had a 

much more profound effect on H4K16ac in TP53-/-KAT8-/- cells than in cells lacking p53 

only, TIP60 depletion still led to a ~50% reduction in H4K16ac even in cells with normal 

MOF expression (Figure 4.8c). Another potential model is that MOF is not, in fact, the 

primary H4K16 acetyltransferase, and TIP60 can also acetylate this site. Indeed, the MSL 

proteins may be promiscuous and may be able to associate with other MYST proteins, 

allowing targeting of other lysine acetyltransferases such as TIP60 to H4K16. Recent 

publications showing TIP60-mediated H4K16ac is essential for functions such as 

homologous recombination may support this hypothesis (Miyamoto et al., 2008; Tang et 

al., 2013; Renaud et al., 2016; Tam et al., 2017).  

 

These data indicate a novel interesting method of maintenance H4K16ac by the cell: 

instead of lethality caused by loss of a protein, the presence of highly orthologous proteins 

with domains and functions in common can compensate for this loss and preserve 

acetylation. This may also have implications in our study of the loss of MOF in cancer 

and whether it is perhaps a perturbation in isoform levels that is causing a loss of 

H4K16ac, as discussed in Chapter 3, rather than a complete loss of MOF. However, it will 

be important to first unravel the mechanisms behind H4K16ac in a MOF-null cell before 

proceeding with these investigations. 
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The role of MOF in breast cancer cell transformation 
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5.1 Introduction 

As discussed in the introduction (Section 1.3.3), a loss of MOF in cancer has been reported 

repeatedly in the literature, and this loss appears to correlate with a more aggressive 

cancer. However, the underlying mechanism for how the loss of MOF and the 

transformation of a tumour cell are linked is unknown. Indeed, a recent review in 2016 on 

the role of MOF in tumourigenesis concluded that the mechanisms behind the observed 

dysregulation of MOF are yet to be uncovered (Su et al., 2016). It is unclear at what stage 

MOF is relevant in cancer progression, or indeed whether it is relevant at all; i.e. is a loss 

of MOF in cancer causative of a more transformed tumour, or simply correlative? The 

key role that MOF plays in so many cellular processes which are disrupted in cancer, such 

as the DNA damage response, apoptotic pathways and genomic stability, led us to 

hypothesis that the loss of MOF is not simply correlative with tumour transformation, and 

that loss of MOF has a causative role in cancer progression. Other publications support 

this hypothesis: some cancer-relevant pathways have been found to be dependent on 

MOF, which may provide insights into the mechanisms by which perturbation of MOF 

may contribute to cancer progression. For example, loss of MOF and H4K16ac was shown 

to inhibit the expression of the tumour suppressor TMS1/ASC, leading the authors to 

suggest that loss of MOF led to a general silencing of tumour suppressor genes, resulting 

in tumourigenesis (Kapoor-Vazirani et al., 2008).  

 

MOF has also been found to acetylate lysine-specific demethylase 1 (LSD1), thereby 

impeding its binding to epithelial gene promotors and subsequent histone demethylation 

(Luo et al., 2016). This prevented cells from inducing the epithelial-mesenchymal 

transition (EMT); depletion of MOF accelerated the EMT and enhanced tumour 

metastasis. Another publication observed a >2-fold reduction in MOF expression in 

tissues adjacent to tumours, suggesting that MOF may be involved in the initial stages of 

tumourigenesis (Cao et al., 2014). It may also be an event upstream of MOF or H4K16ac 

which leads to their loss and subsequent perturbation of their key functions: for example, 

Liu et al. found that abberant Notch signalling led to the degradation of MOF by murine 
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double minute 2 (MDM2) E3 ligase and a subsequent loss of H4K16ac, and that this 

contributed to tumourigenesis in hepatocellular and breast carcinomas (Liu et al., 2014).  

 

To attempt to clarify a mechanism by which a loss of MOF contributes to cancer 

progression, we wished to deplete MOF expression in cells to study the effects of this at 

the molecular level. Though in lung cancer cases, an increase in MOF expression is seen, 

the focus of this research is on the connection between MOF and breast cancer; therefore, 

it was necessary to recreate a loss of MOF, as is observed in vivo. We therefore employed 

CRISPR/Cas9-mediated genome editing described in Chapter 4 to knock out MOF in 

RPE1 cells, but used it instead in breast cancer cell lines, to adapt the studies to a cancer 

model. 

 

5.2 Genome editing of breast cancer cell lines – MDA-MB-231  

5.2.1 CRISPR/Cas9-mediated knockout of MOF in MDA-MB-231 cells 

MDA-MB-231 cells were first isolated from a 51-year-old female patient. They are 

derived from a pleural metastasis originating from a triple negative breast cancer (Cailleau 

et al., 1974). As described in the introduction (Section 1.3.1), triple negative breast cancer 

remains the most invasive breast cancer subtype, and has the lowest survival rate for all 

breast cancers (Perou, Brown, et al., 2000; Sørlie et al., 2001; Qiu J, Xue X, Hu C, Xu H, 

Kou D, Li R, 2005; Hu et al., 2006). MDA-MB-231 also have numerous mutations in key 

cancer-related genes, including BRAF (proto-oncogene B-Raf, a gene found mutated in 

many cancers; Sithanandam et al., 1990; Davies et al., 2002), CDKN2A (cyclin-dependent 

kinase Inhibitor 2A, which encodes two tumour suppressor proteins, p16 and p14arf; 

Liggett W H, 1998; Stott et al., 1998; Cicenas et al., 2017), KRAS (a key causal mutation 

in cancer; Cicenas et al., 2017; Simanshu et al., 2017), NF2 (encoding the tumour 

suppressor merlin; Xiao et al., 2005), and TP53 (encoding the p53 protein; Olivier et al., 

2002; Bamford et al., 2004). These cells were selected for knockout of MOF using 

CRISPR/Cas-9 targeting as in Chapter 4. However, unlike in the karyotypically normal 

RPE1 cells used in Chapter 4, the TP53 mutation in MDA-MB-231 cells is a loss-of-
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function mutation; it was therefore not necessary to target p53 for knockout before 

targeting the KAT8 locus. As the Exon1b gRNA was successfully used to knock out MOF 

in RPE1 cells, this gRNA was used in MDA-MB-231 cells. Cells were transfected as 

before along with a pLOX-puromycin vector which was used as the selection antibiotic 

for successfully transfected cells. Resulting individual colonies were expanded and 

harvested to screen for MOF expression.  

 

Screening was again performed by western blot using the 7D1 monoclonal antibody. 

Targeting was considerably less efficient in MDA-MB-231 cells; out of more than 60 

clones screened for knockout of MOF, only one clone was successfully targeted (Clone 

22, Figure 5.1a), giving a targeting efficiency of approximately 1.5%. Knockout was also 

confirmed by immunofluorescence imaging with both the 7D1 monoclonal antibody 

(Figure 5.1b) as well as the published polyclonal antibody (Figure 5.1c), both of which 

showed a lack of MOF signal. As in MOF-null RPE1 cells, H4K16ac levels remained 

unchanged (Figure 5.1a). 
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Figure 5.1: Knockout of MOF in MDA-MB-231 cells. (a) Clones targeted for knockout of MOF using 
CRISPR/Cas9 were screened by western blot for loss of MOF protein expression. H4K16ac levels were 
also analysed by western blotting with the appropriate antibody. Cells from Clone 22 were fixed and stained 
with (b) the 7D1 MOF monoclonal antibody and (c) the published MOF polyclonal antibody (Taipale et al., 
2005).  

 

5.2.2 Characterisation of MOF-null MDA-MB-231 cells 

5.2.2.1 Growth and proliferation 

Growth rates of MOF-null MDA-MB-231 cells were unchanged from wild-type (Figure 

5.2a). Similarly, cell cycle analysis by flow cytometry as before showed no change in the 

cell cycle profile of MOF-null cells (Figure 5.2b and Figure 5.2c). As in RPE1 MOF 

knockout cells, as discussed in Section 4.4.1, there was also no change in levels of 

polyploidy in MOF-null cells, as detected by the 4N population by flow cytometric 

analysis (Figure 5.2b).  
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Figure 5.2: Characterisation of KAT8-/- MDA-MB-231 cells. (a) 5 × 105 MDA-MB-231 wild type (WT) and 
MOF-null (KAT8-/-) were seeded in triplicate and counted every 24 hours to analyse proliferation rates. Data 
points represent three independent repeats ± SD. (b) DNA in wild type and KAT8-/- MDA-MB-231 cells 
was stained with propidium iodide (PI). Stained cells were analysed by flow cytometry to estimate the 
proportion of cells in each cell cycle phase. The percentage of cells in G0/G1, S, and G2/M phase is shown. 
Again, gating in the G2/M phase also included the polyploid population (see (c)). Data shown represents 
three independent experiments + SD. (c) Illustrative images showing the gating strategy for flow cytometric 
analysis of cell cycle phase in MDA-MB-231 WT (‘231wt’) and KAT8-/- MDA-MB-231 cells (‘1b17’). 
Dead cells and cell clumps or doublets were first excluded and the singlet, live population was gated to be 
included in the cell cycle analysis (left panel). Fluorescence from PI was then used to identify the G0/G1, S, 
and G2/M phases and these were quantified based on the % of cells in that phase versus the total cells in the 
gated population (right panel). As can be seen, the G2/M phase also included the 4N+ population. 

 

5.2.2.2 Nuclear abnormalities in MOF knockout cells 

As MOF has been shown to be anchored to the nuclear matrix (Krishnan et al., 2011), it 

is perhaps unsurprising that polylobular cells have previously been seen in the literature 

following siRNA-mediated knockdown of MOF, though this polylobulation has not been 

shown to have an effect on overall nuclear organisation (Taipale et al., 2005). Since this 

was observed after MOF knockout, a quantification of levels of polylobulation in MOF 

knockout cells was performed. However, no statistically significant increase was observed 
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in MOF knockout versus wild-type MDA-MB-231 (Figure 5.3a). To investigate the cell’s 

ability to repair damage in the cell, genotoxic insult was induced in the form of γ-

irradiation; again, no significant change in polylobulation was observed in MOF knockout 

cells. Similarly, centrosome amplification was not affected following a loss of MOF (data 

not shown), nor were numbers of detectable chromatin bridges or binuclear cells (Figure 

5.3c and Figure 5.3d). Numbers of micronuclei, however, were significantly higher in 

KAT8-/- MDA-MB-231 cells, even without DNA damage (Figure 5.3b, **P<0.01). 

Following DNA damage, this increase was even more significant (****P<0.001).  
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Figure 5.3: Quantification of nuclear abnormalities in MDA-MB-231 cells. Cells were seeded 48 hours 
before fixation, and ‘+IR’ cells were subjected to 3 gray (Gy) γ-irradiation 24 hours before fixation. Upon 
fixation, cells were fixed and mounted onto slides with Hoechst to stain DNA. Nuclear abnormalities were 
quantified with n > 400 for each condition in three to five independent experiments. Data shown indicates 
mean + SD. Two-way ANOVA was performed to measure significance, with **P < 0.0021 and ****P < 
0.0001. Representative images for each nuclear abnormality are shown below the graph. Scale bar 
corresponds to 10µm. Levels of (a) polyploidy, (b) micronuclei, (c) chromatin (DNA) bridges, and (d) 
binuclear cells, were quantified before and after DNA damage.  
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5.2.2.3 Cell morphological abnormalities in MOF knockout cells 

While nuclear abnormalities were not significantly more apparent in cells following MOF 

knockout, one of the most striking observations in MOF-null MDA-MB-231 cells was a 

change in cellular morphology, observed by light microscopy (Figure 5.4a and Figure 

5.4b). While wild type MDA-MB-231 have a long, spindle-like shape, MOF knockout 

cells became more stellate in morphology. The transition to a stellate cell morphology is 

a key feature of the EMT; we therefore hypothesised that this may be occurring in MOF-

null MDA-MB-231 cells. However, this hypothesis led to an impasse, as wild type MDA-

MB-231 cells are already partially post-EMT (Thompson et al., 1992; M. H.-S. Chen et 

al., 2008). This may be why the observed change in cell morphology is so subtle, and also 

means that analysing key stages of cellular transition from epithelial to mesenchymal may 

be impossible in this cell line. For example, loss or dysregulation of e-cadherin is 

considered a fundamental event in stimulation of the EMT. However, wild type MDA-

MB-231 are already e-cadherin negative (Figure 5.4d).  

 

 

Figure 5.4: Morphological changes in MDA-MB-231 KAT8-/- cells. (a) Cells were imaged by brightfield 
microscopy to study cell morphology. Cells were imaged at 10x. (b) A zoomed selection from (a) is shown 
to illustrate more clearly the change in morphology. (c) To investigate the EMT status of MDA-MB-231 
cells, western blot analyses of e-cadherin (135kDa) levels was performed in MDA-MB-231 cell lines versus 
normal epithelial cell lines MCF-10a and Hek293.  
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As well as this, the highly transformed nature of MDA-MB-231 may also skew our other 

findings, including polyploidy, polylobulation and other cell abnormalities. Loss of MOF 

has induced these phenotypes in other studies (Taipale et al., 2005), but as MDA-MB-231 

cells are already highly mutated, extra manipulation such as knockout of MOF may not 

stimulate a significant change in these already aggressive and invasive cells. We 

postulated that a less aggressive breast cancer cell line may be a more relevant model for 

our hypothesis, that being that loss of MOF in a premalignant breast cancer cell can induce 

the cell to become more invasive, motile and aggressive. It was therefore decided to adapt 

to using a different breast cancer cell line as a model for breast cancer cell transformation 

– MCF-7 cells.  

 

5.3 Genome editing of breast cancer cell lines – MCF-7 

5.3.1 Introduction 

MCF-7 cells were derived from a pleural metastasis site of a 69-year-old female breast 

cancer adenocarcinoma patient (Soule et al., 1973). Like MDA-MB-231, they are 

epithelial in origin. However, unlike MDA-MB-231, they are of the Luminal A breast 

cancer subtype. This subtype expresses both oestrogen (ER+) and progesterone receptors 

(PR+) and is therefore amenable to hormone therapy in breast cancer patients. Unlike 

MDA-MB-231 cells, no genetic mutations have been reported in MCF-7 cells, though 

they do express the Wnt proto-oncogene. This subtype has a much more favourable 

prognosis for survival in patients (Voduc et al., 2010; Parise and Caggiano, 2014). MCF-

7 cells display normal epithelial e-cadherin staining, i.e. staining confined to cell 

membranes with tight adherent junctions between cells, and are p53 wild-type. Therefore, 

they can be considered a far less transformed cancer cell than MDA-MB-231. However, 

it is important to note that karyotypically, both cell lines are aneuploid, with MDA-MB-

231 considered near-triploid, while MCF-7 cells are hypertriploid (Lee et al., 2002).  
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5.3.2 CRISPR/Cas9-mediated knockout of p53 in MCF-7 cells 

As mentioned above, MCF-7 cells express wild-type p53 protein. Therefore, as with RPE1 

cells, it was necessary to knock out p53 expression before manipulating MOF levels, to 

prevent induction of apoptosis and cell lethality. As targeting of p53 using the Exon4a 

gRNA had been successful previously in RPE1 cells, this gRNA (within the px330 

construct) was transfected into MCF-7 cells. Cells were transfected with 

px330_p53gRNA4a along with the pLOX-puromycin resistance cassette, using the 10:1 

pLOX-puro:px330 molarity ratio as before. Resulting colonies after antibiotic selection 

were expanded and harvested for screening. Screening was again performed by western 

blot (Figure 5.5a). Again, the p53 targeting was quite efficient, with a successful targeting 

percentage of ~75%. Clone 83 was selected and the region of interest was amplified by 

PCR and sent for sequencing. The resulting sequence showed that Clone 83 had a four 

base-pair deletion four base pairs upstream of the PAM sequence, leading to a premature 

stop codon at the end of exon 4 (Figure 5.5b).  

 

 

Figure 5.5: Knockout of p53 in MCF-7 cells. (a) Whole cell lysates from clones resulting from targeting 
MCF-7 cells for knockout of p53 using the Exon4a gRNA were screened for p53 expression by western 
blot. Non-targeted cells Hek293, MDA-MB-231 and wild type MCF-7 cells were used as negative control, 
while a previously established p53-null BJ cell line was used as positive control for lack of p53 expression. 
Histone H3 was used to normalise total protein levels. (b) Clone 83 (marked with a red asterisk in (a)) was 
selected for further manipulation and the targeted region in Exon 4 was amplified by PCR. The resulting 
product was sent for sequencing. Alignment against the wild type genomic sequence revealed that Clone 83 
had a four base-pair deletion upstream of the PAM sequence.  
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5.3.3 CRISPR/Cas9-mediated knockout of MOF in MCF-7 cells 

Knockout of MOF in p53-null MCF-7 cells was carried out as before in both RPE1 and 

MDA-MB-231 cells, using the MOF Exon1b gRNA. Cells were transfected as before with 

both px330_Cas9MOF1bgRNA and pLOX-geneticin. Cells were placed under antibiotic 

selection and resulting colonies after 2-3 weeks were expanded and harvested for 

screening by western blot (Figure 5.6a). As with the MDA-MB-231 cells, the efficiency 

of MOF targeting was very low: only one clone, Clone 22, appeared to have lost MOF 

expression, again resulting in a targeting efficiency of 1-2%. (Note: Clone 4 also appears 

to lack MOF expression, but this is due to a low amount of total protein loaded, as seen 

by Ponceau S staining. Further investigation of this clone showed normal MOF 

expression.) However, upon further analysis of Clone 22, it was clear that very low levels 

of MOF were still being expressed in these cells. A subsequent western blot showed a 

very faint band after long exposures (Figure 5.6b), while other knockouts (RPE1 and 

MDA-MB-231) showed no detectable MOF by western blot. Similarly, 

immunofluorescence microscopy using the MOF 7D1 monoclonal antibody in MCF7 

MOF-targeted clone showed low-level expression of MOF in all cells, indicating that 

rather than a heterozygous cell population, all cells were clonal and were expressing low 

levels of MOF (Figure 5.6c) When quantified, this expression was approximately 8% of 

wild type (Figure 5.6d). Despite this, the same H4K16ac phenotype was observed; i.e. 

levels were unchanged versus wild-type. p53-null MCF-7 cells were again targeted for 

MOF knockout in the same manner as above; however, perhaps due to the low efficiency 

of MOF targeting in cancer cells, no successful knockout was obtained in the second 

attempt at targeting. It was decided therefore to continue with the originally obtained 

clone. 
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Figure 5.6: Knockout of MOF in TP53-/- MCF-7 cells. (a) Clones resulting from targeting TP53-/- MCF-7 
cells with the MOF Exon1b gRNA were screened for loss of MOF protein expression by western blot. (b) 
Western blotting was repeated with Clone 22 and long exposure was performed when developing a western 
blot against MOF using the 7D1 monoclonal antibody. (c) Clone 22 cells (MCF-7 TP53-/-KAT8-/-) were 
fixed and stained with MOF 7D1 monoclonal antibody as described. Cells were imaged at 60x; scale bar 
corresponds to 10µm. (d) Expression of MOF in targeted cells (TP53-/-KAT8-/-) versus wild type (WT) and 
p53-null (TP53-/-) MCF-7 cells, as well as MOF-null MDA-MB-231 cells, was quantified. Data represents 
individual raw integrated density (RawIntDen) values for three independent experiments. Red markers show 
mean of values ± SD. Significance was calculated by one-way ANOVA, with ****P<0.0001. 

