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Abstract 

The lysine acetyltransferase MOF (males absent on the first) has been associated 

with transcriptional activation in Drosophila melanogaster. This activation is 

mediated by its acetylation of histone H4 at lysine 16 (H4K16ac). The human 

orthologue of MOF (hMOF) has been reported to be part of at least two distinct 

complexes; the hMSL (male-specific lethal) and the hNSL (non-specific lethal) 

complex. Here, the role of hMOF containing complexes in the regulation of gene 

expression was elucidated by establishing an in vivo transcription reporter assay. 

Using this system, it was found that whilst hMOF itself has a two-fold activating 

effect on transcription, the associated hMSL1 protein promotes transcriptional 

repression of the reporter gene. 

Expression of hMOF and acetylation of H4K16 are frequently lost or decreased in a 

variety of human cancers. Here, the role of hMOF in cancer was investigated by 

generating immortal human fibroblasts with reduced levels of the hMOF protein to 

mimic the loss of hMOF seen in cancer. The phenotype of these cells was examined 

and it was found that loss of hMOF predisposed the cells to become polyploid, a 

phenomenon that is often linked with transformation. Counting the chromosomes 

in these cells showed the chromosome number to be near tetraploidy. Two 

common causes of polyploidy are mitotic slippage or endoreplication. Analysis of 

hMOF and hMSL genes’ expression was measured over the cell cycle and it was 

found that their expression peaks during S phase. Live-cell imaging was attempted 

in order to elucidate which defect loss of hMOF expression triggered. The nuclear 

volume doubled overtime consistent with polyploidy. However, no mitotic defects 

were observed. Together with the expression profile this possibly indicates a 

replication defect rather than mitotic slippage as the cause of the polyploidy. 

In summary, these studies imply a role of hMOF and its associated proteins in 

transcription, replication and cancer.  
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1.1 Chromatin 

Eukaryotic DNA is compacted to fit into the nucleus. In humans, for example, two 

metres of DNA has to fit into a mammalian cell’s nucleus of approximately six µm in 

diameter (Alberts et al., 2002). To achieve a higher order and compacted state, the 

DNA is wrapped around specialised proteins called histones, to form repeating units 

called nucleosomes (Woodcock and Ghosh, 2010). Five canonical histones exist in 

eukaryotes: H1/H5, H2A, H2B, H3, and H4 (Bhasin et al., 2006). Each nucleosome 

consists of 147 bp of DNA wound around a histone octamer, comprising two 

histone H2A-H2B dimers and one histone H3-H4 tetramer (Khorasanizadeh, 2004; 

Kornberg, 1974). Approximately two thirds of the histone proteins consist of a 

globular domain, which forms the nucleosome core (Luger et al., 1997b), while the 

remaining N-terminal tails are less structured and may protrude from the 

nucleosome core (Zheng and Hayes, 2003). The histone proteins are positively 

charged allowing them to bind the negatively charged DNA. A fifth canonical 

histone, the linker histone H1 was suggested to help to maintain chromatin and 

covers another 20 bp of DNA, however the exact position of H1 relative to the 

nucleosome is unknown and probably varies between different cell types and 

tissues (Gilbert et al., 2005; Thomas, 1999). Chromatin structure plays an important 

role in regulating essential cellular processes, such as transcription, replication, and 

repair by restricting or facilitating access to certain DNA regions (reviewed in Fierz 

and Muir, 2012). 

 

1.1.1 Different types of chromatin 

Chromatin has been classified into two types; euchromatin and heterochromatin 

(reviewed in Eissenberg and Elgin, 2005). Euchromatin is traditionally seen as the 

chromatin that is commonly undergoing transcription, while heterochromatin is 

enriched in repetitive sequences, such as satellite DNA, telomeres and 

centromeres, and is not transcribed (Lohe and Hilliker, 1995). This is a rather 

simplistic view of chromatin as some regions within heterochromatin have been 



Chapter 1: Introduction 

 

4 

 

found to be transcribed. Similarly, not all regions found in euchromatin are 

transcribed (Dimitri et al., 2005; Gilbert et al., 2004).  

Additionally, heterochromatin can be further subdivided into facultative and 

constitutive heterochromatin. The fraction of heterochromatin that is 

developmentally regulated and can differ between individuals and tissues is called 

facultative heterochromatin. It is assembled when certain genes need to be 

silenced and can engage chromosome regions, entire chromosomes, and even 

complete genomes (Dimitri et al., 2005). An example of facultative heterochromatin 

is the inactive X chromosome in female mammals: In early embryogenesis one of 

the two X chromosomes is condensed to form a transcriptionally silent 

heterochromatic structure called the Barr body. As this is an early embryonic event 

this chromosome is silenced throughout the organism (Avner and Heard, 2001). 

Constitutive heterochromatin is permanently densely packaged throughout cells; 

centromeres and telomeres are organized under this form of chromatin. It 

encompasses highly repetitive regions and transposable element-related DNA 

sequences that were previously thought to represent “junk” DNA (Ohno, 1972). 

Functional domains within the constitutive heterochromatic regions have been 

identified and the view is being revised (Saffery et al., 2003). A variety of sequences 

have been found to be expressed within constitutive heterochromatin (Dimitri et 

al., 2009). The field has recently been reviewed and van Steensel even describes 

five principle types of chromatin and gave them colour names (red, yellow, green, 

blue and black; van Steensel, 2011). 

 

1.1.2 Histone modifications 

Histones can be modified by methylation, acetylation, phosphorylation, 

ubiquitinylation, sumoylation, and ADP-ribosylation (Kouzarides, 2007). There are 

two non-mutually exclusive mechanisms of action of these modifications and how 
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they contribute to epigenetic gene regulation and other chromatin-based 

processes. 

One mechanism is that addition of these modifications apply an extra layer of code 

to the genome, the histone code (Gardner et al., 2011; Jenuwein and Allis, 2001; 

Strahl and Allis, 2000; Turner et al., 1992). Different combinations of modifications 

result in different scenarios and outcomes. The modifications may act sequentially 

and/or combinatorially. They create or block binding sites to DNA or to specific 

regulatory proteins. 

Modification of the amino acid residues of histone proteins can create binding sites 

for regulatory proteins. For example methylation of specific lysines has been shown 

to generate binding sites for chromodomain containing proteins, while acetylated 

lysines exhibit binding sites for bromodomain containing proteins. Trimethylation of 

histone H3 at lysine 9 by SUV39H1 (suppressor of variegation 3-9 homolog 1) 

creates a binding site for the chromodomain of HP1 (heterochromatin protein 1; 

(Lachner et al., 2001). This protein recruits other histone modifying enzymes that 

deacetylate and methylate nearby nucleosomes, thereby compacting the 

chromatin. The bromodomain factor 1 (Bdf1) binds acetylated histones 

preferentially when only lysine 16 of histone H4 is acetylated by Sas2 (something 

about silencing 2), the yeast homologue of MOF, and the other residues are 

unmodified (Kurdistani et al., 2004; Ladurner et al., 2003). The addition of a 

chemical group or small protein could also mask binding sites: The histone 

deacetylase (HDAC) Sir3 (silent information regulator 3) interacts with histone H4 

only if lysine 16 is unacetylated (Matangkasombut and Buratowski, 2003; 

Pamblanco et al., 2001). 

The second mechanism of action is based on the physical properties of chromatin 

and this theory has been around at least 36 years (Weintraub and Groudine, 1976). 

DNA is negatively charged and therefore associates with the basic histone proteins. 

Lysines are positively charged when unmodified and have a greater attraction to 
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the phosphate groups of the DNA backbone. Addition of a chemical group, 

especially to the lysines (acetylation) and serines (phosphorylation; Grunstein, 

1997) changes the charge of the histone. Acetylation of lysines neutralises their 

normally positive charge, thus relaxing the interaction between histones and DNA. 

This could facilitate the access of various proteins to the underlying DNA sequence.  

 

1.1.3 Epigenetics and disease 

An adult human consists of about 200 different cell types that are generated by 

approximately 20,000 genes, encoded in the 3 billion base pairs (bp) of genomic 

DNA. Every cell contains the entire genome and hence the same set of genes but 

can still vary enormously in shape, structure, and function. Only a minority of the 

genome is encoding genes, but the non-coding regions, the previously called “junk” 

DNA (Ohno, 1972) is known to have regulatory roles. Recently, the ENCODE project 

has found that 80.4% of the genome participates in at least one biochemical event 

in at least one cell type and 95% of the genome lies within 8 kilobases (kb) of a 

DNA-protein interaction. 99% of the genome is within 1.7 kb of at least one of the 

biochemical events that were measured in this combined study (Bernstein et al., 

2012).  

Importantly, gene expression is also regulated by epigenetic mechanisms which act 

above the level of DNA sequence, ensuring proper development and organisation 

and include DNA methylation, histone modification, use of histone variants, ATP-

dependent nucleosome remodelling, and spatial organisation within the nucleus 

(reviewed by Jaenisch and Bird, 2003). The classic Mendelian laws of inheritance 

that describe how traits are passed on are insufficient to explain all processes of 

inheritance in complex eukaryotic organisms. A number of epigenetic phenomena 

control the inheritance and expression of human traits (alleles). Some examples 

include genomic imprinting which describes how certain traits can be inherited 

according to their parental origin (reviewed in Butler, 2009); position effect 
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variegation, the process of how genes can get inactivated by juxtaposition to 

heterochromatin (reviewed in Fourel et al., 2002) and dosage compensation, a 

regulatory mechanism to equalise the difference in gene dosage between males 

and females (X chromosome inactivation in mammals, Drosophila and 

Caenorhabditis elegans reviewed in Barakat and Gribnau, 2012; Conrad and Akhtar, 

2011; Ercan and Lieb, 2009). 

Various human diseases have been associated with epigenetic changes. In 

neurological diseases such as Alzheimer’s (reviewed in Bihaqi and Zawia, 2012), 

Parkinson’s (reviewed in Kwok, 2010) and Huntington’s disease (reviewed in Gray, 

2010) chromatin has been shown to have abnormal posttranslational modifications 

on the histone tails additionally to abnormal DNA methylation and non-coding RNA 

regulation. Modern western world diseases such as type 2 diabetes and obesity 

have also been implied to be epigenetically regulated (reviewed in Seki et al., 2012). 

As well as those diseases, osteoarthritis has been named to have changes in 

epigenetic modifications (reviewed in Reynard and Loughlin, 2012).  

One of the most prominent genetic diseases, cancer, has also been widely accepted 

as an epigenetic disease. Hypermethylation of tumour suppressor genes and 

hypoacetylation of histones is commonly found in human cancers. For this reason 

methylation of CpG dinucleotides and covalent modifications of the histones are of 

special interest to be targets for cancer therapy because these changes are 

reversible unlike genetic mutations (Fraga and Esteller, 2005).  

 

1.2 Histone acetyltransferases and histone deacetylases 

Nearly 50 years ago it has been found that post-translational acetylation of histones 

increases the transcription rate of cells (Allfrey et al., 1964). It was also established 

that histones restrict transcription and that removal of histones elevates the 

amount of RNA synthesised. 
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The first histone acetyltransferase (HAT) to be identified was Gcn5 in tetrahymena 

by Brownell and colleagues in 1996 (Brownell et al., 1996). Not surprisingly, this 

protein had previously been identified as a transcriptional co-activator. Shortly 

thereafter, the same group found that gene activation and gene silencing were 

regulated by lysine acetylation and deacetylation respectively (Mizzen et al., 1998). 

HATs catalyse the transfer of an acetyl group from acetyl coenzyme A (acetyl-CoA) 

to the ε-amino group of a lysine residue, resulting in acetyl-lysine and CoA 

(Neuwald and Landsman, 1997). They can be grouped into at least four distinct 

families based on sequence; the Gcn5-related N-acetyltransferases (GNATs), the 

MYSTs (named for the founding members MOZ, Ybf2/Sas3, Sas2, Tip60, see figure 

1.1), the p300/CBP HATs (named for the two human paralogs p300 and CBP) and 

Rtt109 (regulator of Ty1 transposition gene product 109; reviewed in Marmorstein 

and Trievel, 2009). Other nuclear HAT families have been identified, such as the 

nuclear hormone related HATs (SRC1 and ACTR (SRC3); Spencer et al., 1997), the 

general transcription factor HATs (TFIID subunit TAF250, ATF-2 and CLOCK Doi et al., 

2006; Kawasaki et al., 2000; Mizzen et al., 1996). The HAT activity of these other 

enzymes has not been as extensively studied as the major four HAT families. 

Classically HATs were subdivided into 2 classes; nuclear (class A) and cytoplasmic 

(class B). However, this classification is now outdated since HATs have been found 

to shuttle between the cytoplasm and the nucleus (Ai and Parthun, 2004; Poveda et 

al., 2004). 

The defining and highly conserved feature of the MYST family HATs is their MYST-

domain, which is composed of an acetyl-CoA binding motif and a zinc finger (figure 

1.1). Some family members possess other common features such as 

chromodomains or plant homeodomain-linked (PHD) zinc fingers. The founding 

members of the MYST family of HATs are monocytic leukemia zinc finger, MOZ, the 

two yeast HATs something about silencing (Ybf/Sas3 and Sas2) and HIV-tat 

interacting 60 kDa protein (TIP60). In mammals five members of the MYST family 

have been identified; males absent on the first (MOF/MYST1/KAT8), HAT binding to 
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ORC (HBO1/MYST2), monocytic leukemia zinc finger (MOZ/MYST3), MOZ-related 

factor (MORF/MYST4, also known as Querkopf, Qkf), and HIV-tat interacting 60kDa 

protein (TIP60; reviewed in Sapountzi and Cote, 2011). 

Interestingly, these chromatin modifying proteins play an important role in 

transcription regulation and have been implicated with carcinogenesis and cell cycle 

regulation. The HAT TIP60, for example, is the catalytic subunit of the evolutionary 

conserved complex NuA4 (nucleosome acetyltransferase of histone H4; Doyon and 

Cote, 2004) and it has been involved in transcriptional regulation (Brady et al., 

1999; Taubert et al., 2004) and regulation of the tumour suppressor p53 (Sykes et 

al., 2006). 

Histone acetylation generally correlates with transcriptional activation, and is seen 

as a euchromatic mark but has also been found to be present at inducible genes 

and heterochromatin (Braunstein et al., 1996; Kuo et al., 1998; Turner et al., 1992; 

Vogelauer et al., 2000). When histone H4 is acetylated at lysine 16 nucleosomes 

appear to be destabilised and nucleosome remodelling is facilitated (Wolffe and 

Hayes, 1999). The location of this residue is thought to be at the interface between 

the core histone and DNA (Luger et al., 1997a). The modification is catalysed by 

Sas2 in yeast, and by MOF in Drosophila and human cells (Akhtar and Becker, 2000; 

Gupta et al., 2005; Hilfiker et al., 1997; Reifsnyder et al., 1996; Smith et al., 2005; 

Smith et al., 2000; Taipale et al., 2005). This could, by processes mentioned above, 

facilitate the access of transcription factors to underlying DNA sequences. 

Acetylation of H4K16 by MOF has been shown to cause de-repression of 

transcription from chromatin in vivo and in vitro and driving acetylation of this 

residue artificially causes increased transcription (Akhtar and Becker, 2000). 

Surprisingly, and in contrast to previous ideas, the distribution of H4K16ac might 

not completely correlate with transcriptional activity in Saccharomyces cerevisiae 

and Drosophila (Kurdistani et al., 2004; Legube et al., 2006). These observations 

suggest an alternative role for acetylation. In highly active genes lysine 16 of 
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histone H4 has been found to be deacetylated and a fast turnover of acetylation at 

this residue is assumed. This will be further explained in the following sections. 

In contrast to the finding that HATs are found to be transcriptional co-activators, 

histone deacetylases (HDACs) have been associated with a variety of transcriptional 

repressors (Hassig and Schreiber, 1997). HDACs can be divided into four functional 

classes (reviewed by Xu et al., 2007). Class I (HDAC1, 2, 3, and 8) and class II 

(HDAC4, 5, 6, 7, 9, and 10) HDACs catalyse the removal of acetyl groups through 

zinc-mediated hydrolysis (Bhalla, 2005; Gregoretti et al., 2004; Marks and 

Dokmanovic, 2005). Class III HDACs, often also referred to as Sirtuins (related to the 

yeast Sir2p, silent information regulator 2 like), are NAD+-dependent (reviewed in 

Verdin, 2007). The class IV HDACs are HDAC11-related enzymes. Their mechanism 

of action is thought to be related to the class I and II HDACs (Gao et al., 2002). 

 

 

Figure 1.1: MYST histone acetyltransferases. 

Schematic representation of the key domains within each histone acetyltransferase. 
ChD = chromo barrel domain, MYST = MYST domain with HAT activity, PHD = plant 
homeodomain-linked zinc finger, Zn = zinc finger, H1/5 = H1/5 domain, S, D/E, S/M 
= residue-rich regions. 

1.2.1 H4K16ac in yeast 

The unicellular organism S. cerevisiae, budding yeast, has been used as a model 

system to uncover many basic molecular mechanisms in eukaryotic cells. It has 

been particularly important in studying chromatin due to its comparably simple 

genetics; mutations of single histone residues are easier in yeast compared to 
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higher eukaryotes. The functions of H4K16ac have been extensively studied and the 

specific HAT for this modification has been identified as Sas2. Sas2 is the yeast 

homologue of MOF. Sas2 is the catalytic subunit of the SAS complex that also 

includes Sas4 and Sas5 (Ehrenhofer-Murray et al., 1997; Osada et al., 2001; 

Reifsnyder et al., 1996; Sutton et al., 2003). Sas2 acetylates H4K16 in vivo and in 

vitro (Shia et al., 2006) and mutation of H4K16 to arginine mimics phenotypes of 

Sas2 deletion strains (Meijsing and Ehrenhofer-Murray, 2001). Mutations of the 

amino acid lysine to arginine is thought to mimic the positively charged, 

unacetylated lysine residue. In deletion studies of Sas2, several clear effects on 

transcriptional silencing have been reported (Ehrenhofer-Murray et al., 1997; 

Meijsing and Ehrenhofer-Murray, 2001; Reifsnyder et al., 1996). 

The residue lysine 16 on histone H4 seems to have a somewhat greater importance 

in budding yeast than the other lysine residues on the N-terminal tail of H4. Of the 

4 acetylatable lysines, K5, K8, K12, and K16 only mutation of H4K16 to arginine has 

shown to have specific transcriptional and structural consequences, independent of 

the other sites on histone H4 (Dion et al., 2005). Therefore, two different roles for 

acetylation seem to be found on histone H4: a specific one for lysine 16 and a 

nonspecific, cumulative function by acetylation of K5, K8, and K12 (Dion et al., 

2005). The great evolutionary conservation of other general molecular mechanisms 

also suggests that modification of lysine 16 is regulated by specific mechanisms in 

many, if not in all, eukaryotic organisms. 

Heterochromatin is restricted to the mating type locus and telomeres in budding 

yeast. Sas2 has been associated with silencing at these regions and telomeres 

(Ehrenhofer-Murray et al., 1997; Reifsnyder et al., 1996; Xu et al., 1999). Telomeric 

silencing has been extensively characterized in S. cerevisiae and is regulated by 

establishment of a barrier consisting of an acetylation gradient of H4K16 along the 

chromosome that is regulated by the HAT Sas2 and the HDAC Sir2 (Kimura et al., 

2002; Suka et al., 2002). This gradient reaches from hypoacetylation at the 

telomeres to a hyperacetylated state in regions further away from the telomeres. 
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Acetylation of this residue attracts the histone variant H2A.Z that synergistically 

with H4K16ac prevents propagation of heterochromatin into transcriptionally active 

regions (Shia et al., 2006). This reveals functions of H4K16ac by Sas2 in demarcating 

heterochromatic regions by creating a boundary between silenced and euchromatic 

regions. Recently, it has been shown that H4K16ac is the first histone mark that 

recruits SIR proteins, namely Sir2-4 (Oppikofer et al., 2011). This seems 

counterintuitive to the above described demarcation of heterochromatic boundary 

role of the mark. However, H4K16ac’s role goes far beyond silencing complex 

recruitment. It has been reported that Dot1, the histone methyltransferase for 

H3K79, is recruited to chromatin by H4K16ac which would compete with Sir3 

recruitment (Altaf et al., 2007). It is now suggested that Dot1 competes with Sir2-4 

since this has also been reported to bind H4K16ac (Oppikofer et al., 2011). The 

formation of both, active and silenced chromatin, appear to require H4K16ac and 

do not seem to be a simple one-step process, but rather require positive feedback 

loops for their establishment. 

Additionally, the SAS complex is regulated through chromatin assembly during 

replication and has been associated with the chromatin assembly factors Asf1 

(antisilencing function 1) and CAF1 (chromatin assembly factor 1; Smith and 

Stillman, 1991). The SAS complex might therefore be acetylating newly synthesized 

chromatin at H4K16 (Meijsing and Ehrenhofer-Murray, 2001; Osada et al., 2001). 

This seems to be particularly important for the silencing of the cryptic mating type 

loci by the complex. H4K16ac has been found to mark early firing origin of 

replication complexes (ORC; Kimura et al., 2002; Suka et al., 2002). The essential 

factor for DNA replication, ORC, was shown to be involved in the establishment of 

silencing mediated by Sas2 (Ehrenhofer-Murray et al., 1997) independently of its 

function in replication (Kirchmaier and Rine, 2001). 

Acetylation of H4K16 might also be involved in DNA repair. Double-strand breaks 

generated by HO (Homothallic switching) endonucleases results in increased levels 

of H4 acetylation around breaks in response to homologous recombination 
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mediated repair (Tamburini and Tyler, 2005). Correlation of HAT recruitment and 

acetylation upon breakage of DNA has been reported by Bird and colleagues (Bird 

et al., 2002) and deacetylation mediated by recruited HDACs (Tamburini and Tyler, 

2005; Utley et al., 2005) occurs after the DNA has been repaired. This 

acetylation/deacetylation switch may represent to a signal to the cell about the 

status of the DNA repair, or alternatively might facilitate access of repair proteins to 

the DNA sequence by creating a more open chromatin structure, or be involved in 

checkpoint control of the cell cycle (Tamburini and Tyler, 2005). 

 

1.2.2 MOF in Drosophila 

Most of our knowledge about H4K16ac and its influence on transcription rate 

comes from research on the fruit fly, Drosophila melanogaster. Acetylation of 

H4K16 in Drosophila plays a specific and important role in dosage compensation. 

The differences in gene dosage between male and female flies are compensated by 

a two-fold transcriptional upregulation of the genes on the single male X 

chromosome (Baker et al., 1994). This increased transcription rate correlates with a 

high local acetylation of H4K16 on the X chromosome. The enzyme that catalyses 

this acetylation has been identified as males absent on the first, MOF, so named 

because knock-out mutants of this gene are only lethal for male flies (Hilfiker et al., 

1997). 

The dosage compensation complex (DCC) also known as the MSL complex is 

involved in the two-fold transcriptional upregulation of the genes on the single 

male X chromosome required for balanced expression of X-linked genes between 

sexes. This complex consists of the MSL proteins (MSL1, MSL2, MSL3, MOF, and 

MLE) and two noncoding RNAs (roX1 and roX2; as reviewed by Lucchesi et al., 2005; 

Mendjan and Akhtar, 2007; Rea and Akhtar, 2006; Straub and Becker, 2007). MOF is 

a H4K16-specific HAT but has also been reported to acetylate MSL3 at lysine 116 

(Buscaino et al., 2003). This acetylation reduces the affinity of MSL3 for the roX2 

RNA in vitro (Buscaino et al., 2003). The MSL complex specifically binds to hundreds 
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of sites on the single male X chromosome with different affinities. The “high affinity 

sites” bind partial MSL complexes consisting only of MSL1 and MSL2, in a 

background mutant for MSL3, MLE, and MOF. There are also so-called “low affinity 

sites” which can only attract fully formed MSL complexes (Fagegaltier and Baker, 

2004). Those sites are assumed to bind MSL complexes only because of a high local 

concentration of the complex. However, as there are not only two types of binding 

site the reality is an affinity continuum of binding sites (Fagegaltier and Baker, 

2004). The binding sites of the MSL complex to the X chromosome have been 

analysed in detail by chromosome-wide studies to gather more information on the 

regulation of transcription by the complex. 

To look at these binding sites in greater detail, several groups conducted chromatin 

immunoprecipitation (ChIP) experiments that were analysed with high resolution 

microarrays (ChIP on chip) and next-generation sequencing (ChIP-seq). Several 

interesting findings enabled the generation of hypotheses regarding the mechanism 

by which the MSL complex regulates transcription. 

 

1.2.2.1 The recruitment of the Drosophila MSL complex 

X chromosome-wide binding sites of the MSL complex were identified in three 

independent studies by analysing binding of the MSL1 and the MSL3 proteins 

(Alekseyenko et al., 2006; Gilfillan et al., 2006; Legube et al., 2006). These studies 

showed that the MSL complex prefers exons and coding sequences of expressed 

genes, with a stronger affinity towards the 3’ end of the genes (Alekseyenko et al., 

2006; Gilfillan et al., 2006; Legube et al., 2006); figure 1.2). This might be biased due 

to the fact that Drosophila genes have very small introns (Adams et al., 2000). The 

target genes of the complex include essential and stably expressed genes of the X 

chromosome, however, not all genes on the X chromosome recruit the MSL 

complex (Alekseyenko et al., 2006; figure 1.2; Gilfillan et al., 2006; Legube et al., 

2006). It has been suggested that not all genes on the X chromosome require 
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absolute dosage compensation in male Drosophila and therefore did not evolve the 

ability to recruit the MSL complex (Alekseyenko et al., 2006; Gilfillan et al., 2006; 

Legube et al., 2006). More recently, it has been found that the mechanism by which 

dosage compensation is achieved is by enhanced recruitment of RNA polymerase II 

to male X-linked gene promoters (Conrad et al., 2012). The processivity of RNA 

polymerase II and therefore elongation was also shown to be enhanced by the MSL 

complex (Larschan et al., 2011). The recruitment of the MSL complex generally 

correlates with the two-fold upregulation of transcription of the dosage 

compensated genes on the single male X chromosome.  

It is still poorly understood if the recruitment of the MSL complex and H4K16ac are 

a cause or consequence of the two-fold transcription upregulation of genes on the 

X chromosome. The elevated transcription may be responsible for the recruitment 

of the MSL complex to the X chromosome. This hypothesis was supported by the 

finding that recruitment of the MSL proteins can be induced by transcription 

activation of a transgene inserted into a region that is normally deprived of MSL 

complex binding (Sass et al., 2003). However, the recent finding that binding of 

MSL1 remains stable across development and does not correlate with transcription 

in male salivary glands suggests that transcription is not the only signal for MSL 

recruitment (Legube et al., 2006). Therefore, the level of transcription of active 

genes on the X chromosome is not sufficient to recruit the complex. However, 

recruitment of the MSL complex to X-linked genes is partially transcription-

dependent as shown on two neighbouring genes (Kind et al., 2008). 

The MSL complex has shown to bind preferentially to the 3’ end of genes and 

regulate the processivity of RNA polymerase II and is therefore unlikely to function 

as a typical transcription factor (Alekseyenko et al., 2006; Larschan et al., 2011). 

Polymerases have been shown to bind, in addition to the 5’ end, also to the 3’ end 

of genes and a looping mechanism of the transcriptional unit has been proposed 

(Smith et al., 2001; figure 1.2). It is tempting to propose that MSL doubles the 

transcription rate by facilitating the recycling of RNA polymerase or other 
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components. It has recently been shown that an enhanced recruitment of RNA 

polymerase II to promoters on the male X chromosome is involved in the 

mechanism of dosage compensation in Drosophila (Conrad et al., 2012). Acetylation 

of H4K16 overlaps with MSL binding on the male X chromosome in Drosophila on 

polytene chromosomes (Turner et al., 1992) and restriction fragment resolution 

studies by Gilfillan and co-workers have shown that H4K16ac pattern is very similar 

to MSL binding (Gilfillan et al., 2006). This suggests that H4K16ac and the MSL 

complex are perhaps serving to increase the rate of polymerase progression 

through chromatin by reducing polymerase pausing (Gilfillan et al., 2006). This 

proposes an involvement of the MSL complex in transcription as an atypical 

transcription factor that functions by acetylating H4K16.  

Subunits of the MSL complex have also additional roles to dosage compensation. It 

has been reported that MSL1, in absence of other MSL complex components, can 

bind promoters on all chromosomes in a sex-independent manner (Hallacli et al., 

2012). MSL2 is an E3 ubiquitin ligase that autoubiquitylates itself and other MSL 

complex components in Drosophila (Villa et al., 2012). MSL1 and MSL2 form a 

heterodimer via their coiled-coil and RING domains, respecitvely (Hallacli et al., 

2012; Villa et al., 2012). MSL3, which can bind to MOF directly, was found to be 

absent from autosomal promoters and was described on ORFs (open reading 

frame) on the X chromosome (Hallacli et al., 2012). 
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Figure 1.2: Drosophila MSL and NSL complexes. 

In Drosophila H4K16 is acetylated by two complexes. Both complexes have a 
protein with a PEHE domain (NSL1 in green and MSL1 in blue) that is known to bind 
MOF (in red). The MSL complex (blue) only assembles in male flies and only 
acetylates the single male X chromosome. On the male X chromosome it acetylates 
the intergenic 3’ region of genes and is implied in transcriptional elongation. The 
NSL complex (green) assembles in male and female flies and acetylates H4K16 
around the TSS (transcription start site) of all gene on sex-chromosomes and 
autosomes. The NSL complex was shown to have a role in transcription initiation. 
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1.2.2.2 The Drosophila NSL complex 

The MSL complex does not assemble in female flies (Prestel et al., 2010a; Salz and 

Erickson, 2010). H4K16ac has been found on female chromosomes and male 

autosomes and the discovery of proteins that associate with MOF has shown that 

there is at least one other complex with which Drosophila MOF associates; the NSL 

(non-specific lethal) complex (Kind et al., 2008; Mendjan et al., 2006; Raja et al., 

2010). This complex contains NSL1, NSL2 and NSL3, MCRS2 (microsperule protein 

2), MBDR2 (methyl CpG binding domain) and WDS (will die slowly; Mendjan et al., 

2006; figure 1.2). This complex has been described as a major transcriptional 

regulator of housekeeping genes (Feller et al., 2012; Lam et al., 2012) and MOF, as 

part of the NSL complex, has been reported to localise to the 5’ end of genes and 

regulate transcription initiation (Prestel et al., 2010b; figure 1.2; Raja et al., 2010). 