 

5.3.4 Characterisation of MOF-null MCF-7 cells 

5.3.4.1 Growth and proliferation 

The rate of cell growth was calculated by growth curves as before. Unlike in MOF 

knockouts obtained above in both RPE1 and MDA-MB-231 cells, there was a significant 

slowing in the growth rate of targeted cells. Total cell number in MCF-7 TP53-/- was 

significantly lower than wild type cell numbers 96 hours after seeding (Figure 5.7a). This 

slowed growth was even more pronounced in MCF-7 TP53-/-KAT8-/: cell number was 
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significantly lower than wild type by 72 hours, and significantly lower than both wild type 

and TP53-/- at 96 hours (Figure 5.7a). To analyse the mechanism by which this slowed 

growth may be occurring, cell cycle profiles of each cell line was measured by BrdU 

incorporation followed by PI staining and flow cytometry analyses (Figure 5.7b and 

Figure 5.7c). There was no significant accumulation of cells in any cell cycle phase 

compared with wild type. The apoptotic population was not significantly increased in any 

cell line (data not shown), nor was there an increase in the polyploid population in any 

cell line versus wild type (Figure 5.7c).  
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Figure 5.7: Characterisation of MCF-7 TP53-/-KAT8-/- cells. (a) Proliferation rates of cells were analysed 
by growth curves as described. 5 × 105 cells were seeded in triplicate and counts were performed every 24 
hours. Data shown represents counts from three independent experiments ± SD. Significance testing is by 
two-way ANOVA, with ****P<0.001. (b) Representative images showing the gating strategy for each cell 
line. Cell debris and non-single cells were first gated out and single, live cells included (P1, left panels). PI 
staining was used to detect the 4N+ polyploid population (labelled M1, middle panels). BrdU incorporation 
was used to identify cells in G0/G1, S, or G2/M phase and percentage of cells in each phase was quantified 
by gating cells in each population (right panels). (c) Percentage of cells in each cell cycle, as detected by 
BrdU, is shown. (d) PI staining was used to quantify the level of polyploid cells in each cell line (shown in 
(b)). Data shown represents counts from three independent experiments + SD.  
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5.3.4.2 Nuclear abnormalities 

While there was no increase in the polyploidy levels in MCF-7 TP53-/- or TP53-/-KAT8-/- 

versus wild type, we wished to detect whether other indicators of genomic instability were 

affected following MOF knockout. There was no increase in numbers of polylobular cells 

in MOF-null cells; in fact, levels of polylobulation appeared higher in wild type cells 

(Figure 5.8a). Though numbers of cells with micronuclei had significantly increased in 

MCF-7 TP53-/- cells, this was not replicated in MCF-7 TP53-/-KAT8-/- cells (Figure 5.8b). 

The percentage of cells with chromatin bridges or binuclear cells did not appear to be 

significantly changed in knockout cells versus wild type. However, interestingly, there 

did appear to be an increase in the percentage of cells with chromatin bridges and a 

decrease in the percentage of binuclear cells in MCF-7 TP53-/-KAT8-/-cells following 

DNA damage (Figure 5.8c and Figure 5.8d), perhaps indicating a perturbation in the 

functioning of the cell abscission checkpoint (Eykelenboom et al., 2013; Thoresen et al., 

2014). 
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Figure 5.8: Quantification of nuclear abnormalities in MCF-7 knockout cell lines. Cells were seeded 48 
hours before fixation, and ‘+IR’ conditions were subjected to 3Gy γ-irradiation 24 hours before fixation. 
Upon fixation, cells were fixed and mounted onto slides with Hoechst to stain DNA. Nuclear abnormalities 
were quantified with n > 400 for each condition in three independent experiments. Data shown indicates 
mean + SD. Two-way ANOVA was performed to measure significance, with *P<0.0332, **P<0.0021, and 
****P<0.0001. Representative images for each nuclear abnormality are shown below the graph. Scale bar 
corresponds to 10µm. Levels of (a) polyploidy, (b) micronuclei, (c) chromatin (DNA) bridges, and (d) 
binuclear cells, were quantified before and after DNA damage. 
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5.3.5 Study of invasive potential of MOF-null cells 

5.3.5.1 Epithelial-mesenchymal transition 

As the morphological changes in MDA-MB-231 KAT8-/- cells had suggested that cells 

were going through the epithelial-mesenchymal transition (EMT; Section 5.2.2.3), we 

wished to analyse whether this was occurring in MCF-7 cells. As mentioned in Section 

5.3.1, wild type MCF-7 cells show normal e-cadherin staining at cell membranes and have 

not undergone an EMT. When e-cadherin was imaged in MCF-7 TP53-/- knockout cells 

by immunofluorescence microscopy, there was a clear loss of e-cadherin from cell 

membranes. This loss appeared to be even more dramatic in MCF-7 TP53-/-KAT8-/- than 

in MCF-7 TP53-/-cells, with no detectable e-cadherin evident at cell membranes in MCF-

7 TP53-/-KAT8-/-. These images also illustrate the change in cell morphology and growth 

in MCF-7 TP53-/-KAT8-/- cells; compared to wild type MCF-7 cells, growth appears 

disordered, with no cell junctions or any intracellular contacts apparent. Further examples 

of perturbed growth in MCF-7 TP53-/-KAT8-/- cells are illustrated in Appendix D.  

 

While localisation of e-cadherin was affected, neither protein nor mRNA levels of e-

cadherin were altered in any cell line (Figure 5.9b and Figure 5.9c). There was also no 

increase in mesenchymal markers n-cadherin (encoded by CDH2), ZEB1 (encoded by the 

Zeb1 gene) or vimentin (encoded by the VIM gene) in MCF-7 TP53-/-KAT8-/- cells; in the 

case of vimentin, there was an increase in MCF-7 TP53-/- cells, but this increase was not 

replicated in MCF-7 TP53-/-KAT8-/- cells, suggesting any increase was not MOF-

dependent. As expected given there was also no decrease in e-cadherin mRNA levels, no 

increase in levels of its transcription repressors SNAI1 and SLUG/SNAI2 (encoded by 

Snai1 and Snai2, respectively) was observed. Given that MOF has a key role in 

maintaining pluripotency in embryonic stem cells (ESCs), and a loss of MOF in these 

cells leads to differentiation and a loss of pluripotency (Section 1.2.3.3, Li et al., 2012), 

we also wished to determine whether a loss of MOF has any effect on pluripotency factors 

in differentiated cells. However, Pouf51, Nanog, and Sox2, encoding the pluripotency-

maintaining proteins OCT4, NANOG and SOX-2, respectively, were not significantly 

altered between MCF-7 TP53-/- and MCF-7 TP53-/-KAT8-/-, indicating that loss of MOF 
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does not induce the de-differentiation of MCF-7 breast cancer cells. This is perhaps due 

to the finding that function is maintained by H4K16ac at the gene bodies of ESC-specific 

targets (Chelmicki et al., 2014; Ravens et al., 2014), a mark which is unaffected in MCF-

7 TP53-/-KAT8-/- cells.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 5.9: Characterisation of the EMT status of MCF-7 TP53-/-KAT8-/- cells. (a) E-cadherin localisation 
was imaged in MCF-7 cells by immunofluorescence imaging. Scale bar corresponds to 10µm. (b) mRNA 
expression levels of CDH1, which encodes e-cadherin, were measured in MCF-7 TP53-/- and TP53-/-KAT8-

/- and compared to wild type. (c) Levels of e-cadherin (135kDa) in MCF-7- and MDA-MB-231-targeted cell 
lines was analysed by western blotting. β-actin was used to measure total protein. (d) mRNA levels of other 
EMT markers were analysed in MCF-7 cells: CDH2, which encodes N-cadherin; Snai1, encoding SNAI1; 
Snai2, which encodes SLUG; Zeb1, which encodes ZEB1; and VIM, which encodes vimentin. Data 
represents the mean of three independent experiments + SD compared to wild type expression levels. mRNA 
levels were normalised to endogenous controls PPIA and MRPL19. Two-way ANOVAs were performed to 
analyse significance, with *P<0.0332 and ***P<0.0002. (e) mRNA levels of pluripotency genes POU5F1, 
NANOG and SOX2 were analysed by qPCR to assess levels of stem cell differentiation in MCF-7 cell lines. 
For all qPCR analyses, data represents the mean of three independent experiments + SD compared to wild 
type expression levels, normalised to endogenous controls PPIA and MRPL19. 
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5.3.5.2 Migration 

One of the hallmarks of cancer cells is their ability to migrate and invade surrounding 

tissues, leading to metastases in vivo (Hanahan and Weinberg, 2000, 2011). To study the 

potential of MCF-7 TP53-/-KAT8-/- cells to migrate, a migration assay was used to model 

the ability of cells to invade a cell-free area. Cells were seeded either side of a plastic 

insert to be highly confluent 24 hours after seeding; in this case, cells were adjusted to a 

density of 2.5 × 105 cells/ml. The insert was removed after 24 hours and the migration of 

cells both into the cell-free gap and towards each other was measured by light microscopy. 

MCF-7 wild type (WT) effectively closed the cell-free gap within 48 hours, and MCF-7 

TP53-/- had almost entirely filled the gap within 48 hours, though it was significantly 

slower than MCF-7 WT, perhaps due to the slower growth rate of cells (Section 5.3.4.1). 

As MCF-7 TP53-/-KAT8-/- cells also grew slower, it was perhaps unsurprising that MCF-

7 TP53-/-KAT8-/- filled the gap significantly slower than both MCF-7 WT and MCF-7 

TP53-/- (Figure 5.10a and Figure 5.10b). However, this slowing of filling the cell-free gap 

was quite dramatic; even after 96 hours, a portion of the cell-free gap remained (Figure 

5.10a). Part of this may be due to the slower growth of MCF-7 TP53-/-KAT8-/-, but part of 

this may be the change in cell morphology which meant that cells did not grow cohesively, 

but in a disordered fashion where cell-cell contacts were not created. Indeed, due to the 

disordered growth of MCF-7 TP53-/-KAT8-/-, a uniform cell-free gap was not created at 

the 0-hour timepoint (Figure 5.10a, lower panel). When this was quantified, the cell-free 

gap created upon removal of the insert was found to be almost 30% larger than the size of 

the gap created in WT or TP53-/- cells (Figure 5.10c). However, it was not primarily the 

width of the gap created which varied; rather the poor intracellular junctions and 

disordered growth in seeded cells meant a uniform cell monolayer was not formed at the 

boundary of the cell-free gap. 
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Figure 5.10: Migratory ability of MCF-7 TP53-/-KAT8-/- cells. (a) Cells were seeded either side of an Ibidi 
2-well culture insert. 24 hours later, the insert was removed, creating a uniform cell-free gap. Cells were 
imaged by brightfield imaging at 10x at 0, 24, and 48 hours following insert removal and the size of the 
cell-free gap was detected and measured in pixels by ImageJ using the MRI Wound Healing Tool at each 
timepoint (shown in black). In one instance, cells were also imaged at 72 and 96 hours to see how effectively 
MCF-7 TP53-/-KAT8-/- cells filled the cell-free gap. (b) The percentage of the cell-free gap which remained 
after removal of the culture insert was quantified, with the 0-hour timepoint considered 100% of the gap. 
Data points represent the mean of three independent experiments ± SD. Significance was tested using two-
way ANOVA, with *P<0.0332 and ****P<0.0001. (c) The size of the cell-free gap created directly after 
insert removal was quantified. Data shown represent the mean of three independent experiments + SD. 
Significance was tested using one-way ANOVA, with ****P<0.0001. 

 

5.3.5.3 Adhesion 

The second key change in cancer cells to allow them to metastasise to distant tissues is a 

change in the cell’s adhesion characteristics. A diminished intercellular adhesiveness is 
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observed in tumour cells compared with normal epithelia, allowing cells to free 

themselves of both cell-cell junctions and adhesion to the extracellular matrix (ECM), 

thereby promoting metastasis. Given that e-cadherin was dysregulated in MCF-7 TP53-/-

KAT8-/- cells, an assay was performed to further quantify what effect the loss of MOF had 

had on cellular adhesion. Cells were seeded on a fibronectin-coated dish to model the 

ECM, and cells were incubated to allow adhesion for just 30 minutes before staining with 

crystal violet and quantification of adhered cells. Compared to wild type MCF-7 (MCF7 

WT), fewer MCF-7 TP53-/- cells adhered to the dish in the 30 minutes (approximately 

85% of wild type levels). This effect was enhanced in MCF-7 TP53-/-KAT8-/- cells – more 

than 45% fewer cells adhered to the dish compared to wild type, a significant decrease 

versus both wild type and MCF-7 TP53-/- cells (Figure 5.11a and Figure 5.11b).  

 

 

Figure 5.11: Measuring cell adhesion changes in MCF-7 TP53-/-KAT8-/- cells. (a) Sample images of wells 
with adhered cells stained with crystal violet (purple staining), illustrating the change in density of cells 
adhered to fibronectin-coated well in MCF-7 TP53-/-KAT8-/- (lower image) compared to WT (upper image). 
(b) Cell adhesion, measured by levels of crystal violet staining of fixed cells which adhered to a fibronectin 
substrate, was expressed as a percentage of wild type (WT). Data represents the mean of three independent 
experiments + SD. Two-way ANOVA was performed to determine significance, with *P<0.0332, 
***P<0.0002, and ****P<0.0001.  
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5.4 Discussion 

The molecular mechanisms underlying the development of cancer are complex, as are the 

mechanisms underlying the transformation of a single cancer cell to a large, vascularised, 

metastatic, immune-resistant tumour. Metastasis is considered by many the most 

important of the hallmarks of cancer (Hanahan and Weinberg, 2011), given that metastasis 

is the cause of 90% of deaths from solid tumours (Gupta and Massagué, 2006). Two 

critical steps required for cancer cell survival and movement to a new microenvironment 

are changes in migration and adhesion. While the loss of MOF in breast cancer cells 

certainly affects both, a clear phenotype caused by these effects is less evident. While the 

slowed proliferation rate (Figure 5.7a) and delayed migratory ability (Figure 5.10) of 

MCF-7 TP53-/-KAT8-/- might suggest a non-transformative effect, i.e. that loss of MOF is 

having an anti-tumourigenic effect, many of the results above suggest quite the opposite; 

a decrease in cell adhesion (Figure 5.11) and severely dysregulated e-cadherin localisation 

(Figure 5.9a, Appendix D) are indicative of the transformation of tumour cells to 

metastatic, invasive cells. The slowed proliferation rate may be due to poor adhesion of 

cells to dishes. Similarly, some delay in migration may be attributed to slower 

proliferation of cells. However, this delay was quite dramatic and the larger size of the 

cell-free gap at the 0-hour timepoint (Figure 5.10c) suggests that part of the observed 

phenotype is as a result of disordered growth of cells, as the same number of cells were 

seeded in all cell lines and a consistent 500µm gap created in all experiments. In light of 

these inconclusive results, a more relevant model may be 3-D culture of cells. Growing 

cells in 3-D culture alters cell morphology (Lee et al., 2013), proliferation (Lin and Chang, 

2008), and polarity (Baker and Chen, 2012), allows a more accurate study of gene 

expression and cell behaviour (X. Wu et al., 2011; Bellis et al., 2013), and more 

realistically mimics a heterogenous tumour with a tumour microenvironment from which 

cancer cells both send and receive signalling (Shield et al., 2009; Kim et al., 2011; 

Lawrenson et al., 2011; Baker and Chen, 2012; Tibbitt and Anseth, 2012; reviewed in 

Edmondson et al., 2014). For example, the assay to measure migration was not across a 

membrane or through the tumour microenvironment, which may be more relevant in a 

cancer model. Similarly, the depolarised, cell-repellent nature of MCF-7 TP53-/-KAT8-/- 

cells may be more difficult to study in a 2-D setting when modelling metastasis. During 



Chapter 5 – The role of MOF in breast cancer cell transformation 
 

143 
 

these studies, the 3-D spheroid culture method was commenced in the lab to analyse 

migration and invasion. hTERT-BJ cells stably expressing GFP-tagged Histone H2B were 

kindly gifted from the Agami lab (NKI, Netherlands) to form the fibroblastic ECM-like 

surround of the tumour-like core. The core of cancer cells was to stably express m-Cherry-

tagged α-tubulin in either MCF-7 wild type, TP53-/-, or TP53-/-KAT8-/-, allowing live-cell 

imaging of the growth and invasion of the cytoplasmic arms of tumour cells through the 

surrounding ECM as a more relevant model for in vivo metastasis. Unfortunately, while 

transient transfection of α-tubulin in cells was effective, numerous attempts to generate 

stable cell lines expressing m-Cherry-tagged α-tubulin were unsuccessful and could not 

be completed within the time allotted for these experiments. Protocols on the novel 

magnetic levitation method employed to generate these 3-D spheroids (Souza et al., 2010; 

Haisler et al., 2013) and some early validation can be found in Appendix E. Future studies 

employing the 3-D method to study cell migration and invasion may be much more 

relevant in unravelling the role of MOF in cancer cell metastasis. Similarly, culture and 

manipulation of tumour-derived organoids would recreate the in vivo characteristics and 

phenotypes more faithfully than a 2-D culture system (DeRose et al., 2013). 

 

An important consideration when interpreting these results is the maintenance of wild-

type levels of H4K16ac in MOF knockout cells. While this phenotype, discussed 

extensively in Chapter 4, is certainly interesting, it does not in this case recreate the in 

vivo phenotype of both a loss of MOF and a loss of H4K16ac. Perhaps a knockdown 

model would be a more realistic recreation of the phenotype observed in cancer. For 

example, previous publications on the knockdown of MOF found that approximately 25% 

of nuclei were polylobular due to loss of MOF (Taipale et al., 2005). However, in our 

studies, only 5-10% of nuclei were polylobular after the loss of MOF, a similar level as in 

wild type cells. Interestingly, the paper which observed polylobulation in MOF-

knockdown cells hypothesised that it was likely a H4K16ac-independent mechanism 

which led to the development of polylobular nuclei (Taipale et al., 2005). In our case, 

siRNA-mediated depletion of MOF led to a mild increase in polylobular nuclei compared 

to wild type, but this was also observed in cells treated with a non-targeting siRNA, 
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suggesting that this phenotype was as a result of transfection rather than a MOF-dependant 

mechanism (Figure 5.12). However, the percentage of polylobular nuclei observed was 

still significantly lower than the previously published levels of approximately 25% 

(Taipale et al., 2005). Similar to the polylobular nuclei phenotype, the research in this 

chapter may provide clues as to which perturbations caused by the loss of MOF are 

H4K16ac-dependent, and which are due to the perturbation of some of MOF’s other 

functions or substrates. For example, e-cadherin and vimentin protein and mRNA levels 

were unchanged in MCF-7 TP53-/-KAT8-/- cells; however, a previous publication has 

reported that low MOF levels were correlated with a decrease in e-cadherin and high 

vimentin levels (Luo et al., 2016). The changes in e-cadherin observed in our experiments 

seem to indicate an alternative phenotype; e-cadherin protein is certainly not functioning 

as per wild type in MCF-7 TP53-/-KAT8-/- cells, but the loss of e-cadherin expression 

characteristic of the EMT is not observed. Therefore, there may be both H4K16ac-

dependent and -independent mechanisms involved in MOF’s role in the enhancing the 

EMT. Of interest in the MCF-7 targeted cells which show an incomplete knockout is 

whether there is a threshold for MOF loss after which H4K16ac returns to normal. siRNA 

knockdown leaves only ~20% of normal levels of MOF present in the cell, and loss of 

H4K16ac is observed (Figure 3.3). However, in the case of this incomplete knockout, 

when ~10% of MOF levels remain, the knockout phenotype is observed and robust 

H4K16ac is maintained, perhaps being carried out by one of the MYST proteins as per 

the findings in Chapter 4. 
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Figure 5.12: Polylobular nuclei in siRNA-treated MCF-7 cells. Wild type MCF-7 cells were seeded and 
were non-transfected (‘NT’), transfected with an siRNA targeting MOF (‘MOFsi1’), or transfected with a 
non-targeting siRNA (‘NTsi#5’). 24 hours post-transfection, ‘+IR’ conditions were subjected to 3Gy γ-
irradiation and cells were incubated a further 48 hours. Cells were fixed and mounted onto slides with 
Hoechst to stain DNA. Polylobular cells were quantified by counting > 400 cells per condition in three 
independent experiments. Data shown represents mean + SD. Two-way ANOVA was performed to measure 
significance, with *P<0.0021. 

 

Further interesting results appear when studying genomic instability markers in MCF-7 

TP53-/-KAT8-/- cells; for example, an apparent, although small, shift from a population of 

binuclear cells to a population of cells with chromatin bridges. Similarly, an increase in 

micronuclei is observed in MCF-7 TP53-/- cells which is completely lost after MOF 

knockout. These data are very preliminary; the main issue being that nuclear abnormalities 

were detected by staining for DNA only. Other markers more specific to the listed nuclear 

abnormalities may make quantification more accurate; for example, tubulin staining when 

quantifying chromatin bridges. Similarly, while no apparent increase in apoptosis was 

observed by PI staining of cells followed by flow cytometry analyses, staining with an 

apoptotic marker may be of use as a more accurate measurement of apoptosis levels in 

these cell lines. Nonetheless, genomic instability, a hallmark of cancer cells, appears to 

be accumulating in MCF-7 TP53-/-KAT8-/- cells.  

 

From these data, it clear that the role of MOF in cancer is multifaceted. It may not be a 

single mechanism by which the loss of MOF can lead to a more aggressive cancer cell; 

rather that the perturbation of so many functions has a transformative effect on the cell. 