 

1.2.2.3 Other histone modifications reported with H4K16ac in Drosophila 

In recent genome-wide studies histone H3 lysine 36 trimethylation (H3K36me3) has 

been reported to be enriched at 3’ end of active genes (Barski et al., 2007; 

Mikkelsen et al., 2007; Pokholok et al., 2005; Rao et al., 2005). The MSL complex 

also localises to at the 3’ end of active genes and it is tempting to assume a 

correlation between the two. In fact, Bell and colleagues demonstrated that loss of 

H3K36me3 has an X-specific effect on H4K16ac (Bell et al., 2008). At dosage 

compensated genes acetylation is decreased when trimethylation of lysine 36 is 

lost, while at autosomal genes H4K16ac is increased when H3K36 is 

hypomethylated. In budding yeast, Set2 is the enzyme that mediates trimethylation 

of H3K36 and is recruited by RNA polymerase II during transcription elongation. The 

chromodomain protein Eaf3, homologue of Drosophila MSL3 (Eisen et al., 2001), 

binds H3K36me3 in yeast and recruits the HDAC complex Rpd3 (Carrozza et al., 

2005; Joshi and Struhl, 2005; Keogh et al., 2005), suggesting a similar recruitment of 

HDAC complexes to H3K36me3 at Drosophila autosomes. Trimethylation of H3K36 

is required for high levels of H4K16ac at dosage compensated genes on the male X 
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chromosome, even though the methylation pattern at K36 is not X-specific. At 

autosomes a similar localisation pattern of H3K36 methylation is observed; 

dimethylation peaks promoter-proximal and trimethylation shows a 3’ bias. 

Therefore, the readout of methylation at H3K36 is context-dependent and varies 

from autosomes to sex-chromosomes. The same modification coding for opposing 

activities requires spatial organisation to avoid improper acetylation (Mendjan et 

al., 2006). 

The histone methyltransferase (HMT) for H3K36 is HypB (Hydrogenase maturation 

factor B) in Drosophila. When the gene for HypB is knocked down, binding of MSL3 

to the X chromosome is reduced (Larschan et al., 2007). The recruitment of MSL1 

and MOF at dosage compensated genes is also compromised in cells lacking Hypb. 

However, not all sites enriched for Hypb are also bound by MSL1 (Bell et al., 2008). 

Therefore, H3K36me3 is necessary but not sufficient for MSL complex recruitment. 

H3K36me3 is necessary at “high affinity sites” to facilitate robust MOF interaction 

and subsequent hyperacetylation needed to double transcription. Further 

investigations to clarify the involvement of this trimethylation in dosage 

compensation and normal transcriptional regulation are required. This is especially 

important to determine a possible conservation of the mechanisms to higher 

eukaryotes. 

Another protein that has been reported to interact with the MSL proteins is the 

kinase JIL1, which phosphorylates histone H3 at serine 10 (H3S10ph). The enzyme 

associates with all chromosomes in male and female flies, but was reported to be 

two-fold enriched on the single male X chromosome (Jin et al., 1999). Accordingly, 

phosphorylation of H3S10 has been found to be enriched at the male X 

chromosome (Jin et al., 2000). JIL1 has been shown to co-localise with the MSL 

complex on polytene chromosomes and to interact with MSL proteins in co-

immunoprecipitation and pull-down assays (Jin et al., 2000), although a recent 

purification of the complex failed to identify this interaction (Mendjan et al., 2006; 
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Smith et al., 2005). This suggests a possible direct link for the kinase with 

transcription regulation and chromatin remodelling. 

 

1.2.2.4 Nuclear pore complex and Drosophila MSL 

The nuclear pore complex (NPC) controls access to the genome by mediating traffic 

between the cytoplasm and the nucleus (Rabut et al., 2004). The NPC components 

Nup153 (Nucleoporin 153) and Mtor (Megator) have been shown to interact with 

the MSL complex (Mendjan et al., 2006). When these two proteins were depleted it 

resulted in loss of MSL complex localised staining which deregulated dosage 

compensation (Mendjan et al., 2006). This was later supported by the finding that 

nucleoporin-associated regions (NARs) were enriched on the male X chromosome 

which were proposed to stimulate transcription by promoting the formation of an 

open chromatin environment (Vaquerizas et al., 2010). This suggests that 

chromosomal organisation by nucleoporins could contribute to global gene 

expression control. 

 

1.2.3 The lysine acetyltransferase hMOF 

hMOF, the human orthologue of Drosophila MOF and yeast Sas2, also known as 

MYST1, specifically acetylates histone H4 at lysine 16 (H4K16ac; Smith et al., 2005; 

Taipale et al., 2005). This specificity is remarkable since most HATs have been found 

to be promiscuously acetylating various residues on the histones. Roughly one third 

of all histone H4 N-terminal tails in human cells are acetylated at lysine 16 (Turner 

et al., 1989). The bulk of acetylation at this residue is carried out by hMOF (Smith et 

al., 2005; Taipale et al., 2005). It is notable that hMOF is the only HAT that 

acetylates H4K16. Also, in recent studies, hMOF and H4K16ac have been implicated 

in transcriptional regulation and carcinogenesis (Gupta et al., 2005; Smith et al., 

2005; Taipale et al., 2005). Genome-wide mapping of HATs and HDACs has shown 
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that hMOF-binding positively correlates with gene expression. Its binding is 

targeted to transcribed regions in addition to promoters (Wang et al., 2009). 

The specificity and function of hMOF was tested in a number of independent 

studies using in vitro and in vivo acetyltransferase assays and by depletion of hMOF 

with siRNA. These studies showed that hMOF specifically acetylates H4K16 in vivo 

and that the bulk of acetylation at H4K16 is lost when hMOF is depleted (Gupta et 

al., 2005; Smith et al., 2005; Taipale et al., 2005). More recent in vivo evidence that 

hMOF is responsible for H4K16ac was also shown by immunohistochemistry assays. 

Expression of hMOF and acetylation of H4K16 correlate in a number of tissues; 

hMOF was found to be highly expressed in epithelial tissues, and so was H4K16ac, 

while in parenchymal spleen and liver tissues hMOF expression was low as was 

H4K16 acetylation (Pfister et al., 2008). Purification and interaction assays of hMOF 

also revealed that most proteins associated with Drosophila MOF have homologues 

in humans and also associate with hMOF (see table 1.1 and figures 1.2 and 1.3). 

Knocking down hMSL1, a protein that is part of the MSL-complex, results also in a 

severe decrease of H4K16ac (Smith et al., 2005; Taipale et al., 2005). This suggests 

that nearly all H4K16ac-regulated processes are kept up by the hMSL-complex, of 

which the H4K16-specific acetyltransferase hMOF is the catalytic subunit (figure 

1.3). 

 

1.2.3.1 Other hMOF complexes 

Results of recent purification and interaction studies suggest that hMOF is not only 

a component of the hMSL complex, but that there is at least one more hMOF-

containing complex; the hNSL complex (Cai et al., 2010; Mendjan et al., 2006; table 

1.1 and figure 1.3). The MSL complex in which the HAT MOF is embedded is 

conserved between Drosophila and humans. To date no analogues to the 

noncoding roX1 and roX2 RNAs have been found. Novel proteins have been found 

to be present in MOF-associated complexes in both species (Cai et al., 2010; 
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Dmitriev et al., 2007; Dou et al., 2005; Gupta et al., 2005; Mendjan et al., 2006; 

Pardo et al., 2002; Smith et al., 2005; Taipale et al., 2005; see table 1.1, figure 1.2 

and figure 1.3). Similar functions of MOF-hMOF complexes are expected due to the 

high conservation of proteins in the complexes. The functions are assumed to be 

various and complex due to the high number of interacting proteins. Three newly 

identified proteins were named non-specific lethal (NSL) since deletion of these 

genes is lethal to male and female flies (Mendjan et al., 2006). MSL1 and NSL1 both 

possess a PEHE domain through which they interact with MOF, implicating at least 

two different complexes containing MOF (Mendjan et al., 2006; Raja et al., 2010). 

The NSL complex in Drosophila is composed of NSL1, NSL2, NSL3, MRCS2, MBD-R2 

and WDS (Mendjan et al., 2006; see section 1.2.2.2 and figure 1.2). This complex 

was described to be a major transcriptional regulator in male and female fruit flies 

and regulates housekeeping genes (Feller et al., 2012; Lam et al., 2012). Whereas 

the MSL complex was shown to mainly localise to the 3’ end of genes regulating 

elongation the NSL complex was shown to bind the 5’ end and thereby activates 

transcription (Prestel et al., 2010b); see figures 1.2 and 1.3). 
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Figure 1.3: The hMOF complexes and functions. 

hMOF has been reported to be present in different complexes that carry out 
different functions. The MSL complex (in blue) interacts with hMOF and acetylates 
H4K16 at 3’ ends of genes and acetylation of H4K16 is dependent on hMSL1. hMOF 
is integrated within the complex through the PEHE domain on hMSL1. TPR, a 
component of the human and Drosophila MSL complex that might mediate hMOF’s 
interaction with the nuclear pore. A second catalytic subunit of the MSL complex, 
hMSL2, ubiquitilates H2BK34 which is involved in crosstalk with H3K4 and K79 
methylation. The NSL complex (in light green) was shown to interact with hMOF 
through hNSL1’s PEHE domain and acetylates H4K16 at the 5’ end of genes. It also 
has been shown to acetylate other H4 lysine residues. It mediates hMOF’s activity 
towards p53K120. WDR5 (medium green) is a protein that has been found to be a 
component of the NSL and the MLL complex (dark green). The MLL complex 
methylates H3K4, a mark that is often seen together with H4K16ac. 
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Table 1.1: List of hMOF, hMSL1 and hNSL1 associated proteins 

 
Bait Name Full name Domains or 

functions 

Method Reference 

hMOF/ 

MYST1/ 

KAT8 

hMSL1* Male-specific lethal-1 Coiled coil, PEHE 

domain 

AP, CI, 

2H 

Smith et al., 

2005; Mendjan 

et al., 2006; 

Dmitriev et al., 

2007 

hMSL2*/ 

RNF184 

Male-specific lethal-2 RING finger, PHD 

finger 

AP, CI Smith et al., 

2005; Mendjan 

et al., 2006 

hMSL3a/ 

MSL3L1* 

hMSL3c/ 

MSL3L1c 

Male-specific lethal-3 Chromobarrel, MRG 

homology shorter 

version lacking the 

chromobarrel 

AP, CI, 

GP 

Smith et al., 

2005; Taipale et 

al., 2005; 

Mendjan et al., 

2006 

MRG15 MORF-related gene 

on chromosome 15 

Chromodomain, 

MRG domain 

CI Pardo et al., 

2002 

NSL1/hMSL1v1* 

(KIAA1267/ 

LOC284058) 

Non-specific lethal-1 Coiled coil, PEHE 

domain 

AP, CI Smith et al., 

2005; Mendjan 

et al., 2006 

NSL2* 

(FLJ20436) 

Non-specific lethal-2 Two domains rich in 

cysteine and histidine 

AP, CI Mendjan et al., 

2006 

NSL3* 

(FLJ10081) 

Non-specific lethal-3 α/β-hydrolase fold AP, CI Mendjan et al., 

2006 

HCF-1 Host cell factor 1 Six kelch repeats – β 

propeller domains, 

Fn3 

AP, CI Dou et al., 

2005; Mendjan 

et al., 2006 

OGT O-linked β-N-acetyl-

glucosamine-

transferase 

TRP, 

glycosyltransferase 

AP Mendjan et al., 

2006 

WDR5 or BIG-3* WD repeat domain 5 Seven WD40 repeats AP Dou et al., 

2005; Mendjan 

et al., 2006 

TPR* Translocated 

promoter region 

Coiled coil AP Mendjan et al., 

2006 

MCRS2/p78* Microspherule 

protein 2 

Forkhead associated 

domain (FHA) 

AP Dou et al., 

2005; Mendjan 

et al., 2006 

PHF20* PHD finger protein 20 2x Tudor domain, 

PHD finger, C2H2 – 

type zinc finger 

AP Dou et al., 

2005; Mendjan 

et al., 2006 

PHF20L1* PHD finger protein 20 

like 1 

2x Tandem Tudor 

domain 

AP Mendjan et al., 

2006 

ILF1/FOXK2 Interleukin enhancer 

binding factor 1 

Forkhead DNA 

binding domain 

AP Mendjan et al., 

2006 

MLL1 Mixed-lineage 

leukemia 

PHD finger and 

bromodomain 

AP, CI, 

GP 

Dou et al., 2005 

ATM Attaxia telangiectasia 

mutated 

FAT, FATC, PI3Kc 2H, CI, 

GP 

Gupta et al., 

2005 

p53 p53 TAD, DBD, OD and a 

proline rich domain 

GP Dou et al., 

2005; Sykes et 

al., 2006 

NELF-C/ TH1L Component of the 

negative elongation 

factor 

Negative regulator of 

RNApII transcription 

elongation and A-raf 

protein kinase 

2H, TP Dmitriev et al., 

2007 
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hMSL1 

KIAA0103/TTC3

5 

tetratricopeptide 

repeat domain 35 

TPR2 domain 2H Dmitriev et al., 

2007 

TTC4 tetratricopeptide 

repeat domain 4 

TPR domain, putative 

co-chaperone and 

tumour suppressor 

2H Dmitriev et al., 

2007 

GC BP zinc finger protein 

668 

C2H2 zinc finger, 

transcription factor, 

regulates IL12 p35 

gene in macrophages 

2H Dmitriev et al., 

2007 

 

NOP17 PIH1 domain 

containing 1 

NOP17 domain, 

putatively involved in 

pre-rRNA processing 

2H Dmitriev et al., 

2007 

hMOF/MYST1/ 

KAT8 

Human homologue to 

males absent on the 

first 

MYST domain, C2H2 

Zinc finger and a 

chromodomain 

2H 

MudPIT 

Dmitriev et al., 

2007 

Cai et al., 2010 

hMSL2*/ 

RNF184 

Male-specific lethal-2 RING finger, PHD 

finger 

MudPIT Cai et al., 2010 

 hMSL3a/ 

MSL3L1* 

hMSL3c/ 

MSL3L1c 

Male-specific lethal-3 Chromobarrel, MRG 

homology shorter 

version lacking the 

chromobarrel 

MudPIT Cai et al., 2010 

hNSL1/ 

hMSL1v1 

WDR5 WD repeat domain 5 Seven WD40 repeats IP 

MudPIT 

Li et al., 2009 

Cai et al., 2010 

hMOF/MYST1/ 

KAT8 

Human homologue to 

males absent on the 

first 

MYST domain, C2H2 

Zinc finger and a 

chromodomain 

IP 

MudPIT 

Li et al., 2009 

Cai et al., 2010 

MCRS1 Microspherule 

protein 2 

Forkhead associated 

domain (FHA) 

MudPIT Cai et al., 2010 

NSL2* 

(FLJ20436) 

Non-specific lethal-2 Two domains rich in 

cysteine and histidine 

MudPIT Cai et al., 2010 

NSL3* 

(FLJ10081) 

Non-specific lethal-3 α/β-hydrolase fold MudPIT Cai et al., 2010 

PHF20* PHD finger protein 20 2x Tudor domain, 

PHD finger, C2H2 – 

type zinc finger 

MudPIT Cai et al., 2010 

OGT O-linked β-N-acetyl-

glucosamine-

transferase 

TRP, 

glycosyltransferase 

MudPIT Cai et al., 2010 

Abbreviations used in this table: Affinity purification, AP; Co-immunoprecipitation, CI; Yeast-two-

hybrid screen, 2H; GST-pulldown, GP; tag-pulldown, TP; Immunoprecipitation, IP; Multidimensional 

Protein Identification Technology, MudPIT. * indicates a conserved interaction from Drosophila 

MOF. Table adapted and modified from (Dmitriev et al., 2007; Rea et al., 2007). 

 

1.2.3.2 Transcriptional regulation by hMOF 

Acetylation of H4K16 presumably results in an open chromatin structure, facilitating 

access for transcription factors and other transcription associated proteins. dMOF-

mediated H4K16ac correlates with a twofold upregulated transcription level of the 

single male X chromosome (Bone et al., 1994; Hilfiker et al., 1997). Due to the high 

degree of homology of MOF complexes between Drosophila and humans, the hMSL 

complex is likely to impact on transcriptional regulation. In fact, following siRNA 
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depletion of hMOF H4K16ac levels are reduced, and a number of genes show a 

significant change in expression pattern (Dr. Stephen Rea, unpublished data; 

Sharma et al., 2010). The expression of the proapoptotic gene TMS1/ASC has been 

shown to be regulated by hMOF, which binds the promoter region of this gene 

(Kapoor-Vazirani et al., 2008). Depletion of hMSL1 also results in a decrease in 

H4K16ac (Smith et al., 2005). This implies that hMSL1 interacts with hMOF and 

regulates either the HAT activity or localisation to certain genes. 

The detected interaction of hMOF with MLL1 (a histone methyltransferase for 

H3K4) in an MLL1-WDR5 (mixed-lineage leukaemia, WD repeat domain 5) complex 

(Dou et al., 2005; see table 1.1) further suggests involvement of hMOF in 

transcription regulation. Although this interaction of hMOF-MLL1 was not detected 

in an independent hMOF purification (Mendjan et al., 2006), both studies identified 

that hMOF is associated with WDR5, an H3K4me binding protein. These data led to 

the proposal of coordination between H4K16ac mediated by hMOF, and H3K4me 

mediated by MLL1 to activate transcription (Dou et al., 2005). Following 

establishment of acetylation or methylation by hMOF or MLL1, WDR5 or the 

bromodomain of MLL1 could bind chromatin and recruit the rest of the nuclear 

complex. This is a possible model for the establishment and spreading of 

transcriptionally active sites to juxtaposed nucleosomes (Dou et al., 2005).  

Additional interacting partners of hMOF and hMSL1 have been identified by 

Dmitriev and colleagues in a yeast-two-hybrid screen of a mouse embryo cDNA 

library (Dmitriev et al., 2007; see table 1.1). The proteins that associated with the 

baits are largely functionally uncharacterised, but are potentially involved in 

tumour suppression, transcription elongation, and pre-rRNA processing. One 

example is the negative elongation factor component NELF-C/TH1L (Negative 

elongation factor; Liu et al., 2004). NELF-C/TH1L is involved in promoter-proximal 

pausing of RNA polymerase II and in negatively regulating the protein kinase A-raf 

(Liu et al., 2004), and has been identified to physically interact with hMSL1 in the 

screen and confirmed by pull-down assay (Dmitriev et al., 2007). This suggests that 
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H4K16ac is linked to transcriptional elongation and A-raf signalling (Dmitriev et al., 

2007). The involvement of H4K16ac by MOF in transcription elongation has also 

been proposed for Drosophila as mentioned above. The recruitment of the MSL 

complex especially to the 3’ end of active genes on the X chromosome was 

proposed to increase H4K16ac, thereby facilitating polymerase progression (Gilfillan 

et al., 2006). The Dou group has recently found and confirmed the subunit 

composition of hMOF containing complexes (table 1.1; Cai et al., 2010; Li et al., 

2009).  

 

1.2.3.3 MOF in development 

Developmental biology studies the cellular growth and differentiation. If MOF is a 

general transcriptional regulator, it could regulate genes that are important for the 

organism’s development. Indeed, mammalian MOF has also been shown to have a 

functional role in development; in mice, loss of Mof and H4K16ac has resulted in 

early embryonic lethality (Gupta et al., 2008). Mof deletion in Purkinje cells 

displayed impaired motor coordination, a back-walking phenotype and a reduced 

life-span (Kumar et al., 2011). More recently, Mof has been named a key regulator 

of the embryonic stem cell (ESC) core transcriptional network (Li et al., 2012). Mof 

is essential for the ESC self-renewal (Li et al., 2012). Interestingly, this study also 

found up- and downregulated genes when Mof was knocked out. If genes were up- 

or downregulated was dependent on the location of Mof binding in relation to the 

transcription start site; most genes that are bound by Mof around the TSS are 

downregulated when Mof is deleted. For genes with coding-bound Mof, the 

enzyme’s deletion leads to an equal chance of up- or downregulation (Li et al., 

2012). According to Li and colleagues the former TSS-binding Mof correlated with 

Wdr5 binding, suggesting the Nsl complex being recruited to the TSS (Li et al., 2012; 

figure 1.3; Li et al., 2009). Mof binding to the intergenic regions, however, appears 

to have a different role and could represent the Msl complex. This is in concordance 

with two studies that showed that components of the Drosophila MSL complex can 
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reduce gene expression in presence of MOF and H4K16ac (Prestel et al., 2010b; 

Schiemann et al., 2010).  

Wdr5 is a component of the MLL methyltransferase complex that methylates H3K4. 

When Wdr5 is depleted, gene expression of self-renewal genes (i.e. Nanog, Oct4 

and Sox2) are significantly attenuated and loss of pluripotency and induction of cell 

differentiation (Ang et al., 2011). Wdr5 is also a subunit of the Mof-containing Nsl 

complex and it is suggested that H4K16ac and H3K4me interact (Dou et al., 2005; Li 

et al., 2009). Taken together, Mof might not only influence chromatin structure and 

organisation through H4K16ac, but also by indirectly regulating H3K3me through 

Wdr5 (Li et al., 2012). 

 

1.2.3.4 The role of MOF in DNA replication 

The proper inheritance of genomic information in higher organisms is a well-

orchestrated mechanism. It requires a well-coordinated and faithful duplication of 

the genome during S phase and proper separation of the duplicated chromosomes 

into daughter cells in mitosis (Sclafani and Holzen, 2007). The pre-replication 

complex (pre-RC) which is a multi-protein complex assembles prior to S phase and it 

commands when and where DNA replication will initiate (DePamphilis, 2003; Dutta 

and Bell, 1997). Replication initiation sites (origins) in budding yeast have been 

shown to have a highly conserved autonomously replicating sequence (ARS; 

Newlon, 1988) however no consensus sequence for origins exists in humans. 

In eukaryotes, chromatin restricts the access of the DNA polymerases to the DNA. 

Duplication of the genome during S phase occurs in an ordered fashion. The 

genome has to be replicated once per cell cycle. Distinct chromosomal regions 

replicate at defined time points in S phase (Aladjem, 2007) and coordinated 

completion of replication of all sequences is crucial. Timing of replication is 

determined by its distance to the nearest origin of replication and the time of firing 

of that origin. Measurement of replication timing was used to determine zone of 
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initiation replicating earlier than the rest of the genome. In budding yeast this was 

used to determine origins that share common motifs (Nieduszynski et al., 2006; 

Raghuraman et al., 2001). In higher organisms early firing origins appear to have no 

obvious consensus sequence predictive of metazoan origin even though the origin 

binding proteins are highly conserved between yeast and metazoans (Aladjem, 

2007). Epigenetic and structural features could play a role in determination of the 

initiation of DNA replication. Gilbert and co-workers have found that condensed 

heterochromatin replicates later in S phase than euchromatin (Gilbert, 2002). 

Recently, with a high resolution replication timing profile, Schwaiger and colleagues 

have mapped replication timing in male and female flies and correlated it to 

transcription (Schwaiger et al., 2009). Interestingly, they found that H4K16ac, early 

replication and transcription overlap. It has further been found that in Drosophila 

different states of chromatin regulate and organise DNA replication by exposure of 

the DNA sequence to replication factors (Bell et al., 2010).  

In human cells, it has been determined that H4K16 is hyperacetylated mid-S phase 

(Rice et al., 2002; Vaquero et al., 2006). This coincides with hMOF expression being 

highest in S phase (Zhou et al., 2009). It is therefore tempting to speculate that 

H4K16ac is also involved in DNA replication in human cells. The link of H4K16ac with 

Asf1 and CAF-1 proposes for that modification to have a role of nascent histone 

deposition after passage of the replication fork (Groth et al., 2007). 

 

1.2.3.5 The DNA damage response and hMOF 

Cells encounter a high number of DNA lesions in every cell. Per day, an estimated 

104-105 lesions occur (Lindahl, 1993). These lesions can either be single or double 

strand breaks of DNA and can occur due to endogenous or exogenous source 

(Hoeijmakers, 2009). These lesions have to be repaired and there are tightly 

regulated mechanisms by which the genome remains stable. Double strand breaks 

(DSB) can be repaired by two main pathways; the NHEJ (non-homologous end 
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joining) and the HR (homologous recombination) pathways. However, the lesions 

have be detected and signals need to be transduced to ensure efficient lesion repair 

(Polo and Jackson, 2011).  

H4K16ac has been found to be involved in DNA damage repair in budding yeast 

(Tamburini and Tyler, 2005). Support for the involvement of acetylation of H4K16 in 

DNA damage repair and cell cycle progression in human cells has been found in 

depletion studies of hMOF in the mammalian cell lines HeLa and 293T. This hMOF 

depletion led to cell cycle arrest in G2/M phase (Smith et al., 2005; Taipale et al., 

2005) that could be restored by addition of caffeine, an inhibitor of the ATM/ATR 

pathway (Taipale et al., 2005). An explanation for the observed cell cycle arrest 

could be that hMOF-depleted cells are defective in an S phase checkpoint leading to 

accumulation of cells in G2/M. The reduction of H4K16ac dependent on hMOF 

depletion could affect DNA replication. During mid-S phase acetylation of lysine 16 

reaches its peak (Rice et al., 2002), DNA is replicated, and conservation of 

epigenetic integrity must be achieved (Groth et al., 2007).  

Evidence for another explanation of the observed arrested phenotype has been 

found with preliminary data that showed upon depletion of hMOF a modest 

reduction in transcription of a number of genes (Smith et al., 2005). If those 

affected genes have a direct or indirect role in cell cycle progression, which still 

remains to be determined, the result could be explained. Recent evidence for a 

third alternative explanation of G2/M arrest of hMOF-depleted cells supports the 

idea that DNA damage repair is impaired, activating the G2/M checkpoint (Gupta et 

al., 2005; Taipale et al., 2005). hMOF-depleted cells have a slower, less efficient 

DNA repair mechanism response to ionizing irradiation (IR) because they 

maintained more phosphorylated ATM and foci of the histone variant γH2Ax, which 

marks DNA double-strand breaks, compared to control cells (Gupta et al., 2005; 

Taipale et al., 2005). This provides a connection between hMOF, cell cycle 

progression and DNA repair; however, the mechanism is still unknown. 
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Recently, new evidence for direct and indirect links between hMOF and the DNA 

damage response pathways have been shown. These pathways are the cell’s 

mechanism to check for DNA damage by sensors (i.e. molecules sensing DNA 

damage) and transferring that signal via transducers to the downstream effectors. 

In the presence of DNA damage this activates the signal for cell cycle arrest, DNA 

repair, or apoptosis. The transducer protein ATM is a dimer or multimer when 

inactive which upon activation, dissociates to a dimer which mediates 

phosphorylation of several downstream repair proteins (Bakkenist and Kastan, 

2003). Pandita and colleagues provided data that suggest a role for hMOF in the 

ATM pathway (Gupta et al., 2005). Direct interaction between hMOF and ATM 

through the hMOF-chromodomain has been shown with Co-IP and yeast two-

hybrid assays. Yet, this interaction was not found in an independent study 

(Mendjan et al., 2006). Additionally, in irradiated and hMOF-depleted cells ATM had 

reduced autophosphorylation and kinase activity. A high dose of IR leads to an 

increase of H4K16 acetylation by hMOF without any noticeable increase of the 

amount of hMOF and is independent of ATM (Gupta et al., 2005). A possible model 

for the involvement of hMOF in the ATM pathway is an upstream hMOF-dependent 

increase of H4K16ac that modifies chromatin structure together with DNA breaks 

following IR, leaving hMOF a transducing role to activate ATM (Gupta et al., 2005). 

In contrast to that stands the observation that the ATM checkpoint in G2/M phase is 

activated by hMOF depletion (Taipale et al., 2005). hMOF could also interact with 

some other activator of ATM which could explain the observed ATM checkpoint 

activation (Taipale et al., 2005). hMOF depletion has also been shown to decrease 

the efficiency of DNA damage repair by the HR and the NHEJ pathways (Sharma et 

al., 2010). ATM-dependent IR-induced phosphorylation of DNA-PKcs are defective 

in these hMOF-depleted cells. 
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1.2.3.6 Nuclear pore complex and polylobulation 

It is essential that sufficient NPC is available during the cell cycle because it 

regulates access to and from the nucleus due to the fact that transcription is 

necessary for cell cycle progression. For example, cycling mammalian and yeast 

cells double the amount of NPC in the nucleus between the G1 and G2 phase of 

mitosis (Rabut et al., 2004). The nuclear lamins are a dense fibrular network within 

the nucleus that provides mechanical structure, but also regulates gene expression 

(Margalit et al., 2005). Nuclear lamins are also involved in the elongation phase of 

the DNA replication. 

The Zinc metallopeptidase STE24 (Zmpste24) posttranslationally processes and 

cleaves prelamin A into mature lamin A and deletion of Zmpste24 leads to 

premature aging (Pendas et al., 2002). Progeroid features are also described in 

patients suffering from the Hutchinson Gilford progeria syndrome (HGPS), which 

arises due to a de novo lamin A gene (LMNA) point mutation resulting in a 

truncated protein named progerin (Eriksson et al., 2003). Krishnan and co-workers 

have recently found that in Zmpste24
-/- mice hypoacetylation of H4K16 is associated 

with defective DNA damage response and premature senescence (Krishnan et al., 

2011). 

The human MSL complex contains TPR which interacts with the nuclear pore. hMOF 

has been reported to acetylate the chromatin remodelling complex NoRC (Zhou et 

al., 2009). The subunit TIP5 is acetylated by hMOF on lysine 633 and this is required 

for non-coding RNA silencing (Zhou et al., 2009). 

 

1.2.3.7 hMOF is implicated in cancer 

Cancer has classically been seen as a genetic disease caused by mutations; 

deletions, duplications, and translocations. When an imbalance in CpG island 

methylation had been detected to be irregular in cancers (Ballestar et al., 2003), 

this view changed and cancer is now widely accepted to have an epigenetic 
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element. Differences in histone modifications, such as acetylation have been added 

to abnormalities observed in cancer (Fraga and Esteller, 2005). Acetylation of 

H4K16 (and H4K20 methylation) has been found to be reduced in various cancer 

cell lines compared to normal cells (Fraga et al., 2005). However, it was unknown 

which enzyme is particularly important for the loss of this modification in cancer 

cells. In a recent study, Lichter and colleagues found by immunohistochemistry that 

a number of primary breast carcinoma (18%) and medulloblastoma (40%) showed 

reduced hMOF protein expression (Pfister et al., 2008). This depletion of hMOF 

correlated with reduction of H4K16ac and was an indicator for severity and survival 

rate in medulloblastoma. In staged breast cancer more aggressive, infiltrating 

tumours were more likely to have lost hMOF expression and thereby H4K16ac. The 

molecular mechanism of how reduction of hMOF or H4K16 acetylation might 

function in carcinogenesis remains to be determined and could be through general 

disruption of transcription, improper DNA damage response (see above) or loss of 

early firing replication origins and thereby deregulating replication. Additionally, the 

HDAC that deacetylates H4K16 and other lysine residues, SIRT1, has been reported 

to be overexpressed in colon cancers (Stunkel et al., 2007). This could further 

reduce H4K16ac and thereby influence chromatin structure and gene expression. 

An enzyme that has been found to interact with hMOF in a MLL1-WDR5 complex is 

a HMT and has been implicated in the spreading of transcriptionally active sites, as 

described previously. MLL1 is a protooncogene that was first detected through 

chromosomal translocations directly associated with aggressive lymphoid and 

myeloid acute leukemias, especially among infants (Hess, 2004). It is involved in 

developmental regulation through Hox genes (Yu et al., 1995) and has more 

recently also been implicated in non-Hox gene regulation (Milne et al., 2005). 