The question of cause or consequence reappears – is the loss of MOF a distinct ‘switch’, 
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after which cells transform and become more aggressive tumour cells? Or is it perhaps it 

is a more general loss of proteins important to normal cellular processes in the course of 

a cell becoming transformed and developing the hallmarks of a tumour cell? Many 

epigenetic modifiers have been found to be altered in cancer, many of which have 

decreased levels as with MOF (reviewed by Baylin and Ohm, 2006, and Kanwal and 

Gupta, 2012); this may not be an individual but rather a collective loss of proteins and 

their function. However, whether the loss of MOF is a cause or consequence of cancer 

cell transformation, it will still be important to unravel the effect that this has on the cell, 

and how this may contribute to metastasis; only then can we begin to develop ways to 

target these pathways in patients.  



 

147 
 

 

 

 

 

 

 

Analysis of the MOF interactome 

  



Chapter 6 - Analysis of the MOF interactome 

148 
 

6.1 Introduction 

While many of the studies in this thesis focus on key aspects of MOF’s function in the 

cell, such as H4K16ac or its role in cancer progression, this focussed view of MOF within 

the cell can miss thus-far undiscovered functions, interactors, or substrates of MOF. In 

recent years, generating a comprehensive, genome-wide view of the function of a gene or 

protein can now be more easily used to help uncover novel roles for the gene or protein 

of interest. From Chapter 5, it is clear that loss of MOF leads to various pathways and 

functions in the cell being affected, all of which could cause a cell to become more 

transformed in cancer. As in much of the literature, many of these phenotypical changes 

were observational rather than mechanistic. Therefore, it was of interest to us to try and 

find a mechanism by which breast cancer cells become more metastatic, motile and 

invasive following loss of MOF, rather than simply observing that this is the case. To do 

so, discovering the full range of MOF’s normal functions is key: for this, it would be 

useful to compile a comprehensive list of MOF’s interactors within the cell which may 

suggest novel roles for MOF. We therefore adopted an approach to map MOF’s 

interactome using a novel proximity biotinylation method known as BioID. 

 

6.1.1 BioID 

BioID was originally developed by the Roux lab as a method for identifying protein-

protein interactions within the cell (Roux et al., 2012). This method uses biotin ligases to 

label proteins with biotin. With wild type biotin ligases, biotin and adenosine triphosphate 

(ATP) are processed to form biotinoyl-5′-AMP (adenosine monophosphate)(reviewed by 

Chapman-Smith and Cronan, 1999). This intermediate is highly reactive and upon 

recognition of an Acetyl CoA carboxylase substrate, the biotin ligase attaches a biotin 

molecule to the substrate and releases AMP from the ligase. However, through mutation 

of the E.Coli biotin ligase BirA (an R188G mutation to a protein known instead as BirA*), 

the biotin intermediate has considerably less affinity for BirA*. The biotinoyl-5’-AMP is 

therefore prematurely released from the BirA*, forming a biotin ‘cloud’ and leading to 

the promiscuous attachment of biotin to proteins based on their promixity (Kwon and 

Beckett, 2000; Choi-Rhee et al., 2004). In vivo, the protein of interest (i.e. bait - in this 



Chapter 6 - Analysis of the MOF interactome 

149 
 

case, MOF) is fused to the BirA* protein and expressed in cells. Upon expression of the 

BirA*-tagged protein and the addition of exogenous biotin to the cell, a biotin ‘cloud’ is 

formed surrounding the bait protein, leading to biotinylation of the bait protein’s 

interacting proteins, substrates and proximal (within ~10nm) proteins (Kim et al., 2014). 

These proteins can then be identified, usually by affinity purification with streptavidin to 

isolate biotinylated proteins, followed by mass spectrometry (AP-MS). BioID has a 

number of advantages over previous methods of detecting interactors: firstly, a direct 

protein-protein interaction is not required for detection of the interacting protein. For 

example, post-translational modifications which may not be as a result of a direct 

interaction, can still be detected by BioID (Roux, 2013). Secondly, BioID can identify 

weak, transient, or low abundance interactions which would be lost using previous 

methods, as the biotinylation which occurs is irreversible and the interacting protein 

remains biotinylated even after the reaction between bait and prey has ceased. BioID can 

also identify molecular neighbours of the bait protein which do not directly interact with 

the bait, giving an indication of what multiprotein complexes the protein of interest is 

contained within or the subcellular organisation of the cell (Roux et al., 2001). Finally, 

streptavidin purification allows for harsh lysis and washing due to the robust biotin-avidin 

binding; thereby decreasing any background proteins from remaining in the lysed sample. 

A recent paper which analysed the ability of chromatin-associated proteins showed that 

the harsh lysis enabled the solubilisation of interacting proteins, and that BioID was 

preferential to more traditional affinity purification coupled to mass spectrometry for the 

detection of low abundance proteins (Lambert et al., 2015). 
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Figure 6.1: Identification of the interactome using BioID. The protein of interest (dark yellow) is fused to 
the BirA* protein in vitro and then expressed in cells. BirA* converts exogenously added free biotin to 
highly reactive biotinyl-5′-AMP (yellow) which is released from BirA*, allowing it to react proximal 
proteins, whether they be direct interactors (blue) or are merely in the close vicinity (green). Distal proteins 
(gray) are not labelled. Following biotin labeling, cells are lysed and proteins extracted under relatively 
harsh conditions. Biotinylated proteins are then purified using streptavidin and identified by mass 
spectrometry. Note: in the figure, the target protein has an N-terminal BirA* tag; in our studies, a C-terminal 
BirA* tag was used. (Figure from Varnaitė and MacNeill, 2016). 

 

6.2 Generation and characterization of BirA*-MOF-expressing cells 

6.2.1 The Hek293 T-Rex Flp-In system 

Many of the recent publications using BioID have generated BirA*-expressing cell lines 

using the Hek293-T-Rex-Flp-In cell line (henceforth referred to as HekTRex; Lee et al., 

2006; Comartin et al., 2013; Couzens et al., 2013; Cole et al., 2015; Coyaud et al., 2015; 

Dingar et al., 2015; Gupta et al., 2015; Lambert et al., 2015). This system has many 

advantages, such as allowing the inducible expression of the transfected protein in a 

tetracycline-dependant manner due to the presence of a Tet repressor (TetR) gene. As well 

as this, the presence of a single integrated Flp Recombination Target (FRT) site allows 

recombination of the transfected gene into a specific region of the genome, preventing 
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random recombination of the fusion protein, which would potentially lead to off-target 

effects or variable levels of expression. For generating stable cell lines using HekTRex 

cells, the pcDNA5/FRT/TO plasmid is cotransfected with the Flp recombinase expression 

plasmid, pOG44, which mediates insertion of the pcDNA/FRT/TO construct into the 

genome at the specific FRT site by site-specific DNA recombination (O’Gorman et al., 

1991; Sauer, 1994). The TetR is maintained by a blasticidin resistance cassette, while the 

FRT site is maintained by expression of a lacZ and Zeocin fusion gene. Following 

successful integration of the pcDNA/FRT/TO construct into this FRT site, cells become 

sensitive to zeocin and instead gain hygromycin B resistance from the construct. Target 

protein expression can then be achieved by tetracycline induction. 

 

6.2.2 Generation of BirA*-expressing stable cell lines 

To generate the required cell lines for BioID, full-length KAT8 cDNA was isolated from 

Hek293 total cDNA. This sequence was ligated into pcDNA3.1-BirA(R118G)HA (also 

known as pcDNA3.1-BirA*-HA), a gift from Kyle Roux (Addgene plasmid #36047), 

which was confirmed by sequencing. For transfection into HekTRex cells, the MOF-

BirA*-HA sequence was amplified from the pcDNA3.1 plasmid by PCR and ligated into 

the pcDNA5/FRT/TO plasmid. Successful integration of the MOF-BirA*-HA sequence 

was again confirmed by sequencing. Concurrently, the BirA*-HA sequence without MOF 

was ligated into pcDNA5/FRT/TO and confirmed by sequencing. The successfully 

generated pcDNA5/FRT/TO_MOF-BirA*-HA and pcDNA5/FRT/TO_BirA*-HA 

constructs were transfected into HekTRex cells along with pOG44, placed under antibiotic 

selection, and expanded in culture for 10-14 days, after which individual colonies from 

surviving cells were screened for successful integration of the BirA*-containing vector. 

Clones were screened by treatment of cells with 1µg/ml doxycycline hyclate to enable 

tetracycline-inducible expression of constructs and harvested for western blot analyses. 

100% of screened clones showed expression of tagged MOF by western blot (Figure 6.2). 

There was a minor degree of ‘leakiness’, i.e. expression of the fusion protein without 

tetracycline induction, shown after long exposure (second panel, Figure 6.2); however, 

most exhibited a low degree of uninduced expression. Similarly, all clones appeared to 
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express the MOF-BirA*-HA construct to the same degree following induction (Figure 

6.2). Clone 4 was selected for further studies. HekTRex cells expressing BirA*-HA alone 

were also generated and screened in the same manner, with a targeting efficiency of 80% 

(data not shown). All clones also demonstrated Zeocin sensitivity, confirming 

recombinase-mediated integration of the BirA* fusion proteins.  

 

 

Figure 6.2: Generation of MOF-BirA*-HA inducible stable cell lines. Whole cell lysates from clones 
resulting from transfection of cells with pcDNA5/FRT/TO_MOF-BirA*-HA (± induction of tetracycline-
dependent expression by addition of doxycycline hyclate at 1µg/ml for 24 hours before harvest) were 
screened for expression of the MOF fusion protein (90kDa) at short and long exposures (‘Short exp’ and 
‘Long exp’, repectively). Endogenous MOF (‘End.’) was also detected at 55kDa. Ponceau S stain was used 
as loading control. Untransfected HekTRex cells were used as negative control (‘HekTRex WT’). Clone 4, 
marked with a red asterisk was selected for downstream applications. 

 

6.2.3 Validation of cell lines 

The previous literature on BioID (Section 6.1.1) has consistently used treatment of cells 

for 24 hours with 1µg/ml tetracycline to induce expression of the BirA* fusion protein, as 

was the screening above (Figure 6.2). To ensure that this dose and length of treatment was 

most efficient at inducing expression of fusion proteins, cells were treated with either 

1μg/ml or 2μg/ml doxycycline for 0, 24 or 48 hours and harvested at the appropriate 

timepoints. Expression levels of fusion proteins, detected by western blotting, were not 

significantly altered with longer treatments or higher doses of doxycycline (Figure 6.3a). 

Therefore, 1μg/ml doxycycline for 24 hours was used as the standard for induction of 
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BirA* expression. While cells had been tested to confirm expression of the tagged MOF, 

it was also necessary to ensure that the BirA* tag was functional and could biotinylate 

interactors and proximal proteins of MOF. Cells were treated with 1μg/ml doxycycline 

for 24 hours; 50μM biotin was then added and cells were harvested at various timepoints 

hours after treatment. Biotinylation reached detectable levels at approximately 6 hours 

following the addition of biotin and reached its highest levels at approximately 20 hours 

(Figure 6.2b). An intermediate time of 12 hours was selected for biotin treatment of cells. 

This would enable detection of a large number of interactors/substrates/proximal 

proteins/etc., without saturating the potential dataset with background biotinylation and 

noise, the chance of which would increase with a 24-hour incubation of cells with biotin. 

Levels of biotinylation were also compared between the MOF-BirA*-HA-expressing cell 

line and the control BirA*-HA-expressing cell line. Even with higher amounts of protein 

being loaded to detect biotinylation in the control cell line, as detected by Ponceau S 

staining, there was significantly less biotinylation in the control cell line, even 24 hours 

after the addition of biotin (Figure 6.3c), confirming that the BirA* tag was not generating 

substantial non-specific interactions, while the fusion of MOF to BirA* led to abundant 

biotinylation. 
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Figure 6.3: Optimisation of BirA* induction and biotinylation. (a) MDA-MB-231 cells (as negative control) 
and HekTRex-MOF-BirA*-HA cells were treated with 1-2µg/ml doxycycline hyclate for 24-48 hours to 
monitor levels of expression of fusion proteins following tetracycline induction of expression. MOF-BirA* 
fusion protein was detected using the MOF 7D1 monoclonal antibody, with β-actin as loading control. (b) 
HekTRex-MOF-BirA*-HA cells were treated with 1µg/ml doxycycline hyclate for 24 hours. 50µM biotin 
was added to cells and cells were harvested at various timepoints 0-24 hours post addition of biotin. 
Biotinylation was detected using an anti-streptavidin HRP-conjugated antibody at the appropriate 
concentration. (c) HekTRex-MOF-BirA*-HA cells and HekTRex-BirA*-HA cells were treated with 1µg/ml 
doxycycline hyclate for 24 hours. 50µM biotin was added to cells and cells were harvested at various 
timepoint 0-24 hours after the addition of biotin. Biotinylation was detected using an anti-streptavidin-HRP 
conjugated antibody. Ponceau S staining was used as loading control. 

 

6.3 Experimental design for BioID 

The goal of the BioID experiment was not just to produce a comprehensive list of MOF 

interactors and substrates, but also to enable the study of what role MOF plays in the 

transformation of a cell. Therefore, a number of different conditions were selected for 

studying interactions of MOF, the first being the standard BioID experiment, i.e. inducing 

BirA* expression and biotinylation under normal conditions (Figure 6.4a). To study 

further the role of MOF in the DNA damage response, two DNA damage response 
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timepoints were used. In one instance, DSBs were induced by γ-irradiation just one hour 

before harvest of cells, allowing biotinylation of MOF interactors in the early stages of 

the DNA damage response (Figure 6.4b). In the second instance, DNA damage was 

induced 8 hours before harvest. Biotinylated proteins which appeared in this interactome 

but not in the interactome 1 hour after DNA damage may indicate MOF-interacting 

proteins which are DNA repair effectors rather than mediators of the damage response 

(Figure 6.4c). Finally, a condition related to the role of MOF in cancer was designed. 

Cancer-conditioned medium was generated as per protocol (Section 2.4.11) using MDA-

MB-231 cells. Secreted proteins from MDA-MB-231, such as cytokines, chemokines, 

growth factors, and proteases (Kulasingam and Diamandis, 2008; S.-T. Chen et al., 2008), 

are retained in the culture media when harvested, and as such re-create a tumour 

microenvironment and simulate cancer conditions when other cells are then incubated in 

this medium (reviewed in Dowling and Clynes, 2011). Therefore, any interactors of MOF 

which have a tumour-suppressive or protective effect in cells will be biotinylated after 

induction of the MOF-BirA*-HA protein. If this tumour suppressive effect is lost in cells 

as a result of loss of MOF, this may indicate by what mechanism loss of MOF causes cells 

to become more transformed and gain a higher metastatic potential. Cells were seeded in 

cancer-conditioned media 48 hours before harvest (Figure 6.4d). 
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Figure 6.4: Experimental design for BioID. Schematics indicating the experimental setup for BioID 
experiments under (a) normal conditions, at (b) early and (c) late timepoints after DNA damage, and (d) 
after incubation of cells in cancer-conditioned media. Cells were seeded 24 hours before tetracycline-
induced expression of BirA*-tagged proteins (‘+tet’). 12 hours before harvest, biotin was added to allow 
the BirA* tag to biotinylate proximal proteins (‘+biotin’). Cells were harvested at the 48-hour timepoint 
(‘harvest’), following induction of DNA damage by irradiation (‘+IR’) in the relevant conditions. Harvested 
proteins were then lysed and subjected to affinity purification coupled to mass spectrometry (‘AP-MS’) for 
protein identification. 

 

For each condition, 10 × 10cm dishes of cells were grown to 70-80% confluency. 

Experimental setup was applied for each condition as indicated (Figure 6.4). At the 48-

hour timepoint, cells from all 10cm dishes from each condition were pooled to form one 

pellet per condition, which was then stored at -80oC. At least two biological replicates 

were performed for each experiment, including at least two biological replicates of cells 

expressing BirA*-HA alone as control for non-specific BirA* interactors.   

 

6.4 Proteomic identification of the MOF interactome 

6.4.1 Identification of non-specific interactions 

Affinity purification followed by mass spectrometry (AP-MS) was carried out by the 

Proteomics Department at the Lunenfeld-Tanenbaum Research Institute (LTRI) in 

Toronto, Canada, in collaboration with Dr Karen Colwill and Dr Brett Larsen. Two 

technical replicates were performed for each biological replicate. Proteins detected by AP-
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MS were identified using the iProphet pipeline (Shteynberg et al., 2011), which combines 

Comet (Eng et al., 2013) and Mascot (Perkins et al., 1999) probability-based protein 

identification methods. Only samples with an iProphet probability of >0.95 and a 

minimum of 2 unique peptides identified were included in the dataset. Proteins were also 

searched against a database of decoy entries to measure the false discovery rate and a 

database of contaminants such as trypsin, keratin, and streptavidin, to exclude non-

specific interactors from the dataset. Following this, significance analysis of interactome 

(SAINT) Express analysis was used to assign confidence to detected protein-protein 

interactions and calculate the false discovery rate (FDR) of interactions (Choi et al., 2011; 

Teo et al., 2014; Lambert et al., 2015).  

 

A rich and highly diverse dataset was obtained from the original mass spectrometry 

analyses. To further control for non-specific and background interactions, further 

biological negative controls were processed in the same manner, and the data were also 

passed through the contaminant repository for affinity purification (CRAPome; 

Mellacheruvu et al., 2013). This online repository contains the datasets obtained from 

negative controls of previous AP-MS experiments, including numerous Flag-BirA* 

datasets. Filtering of the dataset obtained from the MOF BioID experiments through the 

CRAPome as well as the controls mentioned above meant that each MOF-BirA*-HA 

dataset was compared against 15-25 controls datasets. SAINT Express analysis was again 

performed on the refined dataset to calculate the false discovery rate of proteins. This 

reduced the dataset considerably. A number of examples of excluded proteins are 

illustrated in Figure 6.5 below. In these examples, the probability of a true interaction 

based on SAINT analysis with biological controls was 1, meaning that these were true 

MOF interactors. Similarly, the FDR was 0 for all proteins (Figure 6.5a). However, after 

adding in control counts from CRAPome datasets, the SAINT score (shown in red, Figure 

6.5b) was adjusted to 0 and the FDR to >0.39, indicating that these are not true interactors 

of MOF.  
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Figure 6.5: Filtering of BioID datasets through CRAPome for further controls. A sample of proteins 
detected in by BioID and the likelihood of true interaction based on biological controls and SAINT analysis. 
On the left, the RefSeq protein identifier for four detected proteins (‘Prey’) and their corresponding gene 
names (‘PreyGene’) are listed. The average spectral count (‘AvgSpec’) for these proteins based on two 
biological replicates (‘NumRep’) is listed. (a) The number of times these proteins were detected in 
biological controls (i.e. cells expressing BirA*-HA rather than MOF-BirA*-HA) is listed (‘CtlCounts’). 
The resulting SAINT score (‘SAINT score’) is 1 for each protein, meaning the probability of a true 
interaction = 1. The fold change (‘Fold Change’), calculated based on the difference in expression between 
control and experimental samples is listed, as is the false discovery rate (‘FDR’) for each protein. (b) After 
the dataset is passed through CRAPome analysis, the number of control counts (‘CtlCounts CRAPome’) is 
significantly increased. The adjusted SAINT score (‘Adj SAINT score’) and FDR (‘Adj FDR’) are 
calculated based on these control counts and the fold change (‘Adj Fold Change’) is then calculated based 
on the experimental count versus the average control count from CRAPome datasets.  

 

To further refine the still-substantial dataset, the remaining proteins with a FDR > 0.05 

were excluded from further analyses to enhance the chance that detected proteins were 

true MOF interactors. This left a set of datasets of approximately 200 proteins per 

condition. These detected proteins, and the corresponding genes encoding these proteins, 

were then used for further analysis. 

 

6.4.2 Analysis of MOF interactome under normal conditions 

6.4.2.1 Gene ontology analysis 

Gene ontology is used to enable functional interpretation of datasets, originally developed 

by the Gene Ontology Consortium (Ashburner et al., 2000). Ontology classifies genes and 

gene products based on three categories or ‘domains’: cellular component, biological 

process, and molecular function. This can be used to measure the enrichment of these 

ontologies in gene datasets. To measure this, numerous gene enrichment tools have been 
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developed, including the Database for Annotation, Visualization and Integrated Discovery 

(DAVID), used in the analyses in this thesis (Dennis et al., 2003; Huang, Sherman, Tan, 

Kir, et al., 2007). DAVID, released in 2003 and updated in 2016, uses singular enrichment 

analysis (SEA), which first tests the enrichment of each gene in the provided dataset one-

by-one. Thereafter, the individual, enriched annotation terms passing the enrichment P-

value threshold are reported in a tabular format ordered by the enrichment probability 

(Huang, Sherman, Tan, Collins, et al., 2007; Huang et al., 2008, 2009). Thus, functional 

annotation can be clustered into a biological function-centric analysis rather than a gene-

centric analysis.  