Similarly, results of a knock-out study of Mof in mice (mMof) by gene targeting 

showed that mMof activity is crucial for development and cell proliferation (Gupta 

et al., 2008). When mMof was knocked-out, embryonic development was arrested 

and cells died. It remains to be determined if there is, in addition to the potential 
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role in transcriptional regulation, a correlation between MLL1 and the potential 

tumour suppressor hMOF in carcinogenesis and embryogenesis. 

Another possible role of hMOF in cancer has been implicated by studies reporting 

that the p53 tumour suppressor protein interacts with and is modified by hMOF 

(Sykes et al., 2006). Loss of p53 function often results in carcinogenesis (Levine, 

1997; Vousden and Lu, 2002). The p53 protein has at least two roles in response to 

genotoxic stress; not only are growth arrest genes transcriptionally enhanced by 

p53 but it can also induce apoptosis through transcriptional stimulation of 

proapoptotic genes (Vousden, 2006). How p53 is regulated to either induce growth 

arrest or apoptosis, is not understood at the molecular level. 

A possible signal that could help the cell to decide between growth arrest and 

apoptosis could be by acetylation of p53 at lysine 120 (p53K120ac). This residue is 

located within the DNA-binding domain of p53 (Cho et al., 1994) and seems to be of 

particular importance because it is found to be mutated in some cancers (Deissler 

et al., 2004; Hashimoto et al., 1999; Hayes et al., 1999; Leitao et al., 2004; Meyers 

et al., 1993). The MYST acetyltransferases hMOF and TIP60 were recently reported 

to acetylate p53K120 (Sykes et al., 2006; Tang et al., 2006). The function of 

p53K120Ac was analysed by mutation of the residue and by depletion of either 

hMOF or TIP60. Transcription of proapoptotic genes (e.g. BAX and PUMA) was 

specifically blocked by loss of acetylation at K120 but left non-apoptotic targets 

(p21) unaffected (Sykes et al., 2006). Induction of DNA damage by UV treatment of 

the cells increased acetylation at lysine 120 of p53 at promoters of pro-apoptotic 

genes (Sykes et al., 2006; Tang et al., 2006), demonstrating that hMOF and TIP60 

support apoptosis. Severe DNA damage cannot always be efficiently repaired and 

carries the risk of lethal genomic instabilities. Therefore, it is important for an 

irreversibly damaged cell to be able to induce apoptosis. DNA damage could thus 

activate either of the two MYST acetyltransferases to acetylate p53 and hence 

activate programmed cell death. It remains to be determined how much of this 
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mechanism is redundantly evolved and how much is dependent on the cell type or 

kind of DNA damage. 

There is concrete evidence that hMOF is involved in essential regulatory 

mechanisms of the cell. Its involvement in cell cycle regulation, DNA damage 

response, carcinogenesis, and embryogenesis has been shown in a number of 

studies (Gupta et al., 2008; Gupta et al., 2005; Smith et al., 2005; Taipale et al., 

2005) and has also been linked to other hMOF-interacting proteins. hMOF might 

not only exert its influence by acetylating H4K16, but also by acetylating other, non-

histone proteins. It has been shown that hMOF can acetylate the tumour 

suppressor p53 and thereby regulating its ability to bind DNA and potentially 

determine if the cell undergoes apoptosis or arrest. It will be important and 

interesting to characterise the exact mechanism and functions of hMOF and 

H4K16ac in those fundamental processes. 

Most human cancer cells are aneuploid. Tetraploidy has been implicated as a 

precursor of aneuploidy in cancer cells (reviewed in Holland and Cleveland, 2009). It 

has been reported that chromosome instability (CIN) leads to one chromosome 

gain or loss event in approximately five cell divisions (Lengauer et al., 1997). Many 

human cancers have triploid or near-tetraploid phenotypes which would, with the 

above described missegregation rate of one in five cell divisions, mean that more 

than 150 population doublings are needed to generate clones with close to triploid 

chromosome numbers. These doubling numbers are quite high and would also 

require for each intermediate cell to have been viable. Storchova and Kuffer 

grouped a number of tumours by their chromosome number and have found that 

there are two distinct peaks; one representing near-diploid and another with 

chromosome numbers between triploid and tetraploid genomes (Storchova and 

Kuffer, 2008). Therefore, CIN is an unlikely mechanism by which near tetraploid or 

tetraploid chromosome numbers in cancer cells were accumulated (figure 1.4).  
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Figure 1.4: Causes of polyploidy 

Polyploidy can be caused by various events. Two cells can fuse for example after 
viral infection. Cytokinetic failure may happen when chromatin is trapped in the 
cleavage furrow. Both of these mechanisms would result in an intermediate 
binucleated tetraploid cell, which would, after mitosis, become a mononucleated 
tetraploid cell. A mitotic arrest often occurs when cells undergo a prolonged mitotic 
arrest in spindle toxins. Endoreplication occurs naturally in megakaryocytes. It is the 
process of cells undergoing multiple rounds of genome duplication without 
completing mitosis. Both of these mechanisms result in a mononucleated tetraploid 
cell. Theoretically, the same processes could happen to this tetraploid cell, resulting 
in an octaploid cell etc. If a tetraploid cell loses chromosomes, an aneuploid cell can 
arise. A lot of polyploid cells that naturally occur go into senescence after a certain 
number of replications. 2N, diploid nucleus, 4N, tetraploid nucleus, 8N, octaploid 
nucleus, 3N+x, aneuploidy near tri- or tetraploid nucleus, 4C, diploid nucleus with 
replicated chromosomes. 
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1.3 Aims of this study 

In the discussed studies it was shown that the bulk of H4K16 acetylation in humans 

is carried out by hMOF, the human orthologue of Drosophila MOF. Interaction and 

loss of function studies have shown that hMOF is clearly involved in several 

different cellular functions. These include such crucial processes as transcriptional 

regulation, chromatin organisation, cell cycle progression, DNA damage repair, and 

apoptosis. It was not surprising therefore when both decreased expression of 

hMOF and decreased H4K16 acetylation levels were observed in several different 

types of cancer. 

The general hypothesis addressed by this doctoral work was that hMOF, through its 

acetylation of histone H4K16 is responsible for regulating the expression of specific 

genes. Loss or decreased expression of hMOF leads to aberrant expression of these 

important genes, which in turn contributes to cell transformation and cancer. 

More specifically, the addressed aims were: 

1) To elucidate the role of hMOF and associated proteins in transcriptional 

regulation. To this end, an in vivo transcription reporter assay was established.  

2) To investigate the role of hMOF in cancer. Initially, the aim was to identify 

whether loss of hMOF expression causes cell transformation.  

3) When hMOF-depleted cells were generated, we detected an interesting 

phenotype; the cells became tetraploid. As this has been argued to be a possible 

step in a cell’s transformation process, we aimed to elucidate the mechanism by 

which this polyploidy occurs.  
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2.1 Preface 

All details of the experimental procedures used throughout this study are outlined 

in this chapter. A list of solutions and reagents not mentioned in this chapter can be 

found in the appendix (table A.7). Unless otherwise specified, all protocols were 

adapted from the Molecular Cloning laboratory manual (Sambrook et al., 1989). 

 

2.2 Molecular cloning 

Basic molecular cloning procedures were used for this study to produce expression 

constructs that help study the functions of the genes analysed. In this section, the 

traditional and modern methods used are explained and the generated constructs 

are listed (see appendix table A.1). 

 

2.2.1 Plasmid DNA preparation 

Plasmid DNA was prepared using the Qiagen MaxiPrep kit. In these procedures, 

plasmid DNA was isolated according to the manufacturer’s instructions. For 

MaxiPrep plasmid preparations, 100 ml of Escherichia coli cultures were used. In 

brief, the cells were resuspended, lysed and neutralised with the buffers provided 

in the kit, cellular debris and genomic DNA were precipitated, and the supernatant 

containing the plasmid DNA was loaded onto a cleaning column for ultra-pure DNA. 

The DNA was washed, eluted and precipitated with isopropanol and washed with 

ethanol. Smaller prep sizes (MiniPrep) were prepared with the same buffers from 

the kit, but without the column cleaning step. MiniPrep size preps were used for 

screening colonies by diagnostic digests. For plasmid MiniPrep extraction, 3 ml 

cultures of E. coli were grown overnight in the presence of selective antibiotics at 

37°C with shaking. Clones were selected using ampicillin at 50 μg/ml or kanamycin 

at 30 μg/ml (Sigma). The resulting plasmid DNA was eluted/resuspended in MilliQ 

H2O, quantified using a NanoDrop 2000c spectrophotometer and stored at -20°C. 
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2.2.2 Restriction endonuclease reactions  

All restriction enzymes used for DNA digestion were supplied by NEB except where 

specified and reactions were performed at the optimal conditions stated in the 

supplier’s catalogue. Typically, 200-400 ng of DNA were digested for plasmid DNA 

screening and 0.5-2 µg of DNA were used to prepare restriction fragments for 

ligation. Incubation times ranged from 2-16 hours, depending on the amount of 

DNA being digested. When appropriate, the enzymes were heat inactivated using 

the recommended conditions. 

 

2.2.3 DNA gel purification 

For DNA extraction, bands of interest were excised from agarose gels using a clean 

scalpel blade and placed in 2 ml microtubes. DNA was then extracted using the 

Qiagen gel extraction kit according to the manufacturer’s instructions and eluted 

with 20 µl of warm elution buffer (60°C). 

 

2.2.4 Generation of blunt DNA ends 

When DNA fragments with overhangs were used for blunt ligations, 5’ and/or 3’ 

overhangs were blunted using the DNA polymerase I Large (Klenow) Fragment. This 

enzyme has both 5’ to 3’ polymerase activity (fill-in of 3’ overhangs) and 3’ to 5’ 

exonuclease activity (removal of 5’ overhangs). The reaction was carried out in the 

presence of any restriction enzyme buffer supplemented with BSA (0.1 mg/ml) and 

dNTPs (33 µM). 1 U of enzyme was used per µg of DNA and the reaction incubated 

at 25°C for 15 minutes and then heat inactivated at 75°C for 20 minutes. 
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2.2.5 Dephosphorylation of DNA 5’ ends  

The linearised DNA vector was treated with Shrimp Alkaline Phosphatase (SAP) in 

order to dephosphorylate the DNA‘s 5’ ends, reducing its self-ligating potential. SAP 

is fully active with any restriction enzyme buffer or with the supplied SAP buffer. 1 

U was added per reaction which was incubated at 37°C for 1-2 hours.  

 

2.2.6 Sticky and blunt end ligations  

Before DNA ligations, Qiagen PCR clean-up columns were used according to the 

recommended protocol to purify plasmid DNA fragments after PCR, Klenow or SAP 

treatments and between sequential restriction digestions to remove buffer salts 

and enzymes. The vector and insert fragment concentrations were compared by 

agarose gel electrophoresis and ratios between 1 in 2 and 1 in 10 were used. The 

ligations were performed in the smallest volume possible (usually 10 µl) using 200-

400 U of T4 DNA ligase supplemented with the buffer provided. Ligation reactions 

were incubated for 1-4 hours at 25°C or overnight at 16°C. Control ligations were 

performed with either vector or insert alone to quantify the number of background 

colonies. 

 

2.2.7 Gateway cloning technology 

The Gateway cloning technology (Invitrogen) was utilised for most expression 

constructs generated in this study. This system simplifies cloning. It replaces 

restriction digestions, Klenow and dephosphorylation reactions, and ligation steps 

with site recombination. Detailed protocols can be found on the Invitrogen website. 

In brief, recombination sites were combined with the genes of interest by PCR 

(2.5.1.1) and recombined with pDONR plasmids catalysed by the BP clonase 

reaction. This resulted in pENTR clones which can be subcloned into any destination 

(pDEST) Gateway vector for bacterial, mammalian or viral expression with LR 

clonase. The resulting vector is then termed pEXP. In this study, a pDEST-Gal4 
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vector was created by inserting the Gateway cassette, a prerequisite for the 

Gateway system, from the pcDNA DEST40 plasmid into an existing pcDNA Gal4 

plasmid. 

 

2.2.8 Preparation of competent Escherichia coli cells  

The E. coli Top10 strain was used for general subcloning and plasmid propagation 

and has the following genotype: F- 
mcrA∆(mrr-hsdRNS-mcrBC) φ80lacZ∆M15 

∆lacX74deoR recA1 araD139 ∆(ara-leu)7697 galU galK rpsL(Str
R
) endA1 nup.  

For propagation of Gateway pDONR and pDEST plasmids, the One Shot ccdB 

Survival 2 T1 cells (Invitrogen) were used. Those cells have the following genotype: 

F
- 

mcrA Δ(mrr-hsdRMS-mcrBC) Φ80lacZΔM15 ΔlacX74 recA1 araΔ139 Δ(ara-

leu)7697 galU galK rpsL(Str
R
) endA1 nupG fhuA::IS2  

To prepare chemically competent E. coli, a 5 ml culture was grown overnight. No 

antibiotics were used for the Top10 strain and chloramphenicol (final concentration 

15-30 µg/ml) was used in the LB for the ccdB Survival cells. The next day, these 

cultures were diluted 1:50 in 100 ml of LB with or without antibiotic. After growth 

of approximately 2 hours at 37°C (to an OD600 of 0.5-0.6), the cells were harvested 

at 6000 g for 10 minutes at 4°C and resuspended in 50 ml of ice cold 0.1 M CaCl2 

and incubated on ice for 30 minutes. Subsequently the cells were pelleted (as 

before), resuspended gently in 0.1 M CaCl2 supplemented with 15% glycerol (10ml 

per 100ml of culture), divided in 50-200 µl aliquots, transferred to dry ice and 

stored at -80°C. To determine the competency, the new competent cells were 

transformed (section 2.2.9) with 10 pg or 10 ng of plasmid DNA and different 

fractions of the cells were plated (e.g.: 1:2; 1:50). The number of colonies was 

scored and used to determine the number of colony forming units (cfu) per µg of 

DNA used in the transformation. Good chemically competent cells should have an 

efficiency ranging from 106-108 cfu/µg of plasmid DNA. 
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2.2.9 Escherichia coli transformation 

50 µl of chemically competent bacterial cells were thawed on ice prior to the 

addition of half ligation mixture, a half to full BP or LR clonase reaction, or ~50 ng of 

a plasmid DNA. After mixing the cells were incubated on ice for 20 minutes, heat 

shocked at 42°C for 40 seconds, and finally placed on ice for 2 minutes to recover. 

950 µl of LB broth was added to the mixture and the cells incubated with gentle 

shaking for 1 hour at 37°C. Following this, the cells were spread on LB broth agar 

plates containing the appropriate antibiotic selection (mentioned in section 2.2.1) 

and incubated overnight at 37°C. Colonies were picked and grown overnight in LB 

broth cultures with antibiotic at 37°C with agitation and used for plasmid DNA 

preparation in the next day or used to set up bigger cultures the next day for 

MaxiPreps (section 2.2.1).  

 

2.3 Mammalian cell culture 

The following methods describe the propagation of the mammalian cell lines used 

or generated in this study (for a list of cell lines used and generated see table 2.3). 

These methods also include genetic manipulation of mammalian cells. 

 

2.3.1 Cell lines and growth conditions 

Cells were grown under humid conditions (37°C, 5% Carbon Dioxide) in the 

appropriate growth medium (stated in table 2.4). T.25 and T.75 tissue culture flasks 

with filter caps were used to maintain cell cultures (Sarstedt). 

 

2.3.1.1 Feeding and passage of adherent cells 

Cell medium (Dulbecco’s Modified Eagle‘s Medium, Sigma) was replenished every 

2-4 days as required. Cells were passaged at 70-100% confluency. To do this, the 
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growth medium was aspirated using a sterile glass pipette and cells were washed in 

1X PBS to remove any remaining serum. Cells were incubated with trypsin (Sigma) 

at 37°C to lift them from the flask surface. The trypsin was inactivated by adding an 

equal volume of growth medium containing 10% Fetal Bovine Serum (FBS, Biosera). 