 

The refined BioID dataset of MOF interactors under normal conditions (i.e. no DNA 

damage or cancer-conditioned media) was entered into DAVID to measure gene ontology 

enrichment. Table 6-1 illustrates the biological processes which were enriched in the 

BioID dataset, in order of the likelihood of true enrichment, based on the p-value for each 

enrichment (right column, Table 6-1). 72 biological processes in total were enriched in 

the dataset (left column, Table 6-1).  The number of genes which were present in the 

dataset and associated with the indicated biological process are also indicated (‘No of 

genes’, middle column, Table 6-1). As expected, the most enriched biological processes 

were that of MOF’s canonical and known functions including activation of transcription, 

chromatin remodelling, the DNA damage response, and H4K16ac. These are marked in 

green on the table below (Table 6-1). Preliminary data from the Rea lab (Dr Jennifer 

Eykelenboom, unpublished), has indicated that depletion of MOF leads to defective 

replication; this data may be supported by the observation that the second most enriched 

biological process in the MOF BioID dataset was DNA replication, suggesting that MOF 

may play a significant role in the cell’s replication machinery. Cells in Table 6-1 

highlighted in orange illustrate some previously unreported functions for MOF, discussed 

below in Section 6.4.2.2. 
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Table 6-1: Biological processes enriched in the MOF BioID dataset. 

Biological process 
No of 
genes 

p-value 

Transcription, DNA-templated 74 2.0 × 10-20 
DNA replication 17 4.6 × 10-11 
Regulation of transcription, DNA-templated 46 4.5 × 10-9 
Chromatin remodelling 12 5.5 × 10-9 
Negative regulation of transcription, DNA-templated 24 2.8 × 10-8 
Negative regulation of transcription from RNA polymerase II promoter 29 3.0 × 10-8 
Positive regulation of transcription, DNA-templated 24 4.9 × 10-8 
Positive regulation of transcription from RNA polymerase II promoter 34 5.1 × 10-8 
Cellular response to DNA damage stimulus 15 1.9 × 10-7 
Regulation of signal transduction by p53 class mediator 12 2.6 × 10-7 
rRNA processing 15 2.7 × 10-7 
DNA repair 15 8.3 × 10-7 
Protein sumoylation 11 1.3 × 10-6 
Histone H4-K16 acetylation 6 3.0 × 10-6 
DNA synthesis involved in DNA repair 7 3.1 × 10-6 
Positive regulation of transcription elongation from RNA polymerase II 
promoter 5 1.7 × 10-5 
Histone H3-K4 trimethylation 5 2.4 × 10-5 
Transcription from RNA polymerase II promoter 19 4.1 × 10-5 
Covalent chromatin modification 9 6.0 × 10-5 
mRNA splicing, via spliceosome 12 7.0 × 10-5 
Transcription elongation from RNA polymerase II promoter 8 7.2 × 10-5 
RNA splicing 10 1.6 × 10-4 
DNA duplex unwinding 6 1.7 × 10-4 
Positive regulation of transcription from RNA polymerase I promoter 4 1.9 × 10-4 
DNA methylation 5 2.0 × 10-4 
Strand displacement 5 2.3 × 10-4 
Regulation of transcription from RNA polymerase II promoter 16 2.5 × 10-4 
Stem cell population maintenance 6 3.1 × 10-4 
Telomere maintenance via recombination 5 5.3 × 10-4 
Maturation of SSU-rRNA 4 5.4 × 10-4 
Viral process 12 9.1 × 10-4 
Positive regulation of histone H3-K4 methylation 4 9.9 × 10-4 
mRNA processing 9 1.3 × 10-3 
Double-strand break repair via homologous recombination 6 1.8 × 10-3 
Chromatin silencing 5 2.0 × 10-3 
Replication fork protection 3 2.0 × 10-3 
Endodermal cell fate commitment 3 2.0 × 10-3 
Blastocyst growth 3 2.0 × 10-3 
Regulation of transcription involved in G1/S transition of mitotic cell 
cycle 4 2.4 × 10-3 
Regulation of cell morphogenesis 4 3.1 × 10-3 
Mitotic DNA replication checkpoint 3 4.8 × 10-3 
RNA processing 6 5.9 × 10-3 
Sister chromatid cohesion 6 7.6 × 10-3 
Double-strand break repair 5 7.8 × 10-3 
Mismatch repair 4 8.1 × 10-3 
Cell division 11 9.2 × 10-3 
DNA double-strand break processing 3 1.3 × 10-2 
Maturation of LSU-rRNA 3 1.3 × 10-2 
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Biological process 
No of 
genes 

p-value 

Chromatin organization 4 1.4 × 10-2 
Cell cycle 8 1.5 × 10-2 
Histone methylation 3 1.7 × 10-2 
DNA recombination 5 1.7 × 10-2 
Intrinsic apoptotic signaling pathway in response to DNA damage 4 1.8 × 10-2 
Chromosome organization 3 2.1 × 10-2 
Negative regulation of myeloid cell differentiation 3 2.1 × 10-2 
Histone H3-K4 methylation 3 2.3 × 10-2 
Nucleosome organization 2 2.4 × 10-2 
Negative regulation of transcription from RNA polymerase II promoter 
during mitosis 2 2.4 × 10-2 
ATP-dependent chromatin remodeling 3 3.0 × 10-2 
Circadian regulation of gene expression 4 3.0 × 10-2 
Nucleotide-excision repair, DNA gap filling 3 3.3 × 10-2 
G1/S transition of mitotic cell cycle 5 3.3 × 10-2 
Cell aging 3 3.5 × 10-2 
Termination of RNA polymerase II transcription 4 4.0 × 10-2 
Replication fork processing 3 4.0 × 10-2 
Hematopoietic progenitor cell differentiation 4 4.4 × 10-2 
Negative regulation of histone H3-K4 methylation 2 4.7 × 10-2 
Negative regulation of chromatin silencing 2 4.7 × 10-2 
Maintenance of mitotic sister chromatid cohesion 2 4.7 × 10-2 
Inner cell mass cell differentiation 2 4.7 × 10-2 
Chromosome segregation 4 4.7 × 10-2 
DNA damage checkpoint 3 4.8 × 10-3 

Legend: cells highlighted in green indicate roles with which MOF has previously been associated. Cells 
highlighted in orange indicate potential novel roles for MOF, discussed further in Section 6.4.2.2. 

 

With DAVID analysis, gene ontology enrichment scores from each component (i.e. from 

cellular component, biological process, and molecular function) can be combined into 

associated cellular functions. The clustering of functionally similar terms from each of 

these components into groups can then be used to determine which biological and cellular 

functions are most enriched. The enriched functions from the MOF BioID dataset are 

listed in Table 6-2; again, transcription activation was by far the most significantly 

enriched function in the dataset. 
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Table 6-2: Functional annotation clusters overrepresented in the MOF BioID dataset ranked based on 
enrichment score. 

Functional annotation cluster Enrichment score 
Transcription activation 26.32 
Zinc finger/metal ion binding 11.83 
Bromodomain 10.24 
PHD-type zinc finger 9.64 
Transcription repression 9.52 
DNA damage & repair 9.52 
Helicase- & ATP-binding 6.39 
DDT domain 6.55 
G-patch domain 4.68 
DNA binding region - AT hook 4.66 
mRNA splicing and processing 4.05 
Lysine methyltransferase activity 3.72 
TRASH domain/MYM-type zinc finger 3.36 
C2H2 Zinc finger 3.21 
DNA helicase activity 3.18 
Homologous recombination 2.68 
Pluripotency  2.48 
RNA recognition motif domain 2.32 
Chromodomain 2.23 
Ribosomal RNA-binding protein 2.21 
Methyl-CpG DNA binding 2.14 
HMG box domain 2.14 
Mitotic cell division 2.09 
BRCT domain 1.81 
AAA+ ATPase domain 1.51 
Circadian rhythms 1.18 
Histone demethylase activity 1.0 
SANT domain 0.9 
RING-type zinc finger 0.83 

 

 

6.4.2.2 Potential novel roles for MOF 

The biological processes enriched in the BioID dataset present some interesting, 

previously unreported roles for MOF. These are highlighted in orange in Table 6-1. One 

such function is ribosomal (rRNA) processing (reviewed in Henras et al., 2008). 15 genes 

related to rRNA processing were enriched in the MOF BioID dataset, giving a P-value for 

the enrichment of P < 2.7 × 10-7. This may suggest a role for MOF in this biological 

function, though the diverse genes identified within this process do not make immediately 

evident what this role may be. The annotation includes genes encoding nucleolar proteins 

and ribosome biogenesis proteins, and also included genes related to the maturation of 
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short subunit rRNA (SSU-rRNA, P < 0.00054), and large subunit rRNA (LSU-rRNA; P 

< 0.013), suggesting that MOF is an interactor at many stages of this process. Altogether, 

17 unique genes were annotated as having roles in rRNA in the MOF BioID dataset.  

 

Table 6-3: Genes annotated to rRNA processing identified in the BioID dataset. 

Gene ID Gene Name P-value 
ENSG00000165733 BMS1, ribosome biogenesis factor (BMS1) 

< 2.7 × 10-7 

ENSG00000119285 HEAT repeat containing 1 (HEATR1) 
ENSG00000001497 LAS1 like, ribosome biogenesis factor (LAS1L) 
ENSG00000087269 NOP13 nucleolar protein (NOP14) 
ENSG00000156697 UTP14A small subunit processome component (UTP14A) 
ENSG00000065268 WD repeat domain 18 (WDR18) 
ENSG00000163811 WD repeat domain 43 (WDR43) 
ENSG00000084463 WW domain binding protein 11 (WBP11) 
ENSG00000171316 Chromodomain helicase DNA binding protein 7 (CHD7) 
ENSG00000130935 Nucleolar protein 11 (NOL11) 
ENSG00000198000 Nucleolar protein 8 (NOL8) 
ENSG00000162408 Nucleolar protein 9 (NOL9) 
ENSG00000148843 Programmed cell death 11 (PDCD11) 
ENSG00000096717 Sirtuin 1 (SIRT1)*Peng et al., 2012 
ENSG00000136891 Testis expressed 10 (TEX10)*Dou et al., 2005 
ENSG00000111641 NOP 2 nucleolar protein (NOP2) < 1.3 × 10-2 
ENSG00000151304 Serum response factor binding protein 1 (SRFBP1) < 5.4 x 10-4 
* indicates previously reported MOF interactor 

 

A related function which was significantly enriched in the MOF BioID dataset was the 

role of mRNA splicing and processing. The most enriched in this cluster was the 

biological process of mRNA splicing via the spliceosome. Genes related to this function 

which appeared in the BioID dataset are listed below in Table 6-4. 10 genes were 

annotated as RNA splicing genes in the MOF BioID dataset (P < 1.6 × 10-4), while 9 genes 

were annotated as having roles in the process of mRNA processing (P < 1.3 × 10-3). 

Similarly, 6 genes were annotated as having roles in RNA processing. While there was 

some overlap of genes between these processes, altogether 26 unique genes from the MOF 

BioID dataset were annotated as having some function in RNA processing. 
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Table 6-4: Genes annotated to the function of mRNA splicing (via the spliceosome) in the MOF BioID 
dataset. 

Gene ID Gene Name P-value 
ENSG00000140829 DEAH-box helicase 38 (DHX38) 

< 7.0 × 10-5 

ENSG00000067596 DEAH-box helicase 8 (DHX8) 
ENSG00000100056 DiGeorge syndrome critical region gene 14 

(DGCR14) 
ENSG00000102241 HIV-1 Tat specific factor (HTATSF1) 
ENSG00000165494 PCF11 cleavage and polyadenylation factor subunit 

(PCF11) 
ENSG00000125970 RALY heterogenous nuclear ribonucleoprotein 

(RALY) 
ENSG00000162775 RNA binding motif protein 15 (RBM15) 
ENSG00000164609 SLU7 homolog, splicing factor (SLU7) 
ENSG00000105298 Cactin, spliceosome C complex subunit (CACTIN) 
ENSG00000161847 Ribonucleoprotein, PTB binding 1 (RAVER1) 
ENSG00000065526 Spen family transcriptional repressor (SPEN) 
ENSG00000100109 Tuftelin interacting protein 11 (TFIP11) 

 

Another interesting function annotated in the BioID dataset was sister chromatid 

cohesion. 8 genes in the BioID dataset corresponded to sister chromatid cohesion (P < 7.6 

× 10-3), and 2 others to the process of maintenance of mitotic sister chromatid cohesion 

(P < 4.7 × 10-2). Somewhat similarly, a recent publication showed that KANSL1 and 

KANSL3 were essential for spindle assembly in mitosis, though MOF was not shown to 

interact with spindle assembly factors when tested using immunoprecipitation (Meunier 

et al., 2015). BioID, being able to detect weaker and transient interactions, however, may 

have been able to detect what immunoprecipitation could not. These observations also 

differ from each somewhat as KANSL3 was found to bind the minus end of microtubules 

in mitosis, rather than having any interaction at chromatids (Figure 6.6; Meunier et al., 

2015); therefore, these functions may or may not be related. Nonetheless, this gene set 

potentially represents a novel role for MOF in the maintenance of centromeric cohesion 

of sister chromatids and their correct separation in mitosis (reviewed by Barbero, 2011). 

This hypothesis is supported by further previous published data on MOF: for example, 

MOF has been shown to interact with other nuclear pore proteins nucleoporin 153 

(NUP153) and Megator (Mtor; Sharma et al., 2014), and has been hypothesised to interact 

with one of the listed genes, nucleoporin 98 (NUP98), in a previous publication (Mendjan 

et al., 2006). Similarly, data from our lab (Dr Jennifer Eykelenboom, unpublished) have 

shown that depletion of MOF by shRNA leads to polyploidy in cells, and a defect in 
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chromatid cohesion has been linked to aneuploidy (Lengauer et al., 1997; Nasmyth, 

2001); indeed, mutation of one of the genes listed in Table 6-5, STAG2, leads to 

chromosomal instability and aneuploidy in cancer cells (Solomon et al., 2011). It would 

be interesting to investigate whether the polyploidy observed in MOF-depleted cells is 

related to this biological process. 

 

Table 6-5: Genes annotated to sister chromatid cohesion in the MOF BioID dataset. 

Gene ID Gene Name P-value 
ENSG00000134690 Cell division cycle associated 8 (CDCA8) 

< 7.6 × 10-3 

ENSG00000137812 Kinetochore scaffold 1 (KNL1) 
ENSG00000110713 Nucleoporin 98 (NUP98)*Mendjan et al., 2006 
ENSG00000163535 Shugoshin 2 (SGO2) 
ENSG00000040275 Spindle apparatus coiled-coil protein 1 (SPDL1) 
ENSG00000101972 Stromal antigen 2 (STAG2) 
ENSG00000164190 Cohesin loading factor (NIPBL) 

< 4.7 × 10-2 
ENSG00000139687 RB transcriptional corepressor 1 (RB1) 

* indicates previously reported MOF interactor 

 

 

Figure 6.6: Members of the NSL complex play an essential role in mitosis. (a) In interphase, KANSL 
proteins coat chromatin as part of the NSL complex and regulate gene expression (Section 1.2.2.3). (b) In 
mitosis, three members of the NSL complex - KANSL1, KANSL3, and MCRS1 - localise to the minus (-) 
end of microtubules, independent of the NSL complex, where they are required for effective cell division 
(image from Meunier et al., 2015). 

 

6.4.2.3 Validating significance of interactions 

While the above analyses focus on the dataset as a whole, we also wished to quantify the 

most significant interactors identified, with the goal of potentially identifying novel MOF 

interactors. One method to quantify the significance of interactions based on mass 
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spectrometry data is by the spectral count, i.e. the number of times peptides from the 

detected proteins is detected by mass spectrometry. This method assumes that the higher 

the spectral count, the more abundant the interaction (Fu et al., 2008). Of the 236 proteins 

classed as probably interactors based on the false discovery rate of <0.05, 36 proteins had 

a spectral count of greater than 20 (marked in red on Figure 6.7a and Figure 6.7b). These 

proteins are listed in Figure 6.7c, ranked based on their average spectral count 

(‘AvgSpec’) from two biological replicates.  

 

 

Figure 6.7: MOF BioID dataset ranked based on highest spectral count. (a) Prey genes (‘PreyGene’), i.e. 
genes corresponding to the detected protein, from the BioID dataset were graphed in alphabetical order 
against their spectral count. Genes marked in red had an average spectral count of 20 or more. (b) The same 
data were graphed in numerical rather than alphabetical order. Peaks marked in red had a spectral count of 
more than 20, which is denoted by the red line. (c) The 36 genes (‘PreyGene’) corresponding to the RefSeq 
protein identifiers for detected proteins (‘Prey’) with the highest spectral counts (‘AvgSpec’) based on two 
biological replicates are listed, ranked based on their spectral count. Fold change versus control counts 
(‘FoldChange’) and the FDR are also listed for each gene. 
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Unfortunately, there are several drawbacks to using spectral count to quantify mass 

spectrometric data. Firstly, ranking interactions based on the abundance of reads will 

naturally lead to more abundant proteins being classed as most significant in the dataset 

(Choi et al., 2008). This creates a bias in the dataset towards more abundant proteins. In 

this case, eliminating proteins with a spectral count of less than 20 leads to the exclusion 

of numerous known MOF interactors: for example, SIRT1, a histone deacetylase known 

to bind to MOF (Peng et al., 2012), only had an average spectral count of 3.5. Similarly, 

MSL2, a member of the MSL complex (Morales et al., 2004), was only detected an 

average of 8.5 spectral counts. This may be due to the fact that it is a low-abundance 

protein (observed in the Rea lab by Dr Zheng Lai, Dr Simona Moravcova, and Anna 

Meller). Similarly, a larger protein has a higher probability of being detected, again 

biasing the data (Vogel et al., 2010). We therefore decided to analyse the data slightly 

differently: instead of ranking interactors based on the number of peptides detected, they 

were instead ranked by fold change. This measures the fold change in detection levels 

between experimental samples and controls. In this dataset, this is boosted by the addition 

of control datasets from the CRAPome. For example, in the case of SIRT1, 18 control 

BirA*-only datasets failed to detect any SIRT1 peptides. Therefore, an average spectral 

count from the experimental samples of 3.5 represents a 35-fold increase in detection 

levels versus controls. Similarly, 18 control datasets detected no MSL2, meaning it was 

85-fold upregulated in the MOF BioID dataset versus control levels. Prey genes were 

instead analysed based on their fold change. To view the most significantly up-regulated 

genes versus controls, genes which were up-regulated more than 30-fold are listed (Figure 

6.8a-c). 45 genes were upregulated at least 30-fold versus controls. This is not to say genes 

below this arbitrary cut-off are not significant. The full list of genes is listed, ranked based 

on fold change versus controls, in Appendix F. It is of interest to note that only 3 of the 

45 genes with the highest fold change versus controls had a spectral count higher than 20 

(KANSL1, MSL3, and MSL1), indicating that the two different ways of analysing BioID 

data produced very different results. The list of genes with the highest fold change also 

contains considerably more known MOF interactors, such as members of the MSL 

complex (MSL1, MSL2, and MSL3; Morales et al., 2004; Edwin R Smith et al., 2005), 

members of the NSL complex (KANSL1, KANSL2, and KANSL3; Mendjan et al., 2006; 
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Raja et al., 2010), TET1 (Zhong et al., 2017), and SIRT1 (Peng et al., 2012). This suggests 

that assigning significance to interactions based on their fold change versus controls is a 

viable alternative in quantifying interactors from this dataset, especially given the high 

number of control datasets available. 

 

Figure 6.8: MOF BioID dataset ranked based on fold change versus controls. (a) Prey genes (‘PreyGene’), 
i.e. genes corresponding to the detected protein, from the BioID dataset were graphed in alphabetical order 
against their fold change versus levels of detection in control datasets. Proteins marked in red had at least a 
30-fold change versus controls. (b) The same data were graphed in numerical rather than alphabetical order. 
Peaks marked in red and above the red line had a fold change greater than 30 versus controls. (c) The 45 
genes (‘PreyGene’) corresponding to the RefSeq protein identifier for detected proteins (‘Prey’) with the 
highest fold change versus controls (‘FoldChange’) based on two biological replicates are listed, ranked 
based on their fold change (largest to smallest). Spectral count (‘AvgSpec’) and the FDR is also listed for 
each gene. 
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6.5 MOF interactions in modified conditions 

The above analyses were performed on the MOF interactome identified under normal 

cellular conditions. However, as discussed in Section 6.3, the interactome of MOF was 

also detected at early and late stages of the DNA damage response, and following the 

incubation of cells in cancer-conditioned media. The datasets resulting from experiments 

under these conditions were processed in the same way as the normal conditions above, 

and a similar number of interactors were detected in each condition (~200 per condition). 