Cells were re-seeded at 1 in 3 to 1 in 10 dilutions depending on the cell line. 

 

2.3.1.2 Feeding and passage of murine virus producing cell lines and harvesting of virus 

The murine fibroblast cell line GP+E-86 was used for stable production of shRNA 

virus. When handling this cell line, extra precaution must be taken because these 

cells shed murine virus into the cell culture medium while dividing. Therefore, care 

must be taken, that the medium does not get in contact with cells that can get 

infected with the virus. The liquid waste produced during handling of this cell line 

was therefore kept separately of the other cell lines. 

The cells were passaged at 80-90% confluency. The growth medium containing the 

virus was removed using a sterile pipette, spun down, filtered and stored at 4°C in a 

Falcon tube or directly used for infecting BJ-ET fibroblasts. The cells were washed in 

1X PBS and then incubated with trypsin at 37°C. Inactivation of the trypsin was 

achieved by adding an equal amount of growth medium containing 10% FBS. The 

cells were then re-seeded at 1 in 6 to 1 in 15 dilutions. 

 

2.3.1.3 Feeding and passage of suspension cells 

The K-562 cell line was grown in suspension in upright T.75 and T.175 tissue culture 

flasks. Cells were maintained by feeding every 2-4 days (25-50 ml medium). When 

the cells were confluent, an appropriate number of cells was removed from the 

culture flask and placed into a new flask with the appropriate amount of fresh RPMI 

medium with 10% FBS. 
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2.3.1.4 Preparation and recovery of cell stocks 

To prepare frozen cell stocks an appropriate amount of cells (about 1-2 x 106-

adherent cells) were centrifuged for 5 minutes at 1000 rpm (revolutions per 

minute). Cell pellets were resuspended in 1 ml of cell freezing medium (see 

appendix, table A.7) and placed in a CryoTube (NUNC). Cells were frozen slowly 

using a Cryo 1°C freezing container (Nalgene). The freezing chamber is filled with 

100% propan-2-ol and the CryoTube is placed in the holder provided. This was 

stored at -80°C overnight. Using this container the cells are frozen slowly at a rate 

of -1°C per minute. The cells can then be placed for long term storage in liquid 

nitrogen. 

Frozen cells were recovered by thawing quickly at 37°C and placing into a T.25 

tissue culture flask with 5 ml of growth medium. Cells were incubated overnight at 

37°C, 5% CO2 to recover and adhere. Following this, cells were given fresh medium 

and grown as normal. 

 

2.3.2 Haemocytometer counting to determine cell number 

The haemocytometer was prepared by cleaning with 70% ethanol. A coverslip was 

placed over the haemocytometer chamber. Cells were trypsinised as normal and 

resuspended in fresh growth medium. Confluent cell suspensions were diluted 1 in 

10 for counting. Each chamber of the haemocytometer was filled by capillary action 

using a normal pipette tip to place a drop of the cell suspension at the chambers 

edge. A minimum of four 1 mm squares (divided into 16 smaller squares) were 

counted and the average cell number was calculated. This represents the number 

of cells x 104/ml. 
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2.3.3 Chemical transfection of mammalian cell lines 

The following methods describe the different methods by which nucleic acids were 

introduced into mammalian cells in this study. 

 

2.3.3.1 Transfection of adherent cells using Lipofectamine 2000 

Cells were transfected in 6- or 12-well flat bottom plates or 100 mm plates. 

Depending on the size of the plates, different amounts of cells were plated 24 hours 

prior to transfection. In a 6-well plate 1.5 x 105 cells, in a 12-well plate 6 x 104 cells 

and in a 100 mm plate 1 x 106 cells were pre-plated. For RNA and Protein 

extractions, cells were transfected at approximately 70-80% confluency. 

 

Lipofectamine 2000 transfection conditions 

 12-well plate 6-well plate 100 mm plate 

LF2000 reagent 1-4 μl 2-8 μl 10-20 µl 

Short Interfering RNA 

and / or 

DNA 

10-50 nM 10-50 nM 10-50 nM 

0.1-1 μg 1-5 μg 20 µg 

Final plating volume 1 ml 2 ml 10 ml 

 

To perform the transfection, Lipofectamine 2000 (Invitrogen), siRNA or DNA were 

diluted in Opti-MEM reduced serum medium (GIBCO) in accordance with the 

manufacturer’s instructions. Transfection complexes were added dropwise to the 

cells and normal growth medium was added to make up the final volume. 
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2.3.3.2 Stable transfection using Lipofectamine 2000 

DNA was transfected into HeLa cells as described above (2.3.3.1) in a 100 mm dish. 

One day after transfection, the medium was changed and an appropriate amount of 

selective antibiotic (see appendix, table A.2) is added to the medium or cells are 

trypsinised as described above (2.3.1.1) and re-seeded at 1 in 10 to 1 in 1000 

dilution depending on the antibiotic and cell type used with selective antibiotic. 

Once colonies start to form on the dish which should happen two weeks to four 

weeks post transfection the stable clones were picked from the 100 mm dish and 

further cultured in 24-well dishes up to T.25 flasks. 

 

2.3.3.3 Transfection of adherent cells using Oligofectamine 

Cells were transfected in 6- or 12-well flat bottom plates. Depending on the size of 

the plates, different amounts of cells were plated 24 hours prior to transfection. In 

a 6-well plate 1 x 105 cells, in a 12-well plate 4 x 104 cells and in a 100 mm plate 7 x 

105 cells were pre-plated. For RNA and Protein extractions, cells were transfected at 

approximately 50-70% confluency. 

Oligofectamine transfection conditions 

 12-well plate 6-well plate 100 mm plate 

Oligofectamine reagent 1-4 μl 2-8 μl 10-20 µl 

Short Interfering RNA 

and / or 

DNA 

10-50 nM 10-50 nM 10-50 nM 

0.1-1 μg 1-5 μg 20 µg 

Final plating volume 1 ml 2 ml 10 ml 

 

To perform the transfection, Oligofectamine (Invitrogen), siRNA or DNA were 

diluted in Opti-MEM reduced serum medium (GIBCO) in accordance with the 

manufacturer’s instructions. The normal medium was removed and Opti-MEM was 
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added to the cells. Transfection complexes were added dropwise to the cells. 3-6 

hours post-transfection 3X DMEM was added to the cells and cells were left 

overnight. The medium was changed the next day and cells were grown for the 

desired amount of time, usually 24-96 hours post-transfection. 

 

2.3.4 Viral transduction of mammalian cells 

The BJ-ET fibroblasts used in this study overexpress an ecotropic murine receptor 

that makes them susceptible to murine virus produced by the GP+E-86 cells. Such 

BJ-ET fibroblasts were plated in a 100 mm dish one day before transduction. The 

cells were infected with virus supernatant from the GP+E-86 cells at 60-70% 

confluency in presence of 8 µg/ml polybrene overnight. The virus supernatant was 

replaced with normal medium for 8 hours after which the infection was repeated. 

The next morning, the virus supernatant on the double-transduced cells was 

replaced with normal growth medium. The BJ-ET fibroblasts were left to recover in 

normal growth medium for 24 hours before selective antibiotic was applied. 

Colonies formed about three to four weeks after initial infection and they were 

picked sterilely and cultured in 24-well dishes. The clones were cultured as 

described in section 2.3.1.1 and grown to T.25 size before they were frozen down 

as described above (2.3.1.4). 

 

2.3.5 Metaphase spreads 

BJ-ET fibroblasts were plated at about 50% confluency in 100 mm dishes one day 

prior to the experiment. The cells were grown for 3 hours in presence of 2 µg/ml of 

colcemid in order to inhibit microtubule formation before they were harvested. 

With the aim of catching all mitotic cells the growth medium supernatant and the 

1X PBS wash was harvested as well. The cells were then swollen in hypotonic KCl 

(75 mM) solution for 5 minutes at 37°C. The cells were fixed in ice cold 3 to 1 
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methanol to acetic acid for 10 minutes at 37°C and then dropped onto microscope 

slides. The spreads were stained with DAPI and imaged on an Olympus microscope. 

 

2.3.6 Fluorescently labelled siRNA 

In order to visualise the transfected siRNA, chemically synthesised duplex siRNA 

(Dharmacon and Sigma) was labelled using the Silencer siRNA Labeling Kit – cy3 

(Ambion). 

Silencer siRNA fluoresence kit – cy3 reaction set up 

Component Amount 

Nuclease-free water 18.3 μl 

10X labelling buffer 5 µl 

21-mer duplex siRNA at 20 µM (~5 µg) 19.2 µl 

cy3 labelling reagent 7.5 µl 

Final reaction volume 50 µl 

 

In accordance with the manufacturer’s protocol, approximately 5 µg siRNA of a 

chemically synthesized siRNA to hMOF or control non-targeting siRNA (sequences in 

appendix, table A.3) were fluorescently labelled using 7.5 µl of cy3 labelling 

reagent. After labelling, the duplexes were purified by ethanol precipitation and 

washes and resuspended in 19.2 µl of nuclease-free water to keep the same 

concentration. 

 

2.3.7 Enzymatic in vivo transcription luciferase reporter assay 

The Dual Luciferase Reporter assay kit (Promega) was used to assess transcriptional 

regulation activity of proteins. For this and in accordance with the manufacturer’s 
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instructions, 80% confluent HeLa cells growing in 12-well plates were co-

transfected with Lipofectamine 2000 as above (2.3.3.1) with Gal4 expression 

constructs (see appendix, table A.1) and reporter plasmids (experimental and 

control reporter). The cells were harvested 24 hours post-transfection by adding 

250 µl of Passive Lysis Buffer (PLB) and placing them on a rocker for 15 minutes at 

room temperature. The lysate was cleared by a 10 minutes spin at 20,000 g at 4°C. 

The cleared lysate was then mixed with the reporter luciferase substrate and the 

luminescence of the mixture was measured on a plate reader. Then, the reaction 

was quenched and the control luciferase substrate was added. The luminescence of 

the control luciferase was then measured on the plate reader. The assay was also 

carried out in the stable firefly luciferase-expressing HeLa cells that were obtained 

by the method described in section 2.3.3.2. The difference was that only the Gal4 

expression constructs and the transfection control reporter plasimds were 

transfected into the cells. 

 

2.3.8 Live-cell imaging 

HeLa and BJ-ET cell lines stably expressing human H2B-GFP were incubated for 2 

days on glass bottom dishes (MatTek) to adhere. Cells were then transfected with 

cy3-labelled siRNA using Lipofectamine2000 (see 2.3.3.1). The medium was 

supplemented with 20 mM HEPES (pH 7.4). The cells were imaged (CoolSnap HQ2; 

Photometrics) every 20 minutes for up to 24 hours using the DeltaVision integrated 

microscope system mounted on an IX71 microscope (Olympus) with a 40x oil 

objective or a 20x air objective and a 37°C environmental chamber 

(WeatherStation, Precision Control). The exposure time for the GFP signal was set 

to 1 second at 32% light transmission and a reference image was taken for each 

frame. 10 to 20 separate frames were imaged for each experiment. If cy3-labelled 

siRNA was also transfected into the cells, a 2 second exposure at 32% light 

transmission was taken with the mCherry filter. The process was controlled by the 
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SoftWorx software (Applied Precision) and images were deconvolved and saved 

using SoftWorx. 

 

2.3.9 Elutriation of human K-562 suspension cells 

Elutriation was carried out to subdivide an asynchronously growing culture into the 

separate cell cycle stages. The success of elutriation relies on centrifugal forces and 

flow rate. Accordingly, 1.5 x 108 K-562 cells were grown in culture as described 

above (2.3.1.3). The system used was a JE-5.0 elutriation system (Beckman Coulter) 

in an Avanti J-26 XP high-performance centrifuge (Beckman Coulter) as previously 

described (Dehde et al., 2001; Nasheuer et al., 1991). 

The elutriation system was rotated at a constant speed of 1200 rpm at 8°C. RPMI 

media supplemented with 5% FBS was injected into the elutriation system using a 

peristaltic pump (Masterflex L/S, Cole Parmer Instrument Company) at a constant 

initial flow-rate of 18 ml/min. 1.5 x 108 K-562 cells were resusepended in 10 ml 

RPMI medium supplemented with 5% FCS and a single cell-suspension state was 

ensured by pipetting cells through a Microlance 3 syringe tip (Beckton Dickinson). 

These cells were then introduced into the system and loaded into the elutriation 

chamber using the same initial constant flow-rate. The flow rate was then gradually 

increased (see table below for flow rates) and 100 ml fractions at each different 

flow-rate were collected, yielding fractions enriched in late G1-, intra S-, late S/ G2- 

and G2/M- phase cells, respectively. Cell synchrony was assayed by Propidium 

Iodide (PI) Fluorescence Activated Cell Sorting (FACS) analysis (see section 2.9.1 for 

method) for each experiment and appropriately synchronised fractions were used 

for subsequent RNA isolation (2.4.3). 
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Fraction Flow rate in ml/min 

1 20 

2 22 

3 26 

4 33 

5 40 

6 60 

7 65 

8 80 

9 80, rotor switched off 

 

2.4 Preparation of nucleic acids 

The following techniques were used to isolate DNA for use in PCR (Polymerase 

Chain Reaction) and mammalian cell transfection. RNA preparations were used for 

cDNA synthesis by RT-PCR (reverse transcriptase PCR) which was used for 

quantitative real time PCR or for cloning expression constructs. 

 

2.4.1 DNA isolation from mammalian cells 

Genomic DNA was extracted from human cells to screen for random integration of 

the introduced gene or shRNA. 1 x 106 were pelleted, resuspended in 0.5 ml of Tail 

buffer (supplemented with 0.5 mg/ml proteinase K) and incubated at 55°C for 3 

hours or overnight at 37°C. Subsequently, each sample was shaken vigorously for 5 

minutes before the addition of 200 µl of 6 M NaCl. The samples were shaken for a 

further 5 minutes and centrifuged at 20,000 g (gravitational force) for 10 minutes at 

4°C. The supernatant of each tube was then transferred to a clean micro-tube and 

an equal volume to the supernatant of isopropanol was added. After mixing by 

inverting the tube several times, this mixture was centrifuged for 10 minutes at 
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20,000 g at 4°C to pellet the DNA. The DNA pellets were washed with 70% ethanol, 

air dried and resuspended in 70 µl of MilliQ H2O. 

 

2.4.2 Quantification of DNA  

DNA concentration was determined by measuring the absorbance of the sample at 

260 nm on a NanoDrop 2000c (Thermo Scientific). The NanoDrop software 

calculated the DNA concentration of the sample using this OD260 reading. 

 

2.4.3 Extraction of total RNA from mammalian cells 

Total RNA was isolated using the RNeasy Mini kit (Qiagen) in accordance with the 

manufacturer’s instructions. The medium was removed from adherent cells and 

cells were rinsed with 1X PBS. The monolayer was lysed by adding the appropriate 

volume of lysis buffer directly onto the cells and the lysate was passed through a 

pipette tip several times and transferred into an Eppendorf tube. Suspension cells 

were harvested and centrifuged at 1000 rpm for 5 minutes (≤ 1 x 107 cells). Cell 

pellets were lysed by pipetting in an appropriate volume of lysis buffer into the 

microtube. For both suspension and adherent cell lysates, one volume of 70% 

ethanol was added to the lysate and this was applied to an RNeasy mini column. 

The RNA binds to a silica-gel membrane in the mini column. The membrane was 

then washed with two different washing buffers to remove contaminants and, for 

DNA transfected cells an additional on-column DNAse digestion was applied to clear 

all traces of plasmid DNA before elution of RNA in nuclease free water.  