These are listed in Appendix F. Very few analyses have been done on these data thus far; 

however, using visualisation tools freely available at http://prohitstools.mshri.on.ca 

(Knight et al., 2015), the relative abundance of proteins between datasets can be analysed, 

in order to see which interactions are more abundant in different conditions. A sample of 

the results are indicated in Figure 6.9. For example, RIF1 is detected less in the 

conditioned media condition (‘KAT8 CM’), while SRRM2 levels are higher in the 1-hour 

post-DNA damage condition (‘KAT8 1h’). The full list of differential detection levels of 

proteins in different conditions is shown in Appendix F.  

 

Figure 6.9: Differential expression of MOF interactors under different cellular conditions. (a) Expression 
levels of a sample of 22 of the genes identified in the MOF BioID dataset are compared for differential 
expression under different cellular conditions. ‘KAT8’ corresponds to the ‘normal’ BioID dataset, with no 
DNA damage or conditioned media treatments. ‘KAT8 1h’ corresponds to the condition in which cells are 
irradiated 1 hour before harvest, while the ‘KAT8 8h’ cells were irradiated 8 hours before harvest. ‘KAT8 
CM’ corresponds to the condition in which cells were incubated in cancer-conditioned media for 48 hours 
before harvesting samples. (b) Figure legend for interpreting dotplot data in (a). The darker the dot, the 
higher the spectral count (‘Spectral count’, top left). The larger the dot, the higher the relative abundance of 
the named gene versus the other conditions (‘Relative abundance’, bottom left). The darker the circle 
surrounding the dot, the lower the FDR (‘BFDR’, right). 
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6.6 Discussion 

Performing BioID with MOF has identified a rich dataset of MOF interactors. The studies 

in this chapter are just the beginning of the analysis of this data. For example, very few 

analyses into the changes in expression levels of proteins between conditions has been 

performed. This will be an interesting method to employ with the aim of identifying novel 

MOF interactors which function in the DNA damage response or in tumour suppression. 

However, as significant biotinylation of interactors take at least 6 hours (Figure 6.3b), 

proteins newly or differentially detected in the BioID dataset 1 hour after DNA damage 

may not in fact be true MOF-interacting initiators of the DDR; therefore, further analyses 

will only analyse the dataset generated 8 hours following DNA damage to identify 

differentially-detected MOF interactors after the induction of DSBs. If a higher temporal 

resolution is required for further analysis, BioID2, an updated BioID method, may be 

useful, as less exogenous biotin is required to induce significant biotinylation (D. I. Kim 

et al., 2016). 

 

Another important step will be the validation of the MOF interactome generated by these 

BioID experiments. Ranking the significance of MOF interactors by their fold change 

versus controls, rather than based on their spectral count, validated the dataset somewhat 

by the observation that many known MOF interactors, such as MSL and KANSL proteins, 

were near the top of the list. However, validation will also require the specific study of 

some of the novel MOF interactors which the BioID studies have identified. Identification 

of MOF’s interaction with some of these previously unreported interactors will confirm 

that these experiments have produced a list of true MOF interactors. Similarly, further 

gene ontology analysis using other available bioinformatics resources would be of use to 

compare analyses and check for conserved functions between multiple gene ontology 

annotation resources. 

 

To commence validation of specific novel interactors, one protein which appeared near 

the top of the list of interactors (when they were ranked by spectral count, Figure 6.10a) 

was chosen for some basic interaction studies - tuftelin interacting protein 11 (TFIP11). 
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TFIP11 is a member of the spliceosome complex (Section 3.1.2, Makarov et al., 2002; 

Rappsilber et al., 2002; Zhou et al., 2002; Jurica and Moore, 2003), and appears to be 

required both for pre-mRNA splicing and spliceosome disassembly (Tannukit et al., 

2008). The levels of TFIP11 were therefore analysed in MOF knockout cells, generated 

in Chapters 4 and 5. There was no change in expression of TFIP11 in MOF knockout cells 

versus wild type or TP53-/- cells. Secondly, a MOF IP was performed, and eluted proteins 

were immunoblotted for TFIP11 expression. However, TFIP11 was not detected in the 

MOF IP (Lane 3, Figure 6.10c), while it was detected in input and flowthrough extracts 

(Lanes 1 & 2, Figure 6.10c). This is not to say that MOF and TFIP11 do not interact; 

simply, that there is no detectable binding between the two proteins using this co-IP 

approach. It may also be of use to validate interactions which had the highest fold change 

versus controls, rather than having the highest spectral count. One such protein which may 

be of interest is claspin, encoded by the CLSPN gene. Claspin detection was 120-fold 

higher in MOF-BirA*-HA expressing cell lines versus controls (Figure 6.8c). This protein 

plays a key role in replication (reviewed by Azenha et al., 2017), a biological process 

which was one of the most enriched following gene ontology with the MOF BioID dataset 

(Table 6-1), as well as in DNA repair. Therefore, a MOF-Claspin interaction may be of 

interest to implicate MOF in the cell’s replication processes.  
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Figure 6.10: Validation of MOF-TFIP11 interaction. (a) The RefSeq protein ID for TFIP11 (‘Prey’ and 
‘PreyGene’). Average spectral count (‘AvgSpec’), fold change in detection levels versus controls 
(‘FoldChange’) and the FDR (BFDR) are listed in the table. (b) Levels of TFIP11 (97kDa) were analysed 
in MOF knockout cells (generated in Chapters 4 and 5) by SDS-PAGE followed by western blotting with 
whole cell lysates from the indicated cell lines. Ponceau S was used to estimate total protein levels. (c) 
Dynabeads were crosslinked with MOF 7D1 monoclonal antibody and incubated with RPE1 whole cell 
extract (input). Eluted proteins (IP) were immunoblotted (IB) for TFIP11 and α-tubulin. Proteins not bound 
to beads following incubation were also used in analyses (flowthrough, F/T). Ponceau S was used to detect 
total protein. 

 

There are many conclusions yet to be drawn from this dataset, and countless ways that the 

data themselves can be analysed. However, a great number of interesting novel interactors 

and potential novel roles for MOF have been suggested by this dataset. Future analyses 

may produce some exciting roles for MOF in the functioning of the cell.
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Conclusions and future perspectives 

  



Chapter 7 – Conclusion and Future Perspectives 

174 
 

The primary aim of this work was to identify the role of MOF in cancer cell progression, 

with a particular focus on its role in breast cancer. However, generation of the tools needed 

for this study led to some interesting results which required more investigation. Firstly, 

the generation of a monoclonal antibody in the lab led to the observation of two extra 

bands when used for western blotting, one of which emerged to be a novel isoform of 

MOF. This discovery was particularly interesting as the novel isoform encoded by this 

splice variant contains the N-terminal portion of the MOF protein, encoded by Exons 1-3 

of the KAT8 transcript, as well as a unique partially-retained intronic sequence in Intron 

3. This isoform therefore does not contain the acetyltransferase domain. It does, however, 

contain the chromodomain, leading us to hypothesise that it can still bind to and interact 

with chromatin and/or other chromatin modifiers such as related chromatin readers and 

histone marks as part of the histone code. Indeed, overexpression of the isoform in RPE1 

cells led to a significant decrease in H4K16ac, suggesting that the novel short isoform 

may be able to have a dominant negative effect on MOF’s functions. This will require 

more investigation. Primarily, investigating whether this novel isoform can interact with 

any of MOF’s binding partners such as the MSL and NSL proteins will be vital. A review 

of the literature suggests it will not, given that many of MOF’s interactions have been 

mapped to the zinc finger located within the acetyltransferase domain (Morales et al., 

2004; Dou et al., 2005). Therefore, we do not yet know whether the novel isoform can 

have a significant dominant effect in vivo, as it is unknown whether it is incorporated into 

MOF-containing complexes such as the MSL and NSL complexes or not. As well as 

further study into the role of this novel isoform in cells under normal conditions, an 

analysis of either (i) online databases of genomic data from cancer cells or (ii) cancer 

patient samples may be useful to determine whether expression of this isoform is 

perturbed in cancer. Upregulation of this isoform in cancer may indicate how H4K16ac is 

lost, though this is simply a hypothesis – bioinformatic analysis will be required before 

any conclusions can be made on this isoform’s expression in a disease state. 

 

Following the discovery, sequencing, and characterisation of the novel MOF isoform, 

experiments progressed to generating the next tool necessary for these studies – a MOF 
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knockout cell line. Previous studies in the lab indicated that loss of MOF was not lethal 

in cells in a p53-null background; however, targeting of p53 for knockout in cells was 

quite efficient and could be generated both in an untransformed cell line (RPE1) and a 

breast cancer cell line (MCF-7). Following this, MOF could then be targeted for 

CRISPR/Cas9-mediated knockout. Further study was not performed on this evasion of 

apoptosis by MOF-depleted cells in a p53-null environment; however, this may be an 

interesting phenotype to investigate in the future. 

 

Targeting of MOF was less efficient than p53, but successful knockout was obtained in 

RPE1 cells. Surprisingly, no loss of H4K16ac was observed in MOF knockout cells, 

despite all previous literature on MOF indicating that a loss of MOF is always 

accompanied by a loss of H4K16ac (discussed in Section 4.6). This robust maintenance 

of H4K16ac in MOF knockout cells was not unique to RPE1 cells, as MDA-MB-231 and 

MCF-7 cells, when targeted for MOF knockout in the same manner, all maintained robust 

H4K16ac. This unexpected phenotype may suggest another role for the shorter isoform; 

in Chapter 4, we propose a model whereby the loss of full-length MOF but the 

maintenance of levels of the short isoform keeps H4K16 sites partially occupied, albeit 

by an enzymatically inactive isoform of MOF. Loss of both isoforms of MOF, however, 

may prevent any occupation of H4K16 sites by MSL proteins, allowing an alternative 

lysine acetyltransferase to bind to and modify chromatin. Similarly, loss of MSL-1 or 

MSL-2 proteins by CRISPR/Cas9-mediated targeting in RPE1 cells led to a reduction in 

H4K16ac, likely due to perturbation of the MSL complex but not it’s absence from H4K16 

sites. More refined methods may need to be employed to identify what acetyltransferase 

can maintain H4K16ac in the absence of MOF, such as ChIP-seq; however, preliminary 

data based on RNAi followed by western blotting suggest that the other MYST proteins, 

of which MOF is a member, may be involved in H4K16ac.  

 

The same CRISPR/Cas9-mediated strategy was used for MOF knockout in breast cancer 

cells, with the goal of investigating what effect a loss of MOF has on tumour cell 

transformation. Targeting was considerably less efficient in cancer cells, with only one 
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positive clone being obtained in both cell lines targeted. While the original strategy 

knocked out MOF expression in MDA-MB-231 cells, this was perhaps a poor choice of 

model given the already highly transformed nature of wild type MDA-MB-231 cells. 

These cells are aneuploid, highly motile (Bailey et al., 2012), metastatic (Perou, Sorlie, et 

al., 2000), and are already partially post-EMT (Thompson et al., 1992); indeed, e-cadherin 

protein was undetectable in our MDA-MB-231 cells. Attempting to observe and track cell 

transformation in these cells is therefore very difficult. Instead, we adapted to using a less 

transformed breast cancer cell line – MCF-7. While these cells are also aneuploid (Lee et 

al., 2002) and were derived from a metastatic site, they are far less transformed than 

MDA-MB-231 cells, as they lack the multiple oncogenic mutations which are present in 

MDA-MB-231 (Bamford et al., 2004). These cells also display normal e-cadherin staining 

and are not undergoing the EMT, and were derived from a breast cancer of the Luminal 

A subtype, the breast cancer with the most favourable prognosis and best response to 

therapy in patients (Voduc et al., 2010; Parise and Caggiano, 2014). Unfortunately, a 

complete knockout could not be generated in MCF-7 cells. One clone which did appear 

to have successful knockout of MOF was later found to be expressing very low levels of 

MOF (~8% of wild type), perhaps due to an in-frame deletion. Sequencing of the Exon 1 

locus of KAT8 in knockout cells was unfortunately unsuccessful within the timeframe of 

these studies but will be attempted again before publication of these data. Nonetheless, 

cells maintaining very low levels of MOF still behaved as knockout cells, i.e. H4K16ac 

was unaffected as in other knockouts, and so experiments continued using this clone. A 

number of phenotypes were observed following MOF knockout: firstly, proliferation rates 

were slowed in MCF-7 MOF knockout cells, but this was not due to a cell cycle defect. 

As expected, this slowed growth also led to slowed motility in migration assays. However, 

an adhesion assay revealed that adhesion was severely decreased in MOF knockout cells, 

perhaps explaining their slowed growth. This decrease in adhesion is a key feature of a 

metastatic transformation in tumour cells, as they detach from the basement membrane 

and become able to travel to distant sites; however, this is usually associated with an 

increase in motility (Gupta and Massagué, 2006). Another seemingly disparate result was 

observed when tracking the EMT in MCF-7 MOF knockout cells: while e-cadherin 

localisation was greatly perturbed in these cells, as observed by immunofluorescence 
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microscopy, this was not accompanied by the loss of e-cadherin and the upregulation of 

mesenchymal markers which is characteristic of the EMT (Thiery et al., 2017). Indeed, 

MCF-7 MOF knockout cells grew very poorly in culture. As discussed in Chapter 5 and 

Appendix E, a 3-D tumour spheroid model may be much more relevant in this case to 

determine what these phenotypes are telling us, and whether this loss of MOF is indeed 

increasing the metastatic and invasive potential of cells. Secondly, this knockout model 

does not recreate faithfully the in vivo phenotype of a loss of MOF in cancer, which is 

associated with a loss of H4K16ac as well as MOF. Knockdown of MOF by siRNA, or 

shRNA for a more sustained knockdown, may be more relevant for studying the role that 

the loss of these proteins and modifications has on the tumour cell.  

 

Finally, a BioID screen was performed to investigate the MOF interactome. BioID, a 

system which biotinylates proteins proximal to an expressed MOF-BirA* fusion protein, 

was performed under a variety of cell conditions, including after DNA damage and 

following the incubation of cells in cancer-conditioned media. Affinity purification 

following by mass spectrometry identification revealed a list of ~200 proteins per 

condition. Few conclusions can be drawn from this dataset as of yet as considerable 

further validation is required, especially between different cellular conditions. However, 

the legitimacy of the data is boosted by a number of observations: firstly, the number of 

known interactors which were detected as having the highest fold change versus control 

datasets; within the 45 most enriched proteins, known MOF interactors MSL1, MSL2, 

MSL3, KANSL1, KANSL2, KANSL3, SIRT1, and TET1 were all identified. Secondly, some 

basic gene ontology analysis with the list of detected proteins show that, as expected, 

proteins were by far the most enriched for functions in transcription and other known 

MOF functions such as DNA repair. Some validation of novel interactors of MOF which 

appeared the most enriched in the generated dataset will be of interest in the future; for 

example, claspin, which has not been reported to interact with MOF, was one of the 

proteins with the highest fold change compared to controls, with a 120-fold upregulation. 

A lysine acetylation site has been identified on claspin (Choudhary et al., 2009); this may 

be a site of interaction between MOF and claspin. As BioID can identify weak or transient 
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interactions, extra validation may be required of novel interactors to first identify the 

nature of the interaction between the identified protein and MOF. Gene ontology also 

identified some potential novel roles for MOF, such as mRNA and rRNA processing, and 

a potential role in sister chromatid cohesion. These will require extensive investigation 

before they can be confirmed. Similarly, little analysis of the change in protein expression 

levels in different conditions has been performed as of yet. It will be of interest to detect 

proteins which are upregulated in response to DNA damage. However, the role of MOF 

in the DNA damage response is well characterised, as discussed in the introduction 

(Section 1.2.3.2). Therefore, it may be of more interest to analyse the dataset in which 

cells were incubated in cancer-conditioned media to simulate the tumour 

microenvironment. Analysis of these data may indicate whether or not MOF has an as-

yet unreported tumour suppressive function which, when lost, may confer oncogenic 

potential to the cell. Undoubtedly, there is much yet to uncover in the BioID dataset. 

 

A complete picture of the role of MOF in such a complex disease as cancer is yet to be 

painted, but these data may help contribute some molecular mechanisms behind cancer 

progression and MOF’s role therein. As well as this, several results along the way have 

enhanced our knowledge not just of the role of MOF in the tumour, but the role of MOF 

in the untransformed cell. 
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Table A-1: Primers used in this study 

Primer Sequence (5’ to 3’) Source Tm (oC) 
3’ RACE adapter GCGAGCACAGAATTAATACGACTCACTATAGGT12VN FirstChoice RLM RACE kit - 
3’ RACE outer GSP GCGAGCACAGAATTAATACGACT Sigma 56.1 
3’ RACE outer primer GGTGGAGATCGGAGAAACGTA FirstChoice RLM RACE kit 58.5 
3’RACE inner GSP ATCGGAGAAACGTACCTGTGC Sigma 60.0 
3’ RACE inner primer ATTAATACGACTCACTATAGG Sigma 70.5 
MOF_Ex6_FW AGATCTACCGCAAGAGCAACA Sigma 63.8 
MOF_Ex7_RV CAGCAGACACAGGTTCTGACA Sigma 64.3 
MOF_Ex3_RV CCGGTTCTTGTCTACCCACT Sigma 57.5 
MOF_Ex1_FW GAGAAGTACCTGAGCGAGCT Sigma 54.9 
MOF_RI3_RV CTATGGTTTTGGCACTGGGG Sigma 61.1 
MOF_shortiso_RV CCGTGGATGGGAGGGAT Sigma 67.1 
MOF_20kDacloning+KpnI GTTCAGGTACCATATTCTATGGTTTTGGCACTGGGG Sigma 77.2 
MRPL19_FW ACGAGATGCCCTTCCTGAAT Sigma 64.8 
MRPL19_RV GGCTGATTCCACTTCTGAGC Sigma 63.9 
PPIA_FW AGGGTTCCTGCTTTCACAGA Sigma 63.8 
PPIA_RV CTTGCCACCAGTGCCATTAT Sigma 64.8 
MOFgRNA_Exon1a_FW CACCGGCGGCACAGGGAGCTGCTG Sigma 83.9 
MOFgRNA_Exon1a_RV AAACCAGCAGCTCCCTGTGCCGCC Sigma 79.7 
MOFgRNA_Exon1b_FW CACC GACTTCAGGGGTCGCGGGGG Sigma 83.0 
MOFgRNA_Exon1b_RV AAACCCCCCGCGACCCCTGAAGTC Sigma 79.0 
MOFgRNA_Exon2_FW CACCGTCTCGAGTGAACGACCAGG Sigma 74.8 
MOFgRNA_Exon2_RV AAACCCTGGTCGTTCACTCGAGAC Sigma 70.4 
px330seq_FW GGCCTATTTCCCATGATTCC Lowndes lab, CCB 52.4 
MOF_preUTR_FW GATCAAGACTATCCTGGACAACATGG Sigma 59.2 
MOF_Exon1_RV GTGTATCCTCGCCGGCACAG Sigma 57.0 
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MOF_K274R_FW CAAGCTTTTCCTGGACCATAGGACACTGTACTTTGACGTG Eurogentec 62.5 
MOF_K274R_RV CACGTCAAAGTACAGTGTCCTATGGTCCAGGAAAAGCTTG Eurogentec 62.5 
β-actin_gDNA_FW TCACCCACACTGTGCCCATCTACGA Sigma 75.2 
β-actin_gDNA_RV CAGCGGAACCGCTCATTGCCAATGG Sigma 80.1 
MOF_BirAHA_FW ATTGCTAGCATGGCGGCACAGGGAGCT Sigma 79.5 
MOF_BirAHA_RV ACGCAATTGCTTCTTGGAGAGCTTGAC Sigma 73.1 
MOFBirAHA_pcDNA5_FW TTAATTCTTAAGATGGCGGCACAGGGAGCT Sigma 74.7 
MOFBirAHA_pcDNA5_RV ATTTATGGTACCCTATGCGTAATCCGGTACAT Sigma 77.2 
BirAHA_pcDNA5_FW ATAAAGCTTATTGATCCAAGGACAACACCGT Sigma 71.2 
p53gRNA_Exon4a_FW CACCTGAAGCTCCCAGAATGCCAG Sigma 73.6 
p53gRNA_Exon4a_RV AAACCTGGCATTCTGGGAGCTTCA Sigma 72.3 
p53gRNA_Exon4b_FW CACCGCCAGAGGCTGCTCCCCCC Sigma 79.1 
p53gRNA_Exon4b_RV AAACCGGGGGGAGCAGCCTCGG Sigma 70.8 
p53gRNA_Exon5_FW CACCGCAGTCACAGCACATGACG Sigma 62.5 
p53gRNA_Exon5_RV AAACCCGTCATGTGCTGTGACTG Sigma 54.1 
p53Exon2_FW_EcoRV CCATGGGACTGACTTTCTGC Sigma 64.7 
p53Exon4_RV_NheI GCTGGGACTATAGGTGTGCA Sigma 62.7 
Tip60XhoI_eGFP-N1_FW ATCTCTCGAGATATTATGGCGGAGGTGGTGAGTCCGG Sigma 81.6 
Tip60EcoRI_eGFP-N1_RV ATCTGAATTCATTATCCACTTCCCCCTCTTGCTCCAG Sigma 78.5 
Tip60_qPCR_FW TGTAAGGGCTTCCACATCGTG Sigma 67.1 
Tip60_qPCR_RV TTGATGGTGATCTGTGGCCT Sigma 65.6 
ECadherin_qPCR_FW GAAAACAGCAAAGGGCTTGGATT Sigma 68.0 
ECadherin_qPCR_RV CTCAGCCCGAGTGGAAATGG Sigma 69.1 
NCadherin_qPCR_FW CGTCTGTAGAGGCTTCTGGT Sigma 61.1 
NCadherin_qPCR_RV TGCTGACTCCTTCACTGACT Sigma 60.3 
NCadherin_qPCR_FW AGGCTTCTGGTGAAATCGCA Eurogentec 60.0 
NCadherin_qPCR_RV TGCAGTTGCTAAACTTCACATTG Eurogentec 46.0 
Snai1_qPCR_FW AATCCAGAGTTTACCTTCCAGCA Sigma 64.8 
Snai1_qPCR_RV TGGCTTCGGATGTGCATCTT Sigma 67.9 
Snai1_qPCR_FW GGACCCACACTGGCGAGAAG Eurogentec 66.0 
Snai1_qPCR_RV GACATTCGGGAGAAGGTCCG Eurogentec 64.0 
Slug_qPCR_FW ACTGGACACACATACAGTGATT Sigma 58.4 
Slug_qPCR_RV CTTCAATGGCATGGGGGTCT Sigma 68.2 
Zeb1_qPCR_FW TGCTGGGAGGATGACAGAAA Sigma 65.8 
Zeb1_qPCR_RV GTGTAACTGCACAGGGAGCA Sigma 64.0 
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Zeb1_qPCR_FW TGTGGTAGAAACAAATTCAGATTCA Eurogentec 46.0 
Zeb1_qPCR_RV GCCCTTCCTTTCCTGTGTCA Eurogentec 62.0 
KAT6a_qPCR_FW GGTACTCCTCCCCATATCCTC Sigma 62.4 
KAT6a_qPCR_RV TTTCTGTAAATCTCATTGGCAGG Sigma 63.9 
KAT6b_qPCR_FW AACGGAGAGACAGCTTCGAT Sigma 62.9 
KAT6b_qPCR_RV AGTCATACTCGCTTGTCAGGT Sigma 60.4 
KAT7_qPCR_FW GTTACTGAAAGACGGACCGC Sigma 63.6 
KAT7_qPCR_RV ACTGCCACAATCTGCACAAG Sigma 64.0 
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Appendix B. Scientific communications 

 

The following posters were presented to communicate this research throughout the course 

of these studies: 

i) A. Meller*, K. Lane*, J. Eykelenboom, L.P. Andrzejewski & S. Rea (2015): Gene 

editing of the MSL complex for functional characterisation. 

o ISCA-Japan – Gene editing, transgenics and stem cells, Dublin, Ireland  

o * = joint first authors 

ii) K. Lane, J. Eykelenboom, L. Conlon, N. O’Donnell & S. Rea (2015): Investigating 

the role of loss of hMOF in breast cancer  

o Biochemical Society Irish Area annual meeting – Protein interactions in 

Biology, Galway, Ireland  

iii) K. Lane, J. Eykelenboom, L. Conlon, N. O’Donnell & S. Rea (2016): Investigating 

the role of loss of hMOF in breast cancer  

o IACR annual meeting, Cork, Ireland  

iv) K. Lane, J. Eykelenboom, N. O’Donnell, A. Meller & S. Rea (2017): Role of hMOF 

in increased metastatic potential of breast cancer cells by inducing the epithelial-to-

mesenchymal transition. 

o CCB-IFOM 2nd Symposium, NUI Galway, Ireland 

v) K. Lane, J. Eykelenboom, N. O’Donnell, A. Meller & S. Rea (2017): Role of hMOF 

in increased metastatic potential of breast cancer cells by inducing the epithelial-to-

mesenchymal transition. 

o IACR (Irish Association for Cancer Research) annual meeting, Kilkenny, 

Ireland 

vi) K. Lane, J. Eykelenboom, N. O’Donnell, A. Meller & S. Rea (2017): Loss of the 

histone acetyltransferase hMOF leads to increased invasive and metastatic potential 

of breast cancer cells. 

o EMBO Chromatin and Epigenetics conference, Heidelberg, Germany 
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d) March 2016: EACR (European Association for Cancer Research) Travel Fellowship 

e) May 2015: NUI Galway Thomas Crawford Hayes Trust Research Award 

 

 



 

D-1 
 

Appendix D. Disordered growth in MCF-7 TP53-/-KAT8-/- cells 



Appendix D – Disordered growth in MCF-7 in TP53-/-KAT8-/- cells 

D-2 
 

 

Figure D.1: E-cadherin localisation and normal cell morphology are perturbed in MCF-7 TP53-/-KAT8-/- 
cells. (a) MCF-7 wild type (WT) cells exhibit robust e-cadherin staining at cell membranes and at 
intracellular contacts, as expected. (b) MCF-7 TP53-/- cells show decreased or absent e-cadherin at the cell 
membrane. (c) MCF-7 TP53-/-KAT8-/- cells show severely dysregulated e-cadherin localisation. There is no 
detectable e-cadherin at cell membranes; in fact, in some cases, there appears to be nuclear localisation of 
e-cadherin. There are also few detectable cell-cell contacts, disorganised growth pattern of cells, and a 
change in cell morphology. Representative images were taken from three independent experiments. Scale 
bar corresponds to 10µm. 
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Appendix E. 3-D culture of cancer cell spheroids 

 

As discussed in Chapter 5 (Section 5.4), 3-D culture of cells has many advantages over 2-

D culture, as it more realistically recreates an in vivo cell environment. Therefore, we 

commenced establishing 3-D culture spheroids of cells in the lab using magnetic 

levitation. Original methods to establish 3-D cultures required substrates such as polymer 

scaffolds (Cuchiara et al., 2010; Nirmalanandhan et al., 2010) or embedding of spheroids 

in Matrigel™, a basement membrane extract from mouse (reviewed in Benton et al., 

2014). However, these methods take an extended period of time to establish spheroids and 

cell-cell interactions, have a fixed chemical composition, and size limitations (Petersen et 

al., 1992; Cunha et al., 2011). With magnetic levitation, cell spheroids are not limited by 

interaction with a substrate; instead, a magnetic nanoparticle assembly comprising gold 

nanoparticles, iron oxide and cell-adhesive peptide sequences is delivered to cells in 2D 

culture (Haisler et al., 2013). The nanoscale of these particles allows them to cross cell 

membranes unimpeded, rendering the cells magnetic (Figure E.1a-c). Introduction of a 

magnet into the cell culture dish then induces levitation of the cells and spontaneous 

formation of a tumour-like spheroid by cells (Haisler et al., 2013; Figure E.1a and Figure 

E.1d).  

 

There are numerous advantages to this technique over previous methods. Magnetic 

levitation allows the co-culture of both extracellular matrix (ECM) components with 

cancer cells without the addition of a scaffold to provide these components artificially, 

recreating an in vivo tumour more faithfully, given that up to 80% of a tumour is formed 

by the tumour stroma (Downey et al., 2014). Co-culture of fibroblasts and cancer cells 

leads to spontaneous formation of a ‘core’ of tumour cells surrounded by a fibrotic 

capsule, which can produce ECM proteins such as collagen and vimentin without the need 

for a scaffold (Jaganathan et al., 2014). This method is also quicker than previous 

methods, allowing the formation of spheroids within 24 hours rather than 7 days with a 

Matrigel spheroid method, and spheroids can be cultured for considerably longer; 

magnetically levitated spheroids have been cultured successfully for 12 weeks, and 
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culture was only ceased at the 12-week timepoint due to the experiment ending (Haisler 

et al., 2013). Additionally, spheroids are not as limited by size restrictions – spheroids 

generated by magnetic levitation can reach mm2 diameters, rather than µm2 diameters 

with previous methods (Morales and Alpaugh, 2009). 
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Figure E.1: Generation of 3-D cell spheroids. (a) Schematic indicating the protocol for generating spheroids 
by magnetic levitation. Magnetic nanoparticles are added to monolayer cells in culture. After trypsinisation 
of cells, a magnet is applied and cells remain suspended in culture medium. Cells spontaneously form 
spheroids at the liquid/air interface which can grow and be cultured long-term. (b) hTERT-BJ cells stably 
expressing H2B-GFP or (c) MDA-MB-231 breast cancer cells at 70-80% confluency in 2-D culture (left 
panels) were incubated with Nanoshuttles™ magnetic nanoparticles overnight (right panels). Successful 
integration of particles can be visualised by observing scattered brown particles within cells. (d) Magnetised 
hTERT-BJ and MDA-MB-231 cells were trypsinised, mixed, and levitated by addition of the appropriate 
magnet into the culture well. Cells were incubated for 10 days, with culture medium being replaced added 
every 3 days. Successful spheroid generation was observed by brightfield microscopy.  
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The protocol for generating spheroids by magnetic levitation has been published (Haisler 

et al., 2013). This protocol recommends fixation and staining of slices from the tumour-

like spheroid for visualisation purposes. However, we wished to look at the spheroid as a 

whole, to enable quantification of migration from the tumour-like core; therefore, this 

method was sub-optimal. Alternatively, the addition of CellTracker™ dyes allows the 

uptake of a dye into cells which can be imaged by immunofluorescence without the need 

to fix and stain cells. This method is also flawed, as dyes only last in cells for 2-3 days 

before degradation (typically 3-6 population doublings). As we wished to study 

transformation of cells over time, a longer culture time was needed. We therefore decided 

to use cell lines stably expressing fluorescent markers, allowing visualisation of the cells 

at much later timepoints. Not only this, but cells expressing fluorescent markers would 

also enable live-cell imaging of tumour growth and cell migration. Immortalised BJ cells 

stably expressing GFP-tagged Histone H2B (hTERT-BJ_H2B-GFP) were obtained from 

the Agami lab (National Cancer Institute, Netherlands). Immunofluorescence microscopy 

showed pan-nuclear green fluorescence in hTERT-BJ_H2B-GFP (Figure E.2a). While 

this fluorescence was not clonal, i.e. not all cells expressed GFP, and cells expressing GFP 

did not express it at the same level, flow cytometry analyses indicated that an average of 

67% of cells were positive for GFP expression (Figure E.2b and Figure E.2c), and this did 

not decrease with subsequent culturing and population doublings (data not shown). MDA-

MB-231 cells and MCF-7 cells were both transfected as per protocol for stable expression 

mCherry-tubulin. However, no surviving clones were obtained. Transient transfection of 

mCherry-tubulin into MDA-MB-231, MCF-7 and HeLa cells showed successful 

expression of mCherry-tubulin in cells (HeLa cells shown in Figure E.2d below); 

however, repeated attempts at establishing stable cell lines were unsuccessful. 

Unfortunately, due to time constraints, this prevented our ability to complete this 

experiment. Successful generation of spheroids in culture (Figure E.1d), however, 

indicates that this protocol may be useful for 3-D culture protocols in future studies. 
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Figure E.2: Establishing cell lines stably expressing fluorescent markers. (a) hTERT-BJ_H2B-GFP cells 
and BJ wild type cells were seeded, fixed and stained for GFP with the appropriate antibody, as per protocol. 
Cells were also stained for DNA using Hoechst dye. Cells were imaged at 100x, scale bar corresponds to 
10µm. (b) hTERT-BJ_H2B-GFP cells and BJ wild type cells were fixed for flow cytometry analyses of 
GFP expression. Single, live cells were first gated to exclude doublets and cell debris (not shown). BJ wild 
type cells were then used to gate out the non-GFP-expressing population, shown as a peak on the top left 
panel. The GFP-positive population could then be identified in hTERT-BJ_H2B-GFP cells. (c) 
Quantification of the proportion of GFP-positive cells in the hTERT-BJ_H2B-GFP population. Data 
represents GFP positive (+ve) and negative (-ve) cells as a population of the total live singlet population + 
SD. Data shown are from three independent experiments. (d) HeLa cells were non-transfected (‘NT’) or 
transfected with mCherry-tubulin (‘HeLa mCh-tub’). 24 hours post-transfection cells were fixed and stained 
for DNA with Hoechst dye. Fluorescence was detected at 594nm to identify mCherry-tubulin-transfected 
cells. Scale bar corresponds to 10µm. 
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Appendix F. BioID data 

 

The following tables outline the proteins identified by mass spectrometry in the BioID 

studies (Chapter 6). As discussed in the chapter, the significance of interactions is ranked 

based on the protein detection level fold change (‘Fold Change’) versus levels in control 

experiments, i.e. BirA*-only controls and CRAPome datasets. Altogether, each identified 

protein was compared with 15-25 control datasets to determine whether their detection 

was MOF-dependent. The protein pulled down (‘Prey’) is listed, as well as it’s 

corresponding gene (‘Prey Gene’). The average spectral count from two biological 

replicates is shown (‘AvgSpec’), indicating how abundant the interacting protein was in 

the mass spectrometry results, and the false discovery rate (FDR) is also listed as a 

measure the probability that the detected protein is a true interactor. Proteins with a FDR 

> 0.05 were excluded from the results herein. Proteins shown in bold in each table have a 

spectral count higher than 20.  
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Table F-1: Proteins identified as MOF interactors by BioID under normal conditions. 

Prey PreyGene AvgSpec FoldChange FDR 
NP_001180395 KANSL1 57.5 575 0 
NP_523353 MSL3 42.5 425 0 
NP_001012241 MSL1 28.5 285 0 
XP_003403527 CIC 18 180 0 
NP_071394 CLSPN 12 120 0 
NP_001073919 BEND3 12 120 0 
NP_055542 KMT2B 11.5 115 0 
NP_001108488 KANSL3 10.5 105 0 
NP_001070152 UBTF 9 90 0 
NP_001129206 ZNF384 9 90 0 
NP_060603 MSL2 8.5 85 0 
NP_000050 BRCA2 6.5 65 0 
NP_001131140 CASP8AP2 6.5 65 0 
NP_054828 ATAD2 6 60 0 
NP_057102 PHF20L1 5.5 55 0 
NP_060022 ATAD2B 5.5 55 0 
NP_036363 PRDM2 5 50 0 
NP_055524 USP34 5 50 0 
NP_055861 SETX 5 50 0 
NP_005654 NELFA 18 45 0 
NP_038478 BAZ2B 4.5 45 0 
NP_001099009 ZBTB10 4.5 45 0 
NP_689759 SRFBP1 4.5 45 0 
NP_055640 URB1 17 42.5 0 
NP_003694 NOP14 8 40 0 
NP_000312 RB1 4 40 0 
NP_937987 E2F6 4 40 0 
NP_060292 KANSL2 4 40 0 
NP_001106178 TLK2 4 40 0 
NP_003161 SUPT6H 10.5 35 0 
NP_009231 BRCA1 10.5 35 0 
NP_071386 ZNF667 3.5 35 0 
NP_443089 ZNF830 3.5 35 0 
NP_085128 TET1 3.5 35 0 
NP_071918 ZNF106 3.5 35 0 
NP_036370 SIRT1 3.5 35 0 
NP_001032622 GON4L 3.5 35 0 
NP_005768 RBM6 3.5 35 0 
NP_001104490 SUPT5H 18 30 0 
NP_008958 TOPBP1 3 30 0 
NP_001251503 KIF18B 3 30 0 
NP_068838 ZNF711 3 30 0 
NP_001180481 ZNF850 3 30 0 
NP_055830 KDM4B 3 30 0 
NP_056467 C10orf12 3 30 0 
NP_115871 DOT1L 8.5 28.33 0 
NP_006653 SRCAP 5.5 27.5 0 
NP_689706 ZNF362 8 26.67 0 
NP_071900 NSD1 20.5 25.62 0 
NP_003473 KMT2D 5 25 0 
NP_037367 DROSHA 5 25 0 
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Prey PreyGene AvgSpec FoldChange FDR 
NP_001136049 ZNF780A 2.5 25 0 
NP_005925 MLLT1 2.5 25 0 
NP_852150 ZGPAT 2.5 25 0 
NP_038460 TONSL 2.5 25 0 
NP_055458 ZNF516 2.5 25 0 
NP_057279 KIF20B 17 24.29 0 
NP_000544 WRN 9.5 23.75 0 
NP_055816 SPEN 94.5 22.5 0 
NP_031393 RALY 2 20 0 
NP_065798 ZNF608 2 20 0 
NP_060585 SDAD1 2 20 0 
NP_775840 UBN2 2 20 0 
NP_872620 GPATCH4 13 18.57 0 
NP_055448 CTR9 5.5 18.33 0 
NP_001191354 BIVM-ERCC5 5.5 18.33 0 
NP_004229 TRIP12 3.5 17.5 0.01 
NP_680480 PPIL2 3.5 17.5 0 
NP_958357 ZNF644 8.5 17 0 
NP_001120793 CBX5 6.5 16.25 0 
NP_001153518 SGOL2 6.5 16.25 0 
NP_116020 NP_116020 11 15.71 0 
NP_001121901 SMARCAD1 6 15 0 
NP_055791 PDCD11 4.5 15 0.01 
NP_003428 ZNF136 4.5 15 0 
NP_919258 LIN54 3 15 0.01 
NP_945327 NELFCD 23.5 14.69 0 
NP_004636 COIL 19 13.57 0 
NP_932343 C1orf52 8 13.33 0 
NP_005474 CHAF1A 4 13.33 0.01 
NP_055756 MORC2 4 13.33 0 
NP_659419 ZFC3H1 6.5 13 0 
NP_001171825 PHF8 9 12.86 0 
NP_001164633 ZMYM3 10 12.5 0 
NP_001161816 RREB1 7.5 12.5 0 
NP_054722 DHX38 5 12.5 0 
NP_078930 NOL9 5 12.5 0 
NP_689647 CWF19L2 2.5 12.5 0.01 
NP_060988 MCM10 2.5 12.5 0.01 
NP_004690 FAM50A 8.5 12.14 0 
NP_001002909 GPATCH8 8.5 12.14 0 
NP_006302 NCOR1 24 12 0 
NP_079133 ATAD5 10.5 11.67 0 
NP_003963 BTAF1 3.5 11.67 0.02 
NP_001059 TOP2B 34 11.33 0 
NP_067051 SCAF1 9 11.25 0 
NP_060758 PHF10 4.5 11.25 0.01 
NP_001261 CHD1 11 11 0 
NP_112483 LAS1L 5.5 11 0 
NP_689948 ZBTB9 17.5 10.94 0 
NP_006256 RAD21 15 10.71 0 
NP_055568 BMS1 16.5 10.31 0.01 
NP_003423 ZNF131 8 10 0 
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Prey PreyGene AvgSpec FoldChange FDR 
NP_004505 FOXK2 6 10 0 
NP_001078956 MYSM1 5 10 0.01 
NP_001243111 ANKRD11 5 10 0.01 
NP_001107590 C17orf85 3 10 0.02 
NP_036553 RLF 3 10 0.01 
NP_075044 BCL11A 2 10 0.03 
NP_055836 ZNF292 2 10 0.03 
NP_597677 NIPBL 16.5 9.71 0 
NP_109590 RAI1 14.5 9.67 0 
NP_060216 TEX10 8.5 9.44 0 
NP_001164100 CHD8 82.5 9.38 0 
NP_005086 ZMYM4 18.5 9.25 0 
NP_001157745 MGA 38.5 9.17 0 
NP_055953 RTF1 11 9.17 0 
NP_036473 GTPBP4 13.5 9 0 
NP_056969 PCF11 4.5 9 0.01 
NP_004597 TAF1 16 8.89 0 
NP_001177255 DGCR8 8 8.89 0 
NP_060533 HELLS 7 8.75 0 
NP_006288 XRCC1 3.5 8.75 0.03 
NP_056990 TRIM33 6 8.57 0 
NP_004932 DHX8 7.5 8.33 0 
NP_976033 RP9 5 8.33 0.02 
NP_008896 ZNF24 2.5 8.33 0.03 
NP_005446 ZRANB2 2.5 8.33 0.03 
NP_060544 CCDC94 2.5 8.33 0.03 
NP_002457 MYBL2 2.5 8.33 0.03 
NP_073210 DGCR14 2.5 8.33 0.03 
NP_038477 BAZ2A 74 8.31 0 
NP_061173 RBBP6 38.5 8.02 0 
NP_006640 UTP14A 16.5 7.86 0 
NP_060542 HEATR1 12.5 7.81 0 
NP_001161086 LEMD3 7.5 7.5 0 
NP_658983 RBM11 6 7.5 0.01 
NP_054878 SETD2 28.5 7.31 0 
NP_055412 DNTTIP2 21 7.24 0 
NP_056224 EP400 16.5 7.17 0 
NP_000048 BLM 16.5 7.17 0 
NP_003137 SSRP1 5 7.14 0.02 
NP_001121615 PMS1 5 7.14 0.01 
NP_114432 BRIP1 24 7.06 0 
NP_597709 RAVER1 3.5 7 0.04 
NP_001008697 TFIP11 47 6.91 0 
NP_060493 YEATS2 36.5 6.89 0 
NP_006416 SLU7 20 6.67 0 
NP_055315 HTATSF1 12 6.67 0.01 
NP_115834 PHF6 4 6.67 0.05 
NP_060252 FAM208B 4 6.67 0.02 
NP_065128 INTS12 4 6.67 0.02 
NP_077005 WDR18 2 6.67 0.04 
NP_002510 NPAT 2 6.67 0.04 
NP_666019 ZSCAN21 2 6.67 0.04 
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Prey PreyGene AvgSpec FoldChange FDR 
NP_001058 TOP2A 76 6.44 0.01 
NP_002936 RPA1 9 6.43 0.01 
NP_055946 WDR43 17.5 6.25 0.01 
NP_060404 PHIP 7.5 6.25 0.02 
NP_001106653 BRD2 5 6.25 0.01 
NP_054831 TRPS1 2.5 6.25 0.04 
NP_002905 RFC2 2.5 6.25 0.04 
NP_150247 PML 2.5 6.25 0.04 
NP_110378 ZEB1 2.5 6.25 0.04 
NP_057733 ESF1 37.5 6.05 0 
NP_624311 PPIL4 11.5 6.05 0 
NP_079048 ZMYM1 6.5 5.91 0.03 
NP_060250 CHD7 16.5 5.89 0 
NP_001177893 ZMYM2 21 5.83 0 
NP_065147 DDX24 7.5 5.77 0 
NP_079170 NOL10 4 5.71 0.02 
NP_478070 FAM207A 5 5.56 0.01 
NP_002524 NVL 12.5 5.43 0 
NP_005751 CEBPZ 9 5.29 0.01 
NP_001511 GTF3C1 20.5 5.26 0 
NP_055984 RRS1 11.5 5.23 0.02 
NP_009123 SUPT16H 12.5 5.21 0 
NP_115553 PHAX 14.5 5.18 0 
NP_852469 TCF20 17.5 5 0.01 
NP_001104262 MECP2 7.5 5 0.03 
NP_061155 ANLN 6 5 0.05 
NP_060903 KDM3A 4 5 0.04 
NP_003843 TRIM24 4 5 0.02 
NP_005928 MLLT6 3.5 5 0.04 
NP_001243804 CDCA8 3.5 5 0.04 
NP_055532 ZNF536 2.5 5 0.05 
NP_064550 RAD18 2.5 5 0.05 
NP_060418 NOL8 18.5 4.87 0.02 
NP_001184033 KMT2A 16.5 4.85 0.02 
NP_001013009 KNOP1 15 4.84 0.01 
NP_065764 ZNF512B 9 4.74 0 
NP_001245237 NOP2 22.5 4.69 0 
NP_001116855 BCOR 26 4.64 0.01 
NP_060649 ATF7IP 6.5 4.64 0.02 
NP_037450 PRRC2B 6 4.62 0.04 
NP_075447 WHSC1L1 6 4.62 0.03 
NP_056386 SENP6 11.5 4.6 0.02 
NP_001036214 STAG2 5 4.55 0.03 
NP_653205 ZC3H18 9.5 4.52 0.03 
NP_057404 NUP98 13.5 4.5 0.03 
NP_733468 CASC5 39 4.38 0.02 
NP_001127945 GSE1 7 4.38 0.04 
NP_036614 ZNF281 25.5 4.32 0 
NP_058633 POLA1 9 4.29 0 
NP_620147 LEO1 3 4.29 0.05 
NP_067064 WIZ 17 4.25 0 
NP_057396 WBP11 8.5 4.25 0.01 
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Prey PreyGene AvgSpec FoldChange FDR 
NP_004450 BPTF 29.5 4.21 0 
NP_005917 MFAP1 17.5 4.17 0.01 
NP_056277 NOL11 7.5 4.17 0.04 
NP_665739 POGZ 16.5 4.12 0 
NP_115517 NSRP1 4.5 4.09 0.04 
NP_065974 ZDBF2 10.5 4.04 0.03 
NP_817092 PPM1G 10.5 4.04 0.01 
NP_037417 GNL2 59.5 3.99 0.01 
NP_001171134 RIF1 59 3.99 0 
NP_003128 SRPK1 11.5 3.97 0.03 
NP_006074 IK 22.5 3.88 0 
NP_036219 GTF3C5 12.5 3.79 0 
NP_060504 WDR70 21 3.75 0.01 
NP_060136 ZNF280C 13.5 3.75 0.05 
NP_055940 CIC 14.5 3.72 0 
NP_055160 ZNF318 59 3.69 0.02 
NP_071384 CXorf56 24 3.69 0.01 
NP_060547 RBM28 5.5 3.67 0.04 
NP_001166958 NKRF 7.5 3.57 0.02 
NP_060255 SPDL1 7.5 3.57 0.02 
NP_055968 PHF3 31 3.48 0.01 
NP_001122316 SMARCA4 18 3.46 0.04 
NP_001188474 RBM15 9 3.33 0.05 
NP_038476 BAZ1A 32 3.3 0 
NP_055983 ZC3H4 17 3.27 0.04 
NP_001074012 CACTIN 11 3.24 0.02 
NP_055456 MDC1 90.5 3.11 0 
NP_000170 MSH6 12 2.93 0.05 
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Table F-2: Proteins identified as MOF interactors by BioID 1 hour after induction of DNA damage by γ-
irradiation. 