 

2.4.4 Quantification of RNA 

To determine RNA concentration, 2 µl of extracted RNA was directly measured on 

the NanoDrop 2000c (Thermo Scientific). The absorbance at 260nm (OD260, Optical 

Density) of each RNA sample was determined by the NanoDrop 2000c 
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spectrophotometer and its software calculated the concentration of the sample 

using this absorbance. 

 

2.4.5 Preparation of complementary DNA 

This method was used to make cDNA for use as a template in quantitative real-time 

PCR techniques. The cDNA was made by reverse-transcription of mammalian RNA 

using the High Capacity RNA-to-cDNA kit for RT-PCR (Applied Biosystems). A typical 

cDNA synthesis reaction is shown in the table below: 

 

cDNA Synthesis Reaction 

Volume Reagent Final concentration 

5 μl 2X RT Buffer 1X 

0.5 μl Enzyme Mix 1X 

X μl Total RNA ≤ 1μg total RNA 

X μl Nuclease-free H2O  

Final Reaction Volume = 10 μl 

 

A master mix containing the appropriate reagents was prepared, mixed and 

centrifuged before aliquoting into 0.5 ml Rnase free thin walled tubes. The 

reactions were then cycled on a thermal cycler as shown below. 
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Thermal cycling of cDNA synthesis reactions 

37°C 60 minutes Reverse Transcription 

95°C 5 minutes 

Enzyme inactivation 

4°C Hold 

Use directly or store at -20°C 

 

For all cDNA reactions a negative control reaction was prepared alongside which 

contained RNA but no reverse transcriptase enzyme. This was to ensure no DNA 

contamination exists in the RNA preparations that may interfere with downstream 

PCR applications. Negative controls containing distilled water and reverse 

transcriptase were also prepared to ensure all reagents were free of contamination. 

 

2.5 Amplification of nucleic acids 

Amplification of DNA was used in this study for several different purposes. First of 

all it was used for gene cloning (described in section 2.2 and here in sub section 

2.5.1.1). Polymerase Chain Reaction (PCR) is also used here to detect random 

integration of DNA constructs (2.5.1.2) and in another more specialised technique it 

can be used to quantify the amount of gene expression (2.5.2). 

 

2.5.1 Polymerase Chain Reaction 

2.5.1.1 KOD polymerase 

Gene cloning was carried out by KOD (Novagen) PCR. This DNA polymerase has 

proof reading capacity and leaves blunt end fragments. It is therefore used to 

amplify fragments that are used for cloning (see also section 2.2.7). It minimises 

mutations in amplified constructs. Details of the PCR reaction mix and thermal 
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profile of the reaction are given in the tables below. The T3 Thermocycler 

(Biometra) was used for the reaction. 

Recipe for a single PCR reaction mixture 

5 μl 10X KOD Hot Start buffer 1X 

2 μl 25 mM MgSO4 1 mM 

5 μl 2 mM dNTPs (each) 0.2 mM (each) 

1 μl KOD Hot Start Polymerase (1 U/µl) 1 U 

1.5 µl Forward Primer (10 mM) 0.3 µM 

1.5 µl Reverse Primer (10 mM) 0.3 µM 

~1μl Template DNA 
Template amount depends on source and 

concentration 
 

Add sterile nuclease-free H2O water to a make the final reaction volume 50 μl 
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Thermal Profile of a typical PCR 

95°C 2 minutes Enzyme activation step, 1 cycle 

Followed by 20-40 cycles 

94°C 20 seconds DNA denaturation step 

Lowest primer Tm°C 10 seconds Annealing 

70°C 15 seconds Extension step for 500 bp-1 kb product 

Followed by 

70°C 10 minutes Final extension 

4°C Hold 

 

Details of primers including sequences and annealing temperatures are listed in 

table A.5 in the appendix.  

 

2.5.1.2 Taq polymerase 

Detection of the presence of a randomly integrated gene was measured non-

quantitatively using Taq polymerase from Sigma. Details of the PCR reaction mix 

and thermal profile of the reaction are given below. 
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Recipe for a single PCR reaction mixture 

2 μl 10X Buffer 

1.2 μl 25 mM MgCl2 

1 μl 2 mM dNTPs (SIGMA) 

0.1 μl Taq DNA polymerase 

0.6 µl 10 mM Forward Primer 

0.6 µl 10 mM Reverse Primer 

~1 μl Template DNA Template amount depends on source and concentration 

Add distilled water to a make the final reaction volume 20 μl 

 

Thermal Profile of a typical PCR 

35 cycles 

94°C 1 minute DNA denaturation step 

Lowest primer Tm°C 2 minutes Annealing 

72°C 3 minutes Extension step 

Followed by 

72°C 10 minutes Final extension 

4°C Hold 
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2.5.2 Quantitative Real-Time PCR 

Gene expression was measured quantitatively with SYBR Green Real-Time PCR 

using the 7500 Fast Real-Time PCR System (Applied Biosystems). This technique 

calculates relative gene expression compared to a control by measuring 

fluorescence of a SYBR Green dye which is incorporated into the DNA during 

amplification. 

SYBR Green mix (Applied Biosystems) and real-time PCR primers were mixed and 

added to the template (see table below) to make up the reaction. Primer sequences 

are listed in the appendix in table A.5. Glyceraldehyde-3-phosphate Dehydrogenase 

(GAPDH) and Cyclophilin A (PPIA) reference genes were amplified to facilitate 

normalisation. Details of the PCR reaction mix and thermal profile are listed in the 

table below. 

 

Recipe for a single qRT-PCR reaction mixture 

10 μl 2X SYBR Green mix 

1 µl Forward Primer (10 mM) 

1 µl Reverse Primer (10 mM) 

8 μl Template, single stranded cDNA, 1:10 to 50 dilution 

Final volume of 20 μl 
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Thermal Profile of a typical RT-PCR reaction 

95°C 20 seconds 1 cycle 

Followed by 40 cycles 

95°C 3 seconds DNA denaturation 

60°C 30 seconds Primer annealing and extension 

Followed by melt curve analysis 

95°C 15 seconds 1 cycle 

60°C 60 seconds 1 cycle 

60°-95°C +0.5°C per second  

 

Melt curve analysis was carried out to ensure primer specificity. All samples were 

tested a minimum of two times. Relative gene expression levels were determined 

using the Applied Biosystems detection system 7500 Software version 2.0.6. 
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2.6 Agarose gel electrophoresis 

Sizes and quantities of nucleic acids can be determined by separating them on an 

agarose gel with an electric current. Stock solutions for this section are detailed in 

appendix (table A.7). 

Standard agarose gels of 1-1.5% were used to separate fragments of size 0.2-0.5 kb 

(kilo bases) and 0.8-1% gels were used to resolve fragments of size 0.5 kb or 

greater. Gels were prepared and run using 1X Tris-Acetate buffer. Samples were 

loaded using 5X Orange buffer (see appendix, table A.7). The voltage applied for the 

electrophoresis (50-80 V, Bio-Rad PowerPac Basic) created an electric current 

causing the DNA to migrate through the agarose from the cathode (-ve) to the 

anode (+ve) due to the negatively charged phosphate backbone of the DNA.  

DNA was stained with SYBR Safe (Invitrogen). Fragments were visualised using a UV 

transilluminator. The molecular weight of each fragment was determined by 

comparing its mobility to a 1 kb DNA ladder (Fermentas). 

DNA fragments were also run on low melting point (LMP) agarose gels to allow for 

recovery of the DNA after electrophoresis for cloning. LMP agarose gels were 

prepared using 1X TAE and run at 60 V. 

 

2.7 Sequencing of DNA 

Cloning by PCR even with the proof-reading KOD polymerase sometimes introduces 

point mutations in the sequence. To eradicate mistakes within the constructs, 

created plasmids were sequenced. All DNA for sequencing was checked by agarose 

gel electrophoresis before sequencing was carried out. The sequencing itself was 

outsourced to Cogenics. Obtained sequences were aligned with ClustalW2 and 

BLAST. Plasmid maps were generated with Lasergene software (DNASTAR, see 

section 2.10 for software details). 
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2.8 Analysis of protein expression 

2.8.1 Protein lysate preparation from cultured mammalian cells 

To prepare lysates, cultured cells were harvested as previously described (2.3.1.1). 

Cells were pelleted at RT, at 1000-2000 rpm for 5 minutes and pellets were washed 

once in 1X PBS. Pellets were resuspended in an appropriate amount of RIPA buffer 

with complete protease inhibitors (Roche, appendix table A.7). Typically, pellets 

recovered from 12 or 6 well plates were resuspended in 30-50 μl of RIPA buffer and 

pellets from 100 mm dishes were resuspended in 100-500 μl RIPA buffer depending 

on cell density at time of harvest. Pellets were resuspended by pipetting followed 

by sonication in ice for 5-10 seconds. Lysates were stored at -20° or -80°C until use. 

 

2.8.2 Determining protein concentration 

The Bradford Assay was used to determine the concentration of protein lysates. To 

do this, a range of protein standards was prepared by diluting BSA (bovine serum 

albumin) according to the table below. The samples of interest were diluted 1 in 10 

and Bradford reagent (Sigma) was added to all standards and samples at a ratio of 1 

in 30 (i.e. 25 µl sample to 750 µl Bradford reagent). The reactions were mixed well 

and incubated in the dark for 5 minutes. The OD was measured at 595 nm, a 

standard curve was determined and the protein concentration of the samples was 

determined according to the curve. 
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Concentration μl of protein standard Distilled water 

Standard 1 = 0.2 mg/ml 2.5 22.5 

Standard 2 = 0.4 mg/ml 5 20 

Standard 3 = 0.6 mg/ml 7.5 17.5 

Standard 4 = 0.8 mg/ml 10 15 

Standard 5 = 1.0 mg/ml 12.5 12.5 

Standard 6 = 1.5 mg/ml 18.25 6.75 

 

2.8.3 One dimension SDS-Polyacrylamide gel electrophoresis 

2.8.3.1 Gel preparation 

SDS-PAGE resolving gels of 8-15% polyacrylamide were prepared using 30% 

Acrylamide/Bis solution (Bio-Rad Laboratories). 10% Ammonium persulfate solution 

(Sigma) and TEMED (Sigma) were used to catalyse polymerisation. High porosity 

stacking gels of 4% polyacrylamide were used for loading samples. Gels were cast 1 

mm thick using the Mini-PROTEAN Tetra cell electrophoresis system casting module 

(Bio-Rad Laboratories). Buffer compositions can be found in the appendix (table 

A.7). 

 

2.8.3.2 SDS-PAGE sample preparation 

Protein lysates were prepared for electrophoresis using Laemmli sample buffer (see 

appendix, table A.7) containing detergent (20% Sodium Dodecyl Sulphate solution). 

DTT (Dithiothreitol) was used as a reducing agent in protein sample preparation. 

Typically, 50 μg of protein lysate was prepared in 15-30 μl volume. A typical lysate 

preparation is shown below. 
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Amount Component 

50 µg Protein lysate 

10 µl 2X Laemmli PSB 

2 µl 1M DTT 

ddH2O to final volume of 20 µl 

 

Samples were heated at 70-100°C for 5 minutes to dissociate polypeptide subunits 

before loading on SDS-Polyacrylamide gels. Samples were run on homemade 

polyacrylamide gels. 

 

2.8.3.3 SDS-PAGE 

The Mini-PROTEAN Tetra cell gel tank system (Bio-Rad laboratories) was used for 

protein electrophoresis in 1X Tris-Glycine running buffer (see appendix, table A.7). 

After boiling, protein samples were loaded into the wells of the stacking gel and run 

at 100 V (Bio-Rad PowerPac Basic) until the protein samples had passed through the 

resolving gel interface. The voltage was then increased to 120-150 V. 5 μl of protein 

standard was loaded alongside samples to determine polypeptide sizes. The protein 

standard used for the purposes of these experiments was the Precision Plus Protein 

standard (Bio-Rad Laboratories). 

 

2.8.4 Fixing/Staining SDS-polyacrylamide gels  

These methods were used to fix and stain proteins after electrophoresis in order to 

determine equal protein loadings as confirmation of successful protein 
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concentration determination and also to determine successful transfer of proteins 

after western blotting. 

Polyacrylamide gels were incubated in Coomassie protein stain (see appendix, table 

A.7) for 30 minutes followed by multiple de-stain washes in Methanol:Acetic Acid 

(see appendix, table A.7). 

 

2.8.5 Western blotting 

Western blotting is a method that is used to detect proteins of interest from a 

sample by immunological detection. It is described in the following sections: 

 

2.8.5.1 Immobilising proteins on PVDF membrane – Semi-Dry transfer 

After the samples were separated by electrophoresis, the proteins were transferred 

for immunological detection. This specific system was used to transfer proteins 

from SDS-PAGE onto PVDF membranes (Amersham Biosciences). The membrane 

was prepared by soaking briefly in 100% methanol followed by 5-15 minutes 

equilibration in Transfer buffer (see appendix, table A.7). The gel was sandwiched 

with the PVDF membrane and two pieces of Whatman 3MM filter paper, in 

accordance with the manufacturer’s instructions. Transfer was carried out at 25 V 

for 1 hour using the Bio-Rad Trans-Blot SD Semi-dry Transfer Cell and the Bio-Rad 

PowerPac HC (Bio-Rad Laboratories). 

 

2.8.5.2 Ponceau S staining membranes 

Ponceau S stain (see appendix, table A.7) was used to determine successful protein 

transfer onto PVDF membranes. After transfer, membranes were rinsed in distilled 

water followed by 10 minutes incubation in Poncau S. Excess stain was removed 
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with distilled water. Membranes were de-stained before blocking in PBS+T or TBS+T 

(see appendix, table A.7). 

 

2.8.6 Detection of immobilised proteins 

Once proteins were immobilised on membranes antibodies were used to detect 

specific proteins of interest. Membranes were typically incubated at RT for 30 

minutes to 1 hour in blocking buffer (5% Marvel milk either in PBS+T or TBS+T, see 

appendix table A.7) and then placed into diluted antibody solution at 4°C overnight. 

Antibodies were diluted appropriately (see table 2.6) in PBS+T/TBS+T. Membranes 

were washed in PBS+T/TBS+T (3 x 5 minutes) and incubated with Horseradish 

Peroxidase (HRP) conjugated secondary antibodies for 30-60 minutes at room 

temperature. Following a second wash stage as above, bound antibodies were 

detected by chemiluminescence using ECL plus Western Blotting detection reagents 

(Amersham Biosciences). For specific antibody conditions see appendix table A.6. 

 

2.8.7 Immunofluorescence; Visualisation of proteins in fixed cells 

Immunofluorescence was used to visualise sub-cellular localisation of proteins in 

fixed mammalian cells. Cells were plated on 16 mm glass coverslips to enable 

microscopic analysis and fixed in 100% methanol or 4% Paraformaldehyde (PFA, 

appendix table A.7) for 10 minutes at room temperature (RT). Cells fixed in PFA 

require a further permeabilisation step which was performed using 0.5% Triton-X 

100 (in PBS) for 15 minutes at room temperature. Cells were incubated in antibody 

blocking buffer for a minimum of 15 minutes at room temperature (Appendix). For 

blocking and all subsequent incubation steps a damp paper towel was placed over 

the wells inside the plate to create a humid chamber. 

After blocking cells were incubated with primary antibody (~50 μl, face down on 

Parafilm) for 1 hour at room temperature followed by 3 x 5 minute washes in 
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PBS/BSA (0.02% solution, appendix table A.7). Alexa Fluor conjugated secondary 

antibodies were used to visualise proteins by fluorescent microscopy. Secondary 

antibodies were diluted appropriately in PBS/BSA and incubated for 1 hour at room 

temperature. Washes were repeated as for the primary incubation and coverslips 

were mounted face down in Vectrashield DAPI (see appendix table A.7). For 

antibody details see appendix table A.6. 