Prey PreyGene AvgSpec FoldChange FDR 
NP_001180395 KANSL1 59.5 595 0 
NP_523353 MSL3 44 440 0 
NP_001012241 MSL1 29.5 295 0 
NP_001108488 KANSL3 18.5 185 0 
XP_003403527 CIC 17 170 0 
NP_071394 CLSPN 10.5 105 0 
NP_055542 MLL4 9.5 95 0 
NP_054828 ATAD2 9 90 0 
NP_001129206 ZNF384 9 90 0 
NP_060022 ATAD2B 7.5 75 0 
NP_001073919 BEND3 7.5 75 0 
NP_057102 PHF20L1 7 70 0 
NP_055861 SETX 7 70 0 
NP_001099009 ZBTB10 7 70 0 
NP_055524 USP34 6.5 65 0 
NP_060292 KANSL2 6 60 0 
NP_000050 BRCA2 6 60 0 
NP_060603 MSL2 6 60 0 
NP_006328 MCRS1 5.5 55 0 
NP_001070152 UBTF 5.5 55 0 
NP_005654 NELFA 18 45 0 
NP_937987 E2F6 4.5 45 0 
NP_055640 URB1 17.5 43.75 0 
NP_006653 SRCAP 8.5 42.5 0 
NP_001131140 CASP8AP2 4 40 0 
NP_001165980 SATB2 3.5 35 0 
NP_036370 SIRT1 3.5 35 0 
NP_055458 ZNF516 3.5 35 0 
NP_057520 PHF20 3.5 35 0 
NP_001124482 SATB1 3.5 35 0 
NP_038478 BAZ2B 3.5 35 0 
NP_003694 NOP14 6.5 32.5 0 
NP_689706 ZNF362 9 30 0 
NP_000312 RB1 3 30 0 
NP_003062 HLTF 3 30 0 
NP_065798 ZNF608 3 30 0 
NP_008909 RNF113A 3 30 0 
NP_056467 C10orf12 3 30 0 
NP_775840 UBN2 3 30 0 
NP_001177924 IPO8 3 30 0 
NP_003161 SUPT6H 7.5 25 0 
NP_055791 PDCD11 7.5 25 0 
NP_653324 ZMAT2 2.5 25 0 
NP_065994 CWC22 2.5 25 0 
NP_001106178 TLK2 2.5 25 0 
NP_055816 SPEN 96.5 22.98 0 
NP_004229 TRIP12 4.5 22.5 0 
NP_115871 DOT1L 6.5 21.67 0 
NP_057279 KIF20B 15 21.43 0 
NP_001104490 SUPT5H 12.5 20.83 0 
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Prey PreyGene AvgSpec FoldChange FDR 
NP_071900 NSD1 16 20 0 
NP_009231 BRCA1 6 20 0 
NP_003473 KMT2D 4 20 0.01 
NP_057427 CENPF 2 20 0 
NP_031393 RALY 2 20 0 
NP_055885 ZC3H13 2 20 0 
NP_001165124 ZEB2 2 20 0 
NP_001180481 ZNF850 2 20 0 
NP_055448 CTR9 5.5 18.33 0 
NP_057736 CRNKL1 3.5 17.5 0 
NP_060988 MCM10 3.5 17.5 0 
NP_037367 DROSHA 3.5 17.5 0 
NP_001161816 RREB1 10 16.67 0 
NP_056311 KIAA1429 5 16.67 0 
NP_004636 COIL 23 16.43 0 
NP_872620 GPATCH4 11.5 16.43 0 
NP_001153518 SGOL2 6.5 16.25 0 
NP_112483 LAS1L 8 16 0 
NP_919258 LIN54 3 15 0.01 
NP_945327 NELFCD 23 14.38 0 
NP_001261 CHD1 14 14 0 
NP_000544 WRN 5.5 13.75 0.01 
NP_078930 NOL9 5.5 13.75 0.01 
NP_001120793 CBX5 5.5 13.75 0 
NP_079133 ATAD5 12 13.33 0 
NP_055756 MORC2 4 13.33 0.01 
NP_055568 BMS1 20.5 12.81 0 
NP_055836 ZNF292 2.5 12.5 0.02 
NP_006302 NCOR1 24 12 0 
NP_001059 TOP2B 35.5 11.83 0 
NP_003428 ZNF136 3.5 11.67 0.01 
NP_002457 MYBL2 3.5 11.67 0.01 
NP_742112 CAMK2D 3.5 11.67 0.01 
NP_116020 HDGF2 7.5 10.71 0.01 
NP_689948 ZBTB9 17 10.62 0 
NP_001177255 DGCR8 9 10 0 
NP_932343 C1orf52 6 10 0.01 
NP_958357 ZNF644 5 10 0.02 
NP_005474 CHAF1A 3 10 0.02 
NP_001107590 C17orf85 3 10 0.01 
NP_060544 CCDC94 3 10 0.01 
NP_073210 DGCR14 3 10 0.01 
NP_003394 YY1 2 10 0.03 
NP_001157745 MGA 41.5 9.88 0 
NP_060542 HEATR1 15.5 9.69 0 
NP_036473 GTPBP4 14.5 9.67 0 
NP_060533 HELLS 7.5 9.38 0 
NP_056990 TRIM33 6.5 9.29 0 
NP_060404 PHIP 11 9.17 0.01 
NP_038477 BAZ2A 81 9.1 0 
NP_003423 ZNF131 7 8.75 0.01 
NP_109590 RAI1 12.5 8.33 0 
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Prey PreyGene AvgSpec FoldChange FDR 
NP_005383 PHF2 2.5 8.33 0.03 
NP_001191354 BIVM-ERCC5 2.5 8.33 0.03 
NP_003963 BTAF1 2.5 8.33 0.03 
NP_006256 RAD21 11.5 8.21 0 
NP_001164100 CHD8 71.5 8.12 0 
NP_001164633 ZMYM3 6.5 8.12 0.01 
NP_001243111 ANKRD11 4 8 0.02 
NP_055953 RTF1 9.5 7.92 0 
NP_001171825 PHF8 5.5 7.86 0.01 
NP_060758 PHF10 3 7.5 0.03 
NP_001121901 SMARCAD1 3 7.5 0.02 
NP_060216 TEX10 6.5 7.22 0 
NP_001058 TOP2A 85 7.2 0 
NP_000048 BLM 16.5 7.17 0 
NP_001070729 NCOR2 5 7.14 0.05 
NP_004690 FAM50A 5 7.14 0.01 
NP_054878 SETD2 27 6.92 0 
NP_055412 DNTTIP2 20 6.9 0 
NP_067051 SCAF1 5.5 6.88 0.01 
NP_115517 NSRP1 7.5 6.82 0.03 
NP_001036214 STAG2 7.5 6.82 0 
NP_055946 WDR43 19 6.79 0.01 
NP_597677 NIPBL 11.5 6.76 0 
NP_005086 ZMYM4 13.5 6.75 0.01 
NP_478070 FAM207A 6 6.67 0.02 
NP_008896 ZNF24 2 6.67 0.04 
NP_005398 SALL2 2 6.67 0.04 
NP_056224 EP400 15 6.52 0 
NP_061173 RBBP6 31 6.46 0 
NP_079170 NOL10 4.5 6.43 0.01 
NP_658983 RBM11 5 6.25 0.03 
NP_036440 KDM2A 2.5 6.25 0.04 
NP_054831 TRPS1 2.5 6.25 0.04 
NP_060493 YEATS2 33 6.23 0 
NP_004932 DHX8 5.5 6.11 0.01 
NP_002936 RPA1 8.5 6.07 0.02 
NP_624311 PPIL4 11.5 6.05 0 
NP_001008697 TFIP11 41 6.03 0 
NP_056969 PCF11 3 6 0.04 
NP_001078956 MYSM1 3 6 0.03 
NP_114432 BRIP1 20 5.88 0 
NP_004597 TAF1 10.5 5.83 0.02 
NP_055315 HTATSF1 10.5 5.83 0.02 
NP_060653 SBNO1 7 5.83 0.01 
NP_004505 FOXK2 3.5 5.83 0.03 
NP_065147 DDX24 7.5 5.77 0 
NP_003137 SSRP1 4 5.71 0.04 
NP_001121615 PMS1 4 5.71 0.02 
NP_001127945 GSE1 9 5.62 0.01 
NP_006416 SLU7 16.5 5.5 0 
NP_001161086 LEMD3 5.5 5.5 0.02 
NP_057733 ESF1 34 5.48 0 
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Prey PreyGene AvgSpec FoldChange FDR 
NP_006640 UTP14A 11.5 5.48 0 
NP_057417 SRRM2 75 5.4 0 
NP_001511 GTF3C1 19.5 5 0 
NP_002524 NVL 11.5 5 0 
NP_056277 NOL11 9 5 0.03 
NP_001035784 INCENP 5.5 5 0.01 
NP_001026794 ZNF451 5 5 0.05 
NP_620147 LEO1 3.5 5 0.04 
NP_055186 AKAP8L 3 5 0.05 
NP_976033 RP9 3 5 0.05 
NP_001036783 ELMSAN1 2.5 5 0.05 
NP_001177893 ZMYM2 17.5 4.86 0.01 
NP_065974 ZDBF2 12.5 4.81 0.02 
NP_009123 SUPT16H 11.5 4.79 0.01 
NP_004450 BPTF 33 4.71 0 
NP_001184033 KMT2A 16 4.71 0.01 
NP_001116855 BCOR 26 4.64 0 
NP_075447 WHSC1L1 6 4.62 0.03 
NP_060418 NOL8 17.5 4.61 0.02 
NP_058633 POLA1 9.5 4.52 0.01 
NP_036614 ZNF281 26.5 4.49 0 
NP_733468 CASC5 39.5 4.44 0.02 
NP_001034679 USP9X 4 4.44 0.05 
NP_002262 IPO5 4 4.44 0.04 
NP_079033 EHMT1 7.5 4.41 0.04 
NP_005751 CEBPZ 7.5 4.41 0.01 
NP_056386 SENP6 11 4.4 0.03 
NP_001245237 NOP2 21 4.38 0 
NP_067064 WIZ 17.5 4.38 0 
NP_060250 CHD7 12 4.29 0.01 
NP_057604 C9orf78 3 4.29 0.05 
NP_037417 GNL2 62 4.16 0.01 
NP_115553 PHAX 11.5 4.11 0 
NP_079048 ZMYM1 4.5 4.09 0.05 
NP_001171134 RIF1 60 4.05 0.01 
NP_001013009 KNOP1 12 3.87 0.03 
NP_055984 RRS1 8.5 3.86 0.04 
NP_003633 HAT1 8.5 3.86 0.01 
NP_057396 WBP11 7.5 3.75 0.03 
NP_060504 WDR70 20.5 3.66 0.01 
NP_006074 IK 21 3.62 0.02 
NP_060255 SPDL1 7.5 3.57 0.02 
NP_071384 CXorf56 23 3.54 0 
NP_665739 POGZ 14 3.5 0 
NP_005917 MFAP1 14.5 3.45 0.04 
NP_036219 GTF3C5 11 3.33 0.02 
NP_001166958 NKRF 7 3.33 0.03 
NP_038476 BAZ1A 31.5 3.25 0 
NP_055940 CIC 12 3.08 0.02 
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Table F-3: Proteins identified as MOF interactors by BioID 8 hours after induction of DNA damage by γ-
irradiation. 