 

2.9 Fluorescence Activated Cell Sorting analysis  

2.9.1 Analysis of DNA content to determine cell cycle profile 

This assay is based on the principle that cells contain different amounts of DNA 

depending on their stage of the cell cycle. By determining the cellular DNA content 

and the cell diameter (size) it is possible to calculate the cell cycle profile of a cell 

population. 

This technique uses Propidium Iodide (PI, Sigma) incorporation as a measure of 

total cellular DNA. The cells were harvested by trypsinisation and fixed in ice cold 

70% Ethanol. Cells were then either stored at 4°C until further use or stained with PI 

and RNAse A digested. Staining and digestion were carried out at 4°C for at least 20 

minutes to overnight. RNAse A incubation is necessary to remove dsRNA which 

would also be stained using PI. Cells were assessed using a FACSCanto II flow 

cytometer (BD Biosciences) and analysed with FACSDiva software (BD Biosciences).  

 

2.9.2 Analysis of cell proliferation using 5’-bromo-2’-deoxyuridine 

5-bromo-2’-deoxyuridine (BrdU) incorporation was used as a measure of cell 

proliferation. BrdU is a thymidine analogue that becomes incorporated into 

replicating DNA. Cells replicate their DNA during S phase of the cell cycle; these cells 

can be selectively labelled by pulsing cells with BrdU for short periods of time. 
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BrdU incorporation was detected by a monoclonal anti-BrdU antibody that is 

visualised with a fluorescein-conjugated secondary antibody. The cells were 

incubated with 10 μM BrdU in normal growth medium for 60 minutes and were 

then harvested and resuspended to yield a single cell suspension. The cellular DNA 

is then denatured, non-specific binding sites are blocked and the monoclonal anti-

BrdU antibody is applied (dilutions specified in table 2.6). Subsequently, cells were 

washed to remove unbound antibody and fluorescein-conjugated secondary 

antibody is applied. After a further wash, the cells were stained with PI and 

resuspended for FACS analysis. The amount and intensity of fluorescein (bound 

antibody) was determined by flow cytometry using a FACSCanto II by exciting the 

sample at 488 nm. The percentage of fluorescein positive cells in a BrdU-treated 

cell population relative to an untreated population is a direct reflection of the 

number of dividing cells. This was quantified using the FACSDiva software.  

 

2.9.3 Analysis of the mitotic cell population 

Histone H3 gets phosphorylated on Serine 10 (H3S10ph) during cellular mitosis and 

is therefore commonly used to distinguish mitotic cell populations by FACS from the 

rest of the cell cycle populations. The phH3S10 positive cells were detected by a 

monoclonal anti-phH3S10 antibody that is visualised with a fluorescein-conjugated 

secondary antibody. Cells were harvested and resuspended to yield a single cell 

suspension. Non-specific binding sites within the cell are blocked and the 

monoclonal anti-phH3S10 antibody is applied (dilutions specified in table 2.6). Cells 

are then washed to remove unbound antibody and fluorescein-conjugated 

secondary antibody is applied. After a further wash, the cells were co-stained with 

PI and resuspended for FACS analysis. The amount and intensity of fluorescein 

(bound antibody) was determined by flow cytometry using a BD FACSCanto II by 

exciting the sample at 488 nm. The percentage of fluorescein positive cells in a 

mitotic cell population relative to non-mitotic population is a direct reflection of the 

number of dividing cells. This was quantified using the FACSDiva software.  
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2.10 Computer programmes used in this study 

DNA subcloning and plasmid maps were designed with the Lasergene software 

(DNASTAR) and Vector NTI. DNA sequencing files were viewed using Chromas 

software (version 2.31).  

GraphPad Prism 5 was used to perform statistical analysis. 

The following databases and programmes were used for bioinformatics and 

analysis:  

• Genome wide sequence alignment with BLAST 

(http://blast.ncbi.nlm.nih.gov/Blast.cgi) 

• Sequence alignment with ClustalW2 

(http://www.ebi.ac.uk/Tools/msa/clustalw2/) 

• Ensembl human genome browser  

(http://www.ensembl.org/Homo_sapiens/Info/Index) 

• Primer design with Primer3 (http://frodo.wi.mit.edu/) 
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3.1 Introduction 

The MSL complex is conserved from flies to humans (Mendjan et al., 2006; Smith et 

al., 2005; Taipale et al., 2005). One of the catalytic subunits of the complex in both 

Drosophila and humans is MOF. MOF is a lysine acetyltransferase that acetylates 

histone H4 on lysine 16 (H4K16ac; Akhtar and Becker, 2000; Smith et al., 2005; 

Taipale et al., 2005). In flies, H4K16ac correlates with the two-fold transcriptional 

upregulation of the genes on the single male X chromosome thereby ensuring equal 

dosage of X-linked genes (reviewed in Hallacli and Akhtar, 2009).  

There is at least one other MOF-associated complex found in flies and humans that 

is also evolutionary conserved; the non-specific lethal (NSL) complex (Cai et al., 

2010; Li et al., 2009; Mendjan et al., 2006). It was reported that the human MSL and 

NSL complexes acetylate H4K16, but that only hMOF associated with hNSL1 is able 

to acetylate p53K120 (Li et al., 2009). The hNSL complex also acetylates other lysine 

residues on histone H4 (Cai et al., 2010). This hNSL complex that localises to the 

entire genome, including the male X chromosome, of male and female flies has 

been shown to regulate transcription of housekeeping genes in Drosophila (Feller et 

al., 2012; see figures 1.2 and 1.3; Lam et al., 2012; Raja et al., 2010). hMOF was also 

found to be physically associated with MLL1 and WDR5 (Cai et al., 2010; Dou et al., 

2005). MLL1 methylates H3K4, a histone modification associated with transcription 

and often found in association with H4K16ac. 

In humans, the hMOF-associated complexes and H4K16ac may also be involved in 

transcriptional regulation. Genome wide studies (unpublished data; Sharma et al., 

2010; Smith et al., 2005) revealed that a number of genes are directly or indirectly 

affected by downregulation of hMOF, hMSL1 or hNSL1. Surprisingly, both up- and 

downregulation of genes was found, suggesting that these proteins regulate gene 

transcription directly or indirectly. It is therefore likely that hMOF might have 

positive and negative effects on transcription. In mammals, a few genes have been 

reported to date that are directly or indirectly regulated by MOF. The proapoptotic 

gene TMS1/ASC has been shown to be regulated by hMOF (Kapoor-Vazirani et al., 
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2008). The developmental gene HOXA9 has been shown to be transcriptionally 

affected by histone modifications carried out by the histone methyltransferase 

MLL1 and MOF (Dou et al., 2005; Smith et al., 2005). More recently, Dou and 

colleagues have demonstrated that Mof is a core transcriptional regulator 

component of the embryonic stem cell network in mice (Li et al., 2012). 

In order to determine if the human MSL proteins play a role in the regulation of 

gene expression I designed and applied an in vivo transcription assay (figure 3.1). I 

combined transfection of Gal4-MSL fusion proteins with siRNA knockdown and 

other co-transfections. 

 

 

Figure 3.1: Schematic of the experimental approach for the luciferase 

transcription reporter assay. 

The luciferase reporter gene is transfected into the cells together with Gal4 DNA 
binding domain fusion constructs. The Gal4-DBD binds to the five times repeated 
upstream activating sequence upstream of the luciferase reporter gene and thereby 
tethers the proteins to the basic promoter of the luciferase gene. The amount of 
luciferase activity or expression can be measured and is compared to the 
expression of luciferase when no transcriptional modifier is introduced. 

 

The experimental reporter gene has a Gal4-DBD upstream activation sequence 

(UAS) five times repeated cloned in front of the gene (figure 3.2). This targets 

correlated tagged proteins to this reporter and should thereby up- or down-

regulate transcription depending on the tested protein. The control reporter, 
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Renilla luciferase, should not be affected by any transcriptional regulators added to 

the reaction and should produce a similar amount of luciferase between samples 

and thereby control transfection efficiency. 

When I started this project, it was not clear if the transcriptional activity of MSL 

proteins is conserved from Drosophila to humans. It was also not clear which 

components of the complex are required for transcriptional regulation. In the 

following chapter I describe how I characterised the potential role of hMOF and its 

associated proteins in transcription. I found that hMOF has some activating 

potential and surprisingly found that one component of the hMSL complex, hMSL1 

reproducibly represses transcription of the reporter gene. I also attempted to find 

targets for hMSL1 following leads from preliminary data previously generated in the 

lab. Combinations of overexpression and down-regulation of the hMSL proteins was 

also carried out to further investigate how this regulation works. 
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3.2 Generation of Gal4-DNA binding domain-fusion proteins 

3.2.1 The luciferase reporter construct 

Luciferase reporter assays are frequently carried out with two reporters; an internal 

transfection control and an experimental reporter gene (figure 3.2). The Dual 

Luciferase reporter assay from Promega works by assessing two different luciferase 

activities. The reporter genes for this assay are the firefly luciferase gene that 

functions as an experimental reporter and the Renilla luciferase that is used as a 

transfection control reporter. Firefly and Renilla luciferase enzymes have different 

substrates and subsequent chemical reactions that are catalysed. For the 

experiment the two reporter genes are co-transfected into the cell. The activity of 

both luciferases is measured by adding their substrates subsequently; first beetle 

luciferin is added, fluorescence is measured, its activity is quenched by addition of 

the substrate for the Renilla luciferase, coelenterazine. Again, the fluorescence that 

is specific to the Renilla luciferase is read. 
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Figure 3.2: Map of the pGL4.31 firefly luciferase reporter vector. 

A firefly luciferase reporter gene under the control of a minimal promoter 
(adenovirus major late promoter) is cloned downstream of a five-times repeated 
Gal4 upstream activator sequence (UAS), to which Gal4-DBD proteins can bind. 
Map adapted from Promega. 

 

3.2.2 Generation of a Gateway N-terminal Gal4-DBD-tag plasmid 

To facilitate efficient cloning, I created a Gateway Destination plasmid with an 

amino terminal Gal4-DNA binding domain tag. By restriction digest, I took out the 

Gateway cassette of the pDEST40 plasmid with BamHI and XbaI and ligated it into a 

pcDNA Gal4 plasmid. A map of the plasmid is shown in figure 3.3. 
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Figure 3.3: Map of Gateway Destination plasmid: pcDNA-DEST-Gal4-His-V5. 

Map showing the generated plasmid and its key components: light blue box depicts 
an amino-terminal Gal4-DBD tag, the red box depicts the Gateway cassette and its 
components; orange boxes show the att re-combination sites, blue shows the ccdB 
resistance gene, the green box is for the chloramphenicol resistance for additional 
selection. An optional carboxy-terminal V5 and 6-His tag which is expressed if the 
insert does not contain its own stop codon is depicted in pink. The CMV promoter is 
highlighted by a yellow box and the plasmid’s ampicillin resistance is depicted by a 
purple box. 

 

3.2.3 Cloning of hMOF associated proteins into pcDNA-DEST-Gal4 

I generated Gateway Entry plasmids for hMOF and associated proteins (hMOF, 

hMOFG327D, hMSL1, hMSL2, hMSL3 and hNSL1) using PCR and clonase reactions: I 

designed primers with attB overhangs to amplify the genes from cDNA and clone 

them into pENTR plasmids. After this, I cloned them into the above described pDEST 

plasmid (figure 3.3) with LR clonase, to generate pEXP constructs. 
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I transfected the pEXP plasmids into HeLa cells to test if the constructs express the 

correct fusion protein. As a control, I additionally co-transfected siRNAs that target 

the different genes encoding hMOF associated proteins. After 24 hours, I harvested 

whole cell extracts from the cells and performed Western blot analysis using an 

antibody that specifically detects the Gal4 DNA binding domain (figure 3.4). I 

detected that the generated fusion proteins were expressed at the expected sizes. 

Also, these proteins were not expressed when I co-transfected siRNAs specific to 

the over expressed protein, indicating that I generated the correct constructs. 

In order to N-terminally tag hMOF and its associated proteins with the Gal4-DBD, 

the subunit of the yeast Gal4 that targets proteins to UAS repeated upstream of the 

reporter gene, I constructed a destination plasmid (figure 3.3). I sub-cloned hMOF, 

hMOF G327D, hMSL1, hMSL2, hMSL3 and hNSL1 into this plasmid and expressed 

them in HeLa cells (figure 3.4). 

 

1 Non-transfected control 

2 Gal4-hMOF 

3 Gal4-hMOF and siRNA against hMOF 

4 Gal4-hMOF G327D 

5 Gal4-hMOF G327D and siRNA against hMOF 

6 Gal4-hMSL1 

7 Gal4-hMSL1 and siRNA against hMSL1 



Chapter 3: The role of hMOF and its associated proteins in transcription 

 

78 

 

Figure 3.4: Expression of pEXP-Gal4 hMOF and associated proteins. 

HeLa cells were transfected with hMOF and associated proteins Gal4-DBD fusion 
plasmids with or without siRNA targeting specifically the different constructs. The 
whole cell extracts were run on an SDS PAGE, blotted and presence or absence of 
the overexpressed or down-regulated fusion proteins was tested with the Gal4-DBD 
antibody. An antibody against αtubulin serves as a loading control. NTC= non-
transfection control. 

 

In order to N-terminally tag hMOF and its associated proteins with the Gal4-DBD, 

the subunit of the yeast Gal4 that targets proteins to UAS repeated upstream of the 

reporter gene, I constructed a destination plasmid. I sub-cloned hMOF and its 

associated proteins into this plasmid. My results show that fusion proteins of Gal4-

hMOF, Gal4-hMOF G327D and Gal4-hMSL1, are all expressed upon transient 

transfection of HeLa cells with these constructs (figure 3.4). As expected, there was 

no specific protein band visible in the non-transfected control. The Gal4-hMOF 

fusion protein has a predicted size of just over 70 kDa. A double band migrating at 

this molecular weight can be seen for the over-expressed exogenous protein which 

our lab has detected before (unpublished data). When the pEXP-Gal4-hMOF is co-

transfected with hMOF-specific siRNA, both of these bands disappear, indicating 

that these bands observed are forms of the exogenous protein. I also generated a 

catalytically-inactive and dominant-negative point mutant of hMOF which has 

previously been described (Gupta et al., 2005). As expected, this mutant protein 

was observed to have the same mobility as the tagged wild type form of hMOF, and 

the band observed for this mutant hMOF disappeared when co-transfected with 

siRNA. I also detected the double band in the overexpressed mutant hMOF. The 

Gal4-hMSL1 fusion protein has a predicted size of about 85 kDa which is confirmed 

by this Western blot (figure 3.4). When cells are co-transfected with the pEXP-Gal4-

hMSL1 construct and hMSL1 siRNA, this specific band is not visible.  
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3.3 Establishment of a transient enzymatic Luciferase reporter assay 

3.3.1 Activator and repressor controls 

In order to set up an in vivo transcription assay I needed to verify my method using 

known activators and repressors of transcription. I chose Gal4-RelA which is a 

subunit of NF-κB as a control for transcriptional activation (Campbell et al., 2004) 

and Gal4-SMRT as a control for transcriptional repression (Kalakonda et al., 2008; 

Zamir et al., 1997). I first expressed the proteins in HeLa cells (figure 3.5) to verify 

and optimise their expression. I transfected HeLa cells with the constructs, made 

whole cell extract and performed Western blot analysis.  

 

 

Figure 3.5: Expression of the Gal4- activator and repressor controls. 

HeLa cells were transfected with the Gal4-RelA and the Gal4-SMRT constructs. Total 
cell proteins were collected 24h post-transfection and subjected to Western 
blotting. An anti-