Prey PreyGene AvgSpec FoldChange FDR 
NP_001180395 KANSL1 61.33 613.33 0 
NP_523353 MSL3 48 480 0 
NP_001012241 MSL1 30.67 306.67 0 
XP_003403527 CIC 20 200 0 
NP_055542 KMT2B 14.33 143.33 0 
NP_001108488 KANSL3 14 140 0 
NP_071394 CLSPN 10.33 103.33 0 
NP_001070152 UBTF 8.33 83.33 0 
NP_057102 PHF20L1 8 80 0 
NP_001129206 ZNF384 7.67 76.67 0 
NP_005654 NELFA 26.67 66.67 0 
NP_060603 MSL2 6.67 66.67 0 
NP_055524 USP34 5.67 56.67 0 
NP_085128 TET1 5.67 56.67 0 
NP_000050 BRCA2 5.67 56.67 0 
NP_038478 BAZ2B 5.67 56.67 0 
NP_001099009 ZBTB10 5.67 56.67 0 
NP_055861 SETX 5.33 53.33 0 
NP_056140 KIAA0947 5.33 53.33 0 
NP_057427 CENPF 5 50 0 
NP_009231 BRCA1 13 43.33 0 
NP_054828 ATAD2 4.33 43.33 0 
NP_056467 C10orf12 4.33 43.33 0 
NP_003694 NOP14 8.33 41.67 0 
NP_937987 E2F6 4 40 0 
NP_005768 RBM6 4 40 0 
NP_001165124 ZEB2 4 40 0 
NP_001131140 CASP8AP2 4 40 0 
NP_055458 ZNF516 3.67 36.67 0 
NP_653324 ZMAT2 3.67 36.67 0 
NP_001153518 SGOL2 13.33 33.33 0 
NP_036363 PRDM2 3.33 33.33 0 
NP_443089 ZNF830 3.33 33.33 0 
NP_775840 UBN2 3.33 33.33 0 
NP_065770 PRR12 3.33 33.33 0 
NP_057279 KIF20B 22.67 32.38 0 
NP_115871 DOT1L 9.67 32.22 0 
NP_001104490 SUPT5H 18.33 30.56 0 
NP_003161 SUPT6H 9 30 0 
NP_057520 PHF20 3 30 0 
NP_001251503 KIF18B 3 30 0 
NP_071900 NSD1 23.33 29.17 0 
NP_006653 SRCAP 5.67 28.33 0 
NP_689706 ZNF362 8.33 27.78 0 
NP_001161816 RREB1 15.33 25.56 0 
NP_055816 SPEN 101.67 24.21 0 
NP_919258 LIN54 4.67 23.33 0.02 
NP_067047 ZNF462 2.33 23.33 0.01 
NP_958357 ZNF644 10 20 0.01 
NP_005474 CHAF1A 6 20 0 
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Prey PreyGene AvgSpec FoldChange FDR 
NP_001191354 BIVM-ERCC5 6 20 0.01 
NP_057510 GTSE1 4 20 0 
NP_060988 MCM10 4 20 0.01 
NP_008816 ZFHX3 2 20 0.01 
NP_116020 HDGF2 13 18.57 0 
NP_000544 WRN 7 17.5 0 
NP_002457 MYBL2 5 16.67 0 
NP_055448 CTR9 5 16.67 0.01 
NP_002510 NPAT 4.67 15.56 0 
NP_004636 COIL 21.33 15.24 0 
NP_945327 NELFCD 24.33 15.21 0 
NP_872620 GPATCH4 10.33 14.76 0 
NP_079133 ATAD5 12.67 14.07 0 
NP_001243111 ANKRD11 7 14 0.03 
NP_067051 SCAF1 11 13.75 0 
NP_001261 CHD1 13.33 13.33 0 
NP_659419 ZFC3H1 6.67 13.33 0 
NP_056969 PCF11 6.67 13.33 0 
NP_036553 RLF 4 13.33 0 
NP_001107590 C17orf85 4 13.33 0.01 
NP_003473 KMT2D 2.67 13.33 0.01 
NP_006256 RAD21 17.67 12.62 0 
NP_054722 DHX38 5 12.5 0.01 
NP_001002909 GPATCH8 8.67 12.38 0.02 
NP_001059 TOP2B 37 12.33 0 
NP_001161086 LEMD3 12.33 12.33 0 
NP_005383 PHF2 3.67 12.22 0.01 
NP_005446 ZRANB2 3.67 12.22 0.02 
NP_001164633 ZMYM3 9.67 12.08 0 
NP_001157745 MGA 50.67 12.06 0 
NP_006302 NCOR1 24 12 0 
NP_061155 ANLN 14.33 11.94 0.01 
NP_057736 CRNKL1 2.33 11.67 0.02 
NP_004229 TRIP12 2.33 11.67 0.02 
NP_001171825 PHF8 8 11.43 0.01 
NP_932343 C1orf52 6.67 11.11 0.01 
NP_055568 BMS1 17.67 11.04 0 
NP_038477 BAZ2A 97.67 10.97 0 
NP_060216 TEX10 9.67 10.74 0 
NP_001164100 CHD8 94.33 10.72 0 
NP_689948 ZBTB9 17 10.62 0 
NP_004932 DHX8 9 10 0 
NP_060533 HELLS 8 10 0 
NP_056311 KIAA1429 3 10 0.01 
NP_073210 DGCR14 3 10 0.02 
NP_001106653 BRD2 7.67 9.58 0 
NP_004690 FAM50A 6.67 9.52 0 
NP_000048 BLM 21.67 9.42 0 
NP_597677 NIPBL 15.67 9.22 0 
NP_001121901 SMARCAD1 3.67 9.17 0.02 
NP_110378 ZEB1 3.67 9.17 0.04 
NP_036473 GTPBP4 13.67 9.11 0 
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Prey PreyGene AvgSpec FoldChange FDR 
NP_109590 RAI1 13.67 9.11 0.01 
NP_055315 HTATSF1 16.33 9.07 0 
NP_001177255 DGCR8 8 8.89 0 
NP_060544 CCDC94 2.67 8.89 0.03 
NP_658983 RBM11 7 8.75 0.01 
NP_005086 ZMYM4 17.33 8.67 0 
NP_001078956 MYSM1 4.33 8.67 0.01 
NP_597709 RAVER1 4.33 8.67 0.01 
NP_620147 LEO1 6 8.57 0 
NP_055953 RTF1 10 8.33 0 
NP_001026794 ZNF451 8.33 8.33 0 
NP_005769 RBM5 3.33 8.33 0.01 
NP_001036214 STAG2 9 8.18 0.01 
NP_060542 HEATR1 12.67 7.92 0 
NP_003423 ZNF131 6.33 7.92 0.01 
NP_001035784 INCENP 8.67 7.88 0 
NP_004597 TAF1 14 7.78 0.01 
NP_065974 ZDBF2 20 7.69 0.01 
NP_003137 SSRP1 5.33 7.62 0.04 
NP_001058 TOP2A 88.67 7.51 0 
NP_061173 RBBP6 36 7.5 0 
NP_054831 TRPS1 3 7.5 0.03 
NP_852469 TCF20 25.33 7.24 0.02 
NP_115834 PHF6 4.33 7.22 0.02 
NP_054878 SETD2 28 7.18 0 
NP_060250 CHD7 20 7.14 0.02 
NP_057733 ESF1 43.67 7.04 0 
NP_001008697 TFIP11 47.67 7.01 0 
NP_002936 RPA1 9.67 6.9 0.01 
NP_060493 YEATS2 36.33 6.86 0 
NP_114432 BRIP1 23 6.76 0 
NP_006640 UTP14A 14 6.67 0 
NP_478070 FAM207A 6 6.67 0.01 
NP_112483 LAS1L 3.33 6.67 0.03 
NP_001116855 BCOR 36.33 6.49 0 
NP_001127945 GSE1 10 6.25 0.03 
NP_079170 NOL10 4.33 6.19 0.01 
NP_056990 TRIM33 4.33 6.19 0.02 
NP_001243804 CDCA8 4.33 6.19 0.03 
NP_057396 WBP11 12.33 6.17 0.01 
NP_624311 PPIL4 11.67 6.14 0 
NP_065764 ZNF512B 11.67 6.14 0.02 
NP_055946 WDR43 16.67 5.95 0.01 
NP_060418 NOL8 22.33 5.88 0.01 
NP_003843 TRIM24 4.67 5.83 0.02 
NP_036440 KDM2A 2.33 5.83 0.05 
NP_733468 CASC5 51.67 5.81 0.01 
NP_001511 GTF3C1 22.67 5.81 0.01 
NP_079048 ZMYM1 6.33 5.76 0.03 
NP_001139014 ZSCAN18 6.33 5.76 0.04 
NP_001127835 RBM20 6.33 5.76 0.04 
NP_056386 SENP6 14.33 5.73 0.02 
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Prey PreyGene AvgSpec FoldChange FDR 
NP_001184033 KMT2A 19 5.59 0.01 
NP_060404 PHIP 6.67 5.56 0.04 
NP_065128 INTS12 3.33 5.56 0.03 
NP_055412 DNTTIP2 16 5.52 0.01 
NP_009123 SUPT16H 13 5.42 0 
NP_001104262 MECP2 8 5.33 0.03 
NP_060628 SLC4A1AP 5.33 5.33 0.04 
NP_001177893 ZMYM2 19 5.28 0 
NP_005917 MFAP1 22 5.24 0.01 
NP_004450 BPTF 36 5.14 0 
NP_075447 WHSC1L1 6.67 5.13 0.04 
NP_055984 RRS1 11 5 0.02 
NP_001803 CENPC 7 5 0.05 
NP_001245237 NOP2 23.67 4.93 0 
NP_005751 CEBPZ 8.33 4.9 0.03 
NP_001171134 RIF1 72.33 4.89 0 
NP_116165 JMJD1C 99.33 4.85 0.03 
NP_001013009 KNOP1 15 4.84 0.02 
NP_056224 EP400 11 4.78 0.04 
NP_001121615 PMS1 3.33 4.76 0.04 
NP_817092 PPM1G 12.33 4.74 0.01 
NP_006416 SLU7 14 4.67 0.01 
NP_115553 PHAX 13 4.64 0.05 
NP_002524 NVL 10.67 4.64 0.02 
NP_056277 NOL11 8.33 4.63 0.03 
NP_036614 ZNF281 27 4.58 0 
NP_065883 ZNF687 6.33 4.52 0.05 
NP_057404 NUP98 13.33 4.44 0.02 
NP_058633 POLA1 9.33 4.44 0.01 
NP_055968 PHF3 39.33 4.42 0.02 
NP_067064 WIZ 17.67 4.42 0.03 
NP_055160 ZNF318 69.67 4.35 0.03 
NP_037417 GNL2 64.33 4.32 0.01 
NP_060853 WDR33 10.67 4.27 0.05 
NP_006074 IK 24.67 4.25 0 
NP_060653 SBNO1 5 4.17 0.03 
NP_055994 RRP12 5.33 4.1 0.05 
NP_038476 BAZ1A 38.67 3.99 0 
NP_060255 SPDL1 8.33 3.97 0.01 
NP_060649 ATF7IP 5.33 3.81 0.05 
NP_665739 POGZ 15 3.75 0 
NP_079366 USP36 6.33 3.73 0.05 
NP_001091872 ZBTB21 10.33 3.69 0.05 
NP_006080 SCML2 80 3.65 0.05 
NP_001070254 QSER1 4.33 3.61 0.05 
NP_001074012 CACTIN 12 3.53 0.04 
NP_055456 MDC1 100.67 3.46 0.01 
NP_001243755 PAF1 12.67 3.42 0.04 
NP_036219 GTF3C5 11 3.33 0.02 
NP_055871 RRP1B 14.33 3.19 0.05 
NP_003633 HAT1 7 3.18 0.05 
NP_006744 SURF6 9 3.1 0.05 
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Prey PreyGene AvgSpec FoldChange FDR 
NP_001095867 HNRNPR 20 3.08 0.03 
NP_036442 KIF4A 22.67 3.06 0.05 
NP_071384 CXorf56 19.67 3.03 0.02 
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Table F-4: Proteins identified as MOF interactors by BioID after culture in cancer-conditioned media. 

Prey PreyGene AvgSpec FoldChange FDR 
NP_001180395 KANSL1 68.67 686.67 0 
NP_523353 MSL3 42.67 426.67 0 
NP_001012241 MSL1 34.67 346.67 0 
NP_001108488 KANSL3 17.33 173.33 0 
XP_003403527 CIC 16 160 0 
NP_057102 PHF20L1 12 120 0 
NP_001073919 BEND3 9.67 96.67 0 
NP_055542 KMT2B 9.67 96.67 0 
NP_001099009 ZBTB10 8.67 86.67 0 
NP_001070152 UBTF 7.33 73.33 0 
NP_071394 CLSPN 6.67 66.67 0 
NP_056140 KIAA0947 6.33 63.33 0 
NP_060292 KANSL2 5.67 56.67 0 
NP_005654 NELFA 21.67 54.17 0 
NP_056467 C10orf12 5 50 0 
NP_060603 MSL2 4.67 46.67 0 
NP_001129206 ZNF384 4.33 43.33 0 
NP_055524 USP34 4 40 0 
NP_653324 ZMAT2 4 40 0 
NP_055640 URB1 15.67 39.17 0.02 
NP_003694 NOP14 7.33 36.67 0 
NP_000050 BRCA2 3.67 36.67 0 
NP_057427 CENPF 3.33 33.33 0 
NP_036370 SIRT1 3.33 33.33 0 
NP_001104490 SUPT5H 19.67 32.78 0 
NP_000312 RB1 3 30 0 
NP_036363 PRDM2 2.67 26.67 0 
NP_001131140 CASP8AP2 2.67 26.67 0 
NP_009231 BRCA1 7.67 25.56 0 
NP_003161 SUPT6H 7 23.33 0 
NP_008909 RNF113A 2.33 23.33 0 
NP_071900 NSD1 17.33 21.67 0 
NP_055816 SPEN 86.67 20.63 0 
NP_003394 YY1 4 20 0 
NP_056173 MORC3 2 20 0 
NP_057279 KIF20B 13.33 19.05 0 
NP_689706 ZNF362 5.67 18.89 0 
NP_001161816 RREB1 11 18.33 0 
NP_055448 CTR9 5.33 17.78 0.02 
NP_055791 PDCD11 5 16.67 0.01 
NP_003473 KMT2D 3.33 16.67 0.01 
NP_068765 BCORL1 3.33 16.67 0.01 
NP_872620 GPATCH4 11 15.71 0 
NP_116020 HDGF2 10.67 15.24 0.01 
NP_061983 ZKSCAN4 4.33 14.44 0.02 
NP_945327 NELFCD 22.33 13.96 0 
NP_004636 COIL 19 13.57 0 
NP_115871 DOT1L 4 13.33 0 
NP_003423 ZNF131 10.33 12.92 0 
NP_060544 CCDC94 3.67 12.22 0.01 
NP_005474 CHAF1A 3.67 12.22 0.01 
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Prey PreyGene AvgSpec FoldChange FDR 
NP_112483 LAS1L 6 12 0.01 
NP_056969 PCF11 6 12 0 
NP_000544 WRN 4.67 11.67 0.01 
NP_150247 PML 4.67 11.67 0.01 
NP_060988 MCM10 2.33 11.67 0.02 
NP_689821 SDE2 2.33 11.67 0.02 
NP_004229 TRIP12 2.33 11.67 0.02 
NP_036473 GTPBP4 17.33 11.56 0 
NP_055568 BMS1 18.33 11.46 0.01 
NP_001059 TOP2B 32.67 10.89 0 
NP_689948 ZBTB9 17.33 10.83 0 
NP_078930 NOL9 4.33 10.83 0.02 
NP_001153518 SGOL2 4.33 10.83 0.01 
NP_958357 ZNF644 5.33 10.67 0.01 
NP_932343 C1orf52 6.33 10.56 0.01 
NP_067051 SCAF1 8.33 10.42 0.03 
NP_001164633 ZMYM3 8.33 10.42 0.01 
NP_658983 RBM11 8 10 0.02 
NP_004690 FAM50A 7 10 0 
NP_001121901 SMARCAD1 4 10 0.01 
NP_001107590 C17orf85 3 10 0.02 
NP_001191354 BIVM-ERCC5 3 10 0.01 
NP_060549 SRBD1 2 10 0.03 
NP_006256 RAD21 13.67 9.76 0 
NP_065974 ZDBF2 24.67 9.49 0.01 
NP_004932 DHX8 8.33 9.26 0 
NP_001120793 CBX5 3.67 9.17 0.01 
NP_001157745 MGA 38.33 9.13 0 
NP_001261 CHD1 9 9 0.02 
NP_079133 ATAD5 8 8.89 0.02 
NP_004505 FOXK2 5.33 8.89 0.01 
NP_001243111 ANKRD11 4.33 8.67 0.01 
NP_001171825 PHF8 6 8.57 0.01 
NP_038477 BAZ2A 73 8.2 0 
NP_001164100 CHD8 70.67 8.03 0 
NP_115517 NSRP1 8.67 7.88 0 
NP_061173 RBBP6 37.33 7.78 0 
NP_001177255 DGCR8 7 7.78 0 
NP_060542 HEATR1 12.33 7.71 0 
NP_001026794 ZNF451 7.67 7.67 0 
NP_001002909 GPATCH8 5.33 7.62 0.01 
NP_005086 ZMYM4 15 7.5 0.01 
NP_055953 RTF1 9 7.5 0 
NP_060758 PHF10 3 7.5 0.03 
NP_060216 TEX10 6.67 7.41 0 
NP_597709 RAVER1 3.67 7.33 0.04 
NP_000048 BLM 16.67 7.25 0 
NP_006302 NCOR1 14.33 7.17 0 
NP_478070 FAM207A 6.33 7.04 0 
NP_001058 TOP2A 82.33 6.98 0 
NP_004597 TAF1 12.33 6.85 0.01 
NP_055315 HTATSF1 12 6.67 0.01 
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Prey PreyGene AvgSpec FoldChange FDR 
NP_109590 RAI1 10 6.67 0.01 
NP_002936 RPA1 9.33 6.67 0.01 
NP_003137 SSRP1 4.67 6.67 0.04 
NP_079170 NOL10 4.67 6.67 0.02 
NP_056990 TRIM33 4.67 6.67 0.02 
NP_659419 ZFC3H1 3.33 6.67 0.03 
NP_006288 XRCC1 2.67 6.67 0.04 
NP_057733 ESF1 40.33 6.51 0 
NP_079048 ZMYM1 7 6.36 0.02 
NP_006416 SLU7 19 6.33 0 
NP_055946 WDR43 17.67 6.31 0.01 
NP_001511 GTF3C1 24 6.15 0 
NP_976033 RP9 3.67 6.11 0.05 
NP_055412 DNTTIP2 17.67 6.09 0 
NP_001008697 TFIP11 41.33 6.08 0 
NP_001139014 ZSCAN18 6.67 6.06 0.03 
NP_110378 ZEB1 2.33 5.83 0.05 
NP_009123 SUPT16H 13.33 5.56 0 
NP_060252 FAM208B 3.33 5.56 0.03 
NP_060493 YEATS2 29.33 5.53 0 
NP_056224 EP400 12.67 5.51 0.01 
NP_624311 PPIL4 10.33 5.44 0.01 
NP_054878 SETD2 21 5.38 0.01 
NP_055994 RRP12 7 5.38 0.03 
NP_065147 DDX24 7 5.38 0.01 
NP_060418 NOL8 20.33 5.35 0.02 
NP_064550 RAD18 2.67 5.33 0.05 
NP_060136 ZNF280C 18.67 5.19 0.02 
NP_001035784 INCENP 5.67 5.15 0.01 
NP_114432 BRIP1 17.33 5.1 0 
NP_852469 TCF20 17.67 5.05 0.01 
NP_057396 WBP11 10 5 0.01 
NP_001161086 LEMD3 5 5 0.02 
NP_001106653 BRD2 4 5 0.03 
NP_653205 ZC3H18 10.33 4.92 0.05 
NP_115553 PHAX 13.67 4.88 0.02 
NP_001127945 GSE1 7.67 4.79 0.02 
NP_002524 NVL 11 4.78 0.01 
NP_060250 CHD7 13.33 4.76 0.01 
NP_001184033 KMT2A 16 4.71 0.01 
NP_001104262 MECP2 7 4.67 0.03 
NP_055984 RRS1 10 4.55 0.03 
NP_001127835 RBM20 5 4.55 0.04 
NP_004450 BPTF 31.67 4.52 0 
NP_001245237 NOP2 21.67 4.51 0 
NP_597677 NIPBL 7.67 4.51 0.03 
NP_006074 IK 25.67 4.43 0 
NP_067064 WIZ 17.67 4.42 0 
NP_065764 ZNF512B 8.33 4.39 0.02 
NP_005917 MFAP1 18.33 4.37 0.03 
NP_037417 GNL2 64.67 4.34 0.01 
NP_001013009 KNOP1 13.33 4.3 0.05 
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Prey PreyGene AvgSpec FoldChange FDR 
NP_006640 UTP14A 9 4.29 0.01 
NP_001177893 ZMYM2 15.33 4.26 0.02 
NP_060653 SBNO1 5 4.17 0.05 
NP_055464 SAFB2 22.33 4.14 0.03 
NP_055940 CIC 16 4.1 0.01 
NP_733468 CASC5 35.67 4.01 0.05 
NP_002958 SAFB 24 4 0.01 
NP_817092 PPM1G 10.33 3.97 0.02 
NP_058633 POLA1 8.33 3.97 0.03 
NP_056277 NOL11 7 3.89 0.04 
NP_006697 TCERG1 26 3.88 0.03 
NP_001171134 RIF1 57.33 3.87 0.02 
NP_060504 WDR70 21.67 3.87 0.01 
NP_036614 ZNF281 22.33 3.79 0 
NP_001193703 GTF3C3 7.67 3.65 0.04 
NP_001609 PARP1 64 3.64 0.01 
NP_055456 MDC1 104.67 3.6 0.02 
NP_036387 XRN2 8.33 3.47 0.04 
NP_001116855 BCOR 18.33 3.27 0.04 
NP_665739 POGZ 12.67 3.17 0.05 
NP_036442 KIF4A 23 3.11 0 
NP_002895 NELFE 22.33 3.1 0.03 
NP_071384 CXorf56 19.67 3.03 0.05 
NP_003189 TCEB3 19.33 2.97 0.05 

 

In Figure F.1, the differential abundance of proteins under different cellular conditions is 

shown. Dotplot was generated using ProHits-viz (prohits-viz.lunenfeld.ca). Proteins were 

ranked based on spectral count, and different abundances of the detected protein and its 

corresponding gene were visualised based on the size of the dot. The FDR is also 

illustrated. It is important to note that these analyses include some genes which had a FDR 

> 0.05. All genes which were detected in at least one dataset with a FDR < 0.05 were 

included, though some of these genes did not reach statistically reliable spectral counts in 

other datasets. This may be due to a change in interaction based on the cellular context, 

therefore, the data were included.  
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Figure F.1: Differential abundance of proteins following MOF BioID under different conditions. (a) 
Quantification of the levels of the genes detected by BioID under different cellular conditions. The gene 
corresponding to the detecting protein is listed above (‘PreyGene’). ‘KAT8’ corresponds to the ‘normal’ 
BioID dataset, with no DNA damage or conditioned media treatments. ‘KAT8 1h’ corresponds to the 
condition in which cells are irradiated 1 hour before harvest, while the ‘KAT8 8h’ cells were irradiated 8 
hours before harvest. ‘KAT8 CM’ corresponds to the condition in which cells were incubated in cancer-
conditioned media for 48 hours before harvesting samples. Samples are ranked based on spectral count. (b) 
Figure legend for interpreting dotplot data in (a). The darker the dot, the higher the spectral count (Soectral 
Count, top). The larger the dot, the higher the relative abundance of the named gene versus the other 
conditions (Relative abundance, middle). The darker the circle surrounding the dot, the lower the FDR 
(right). 


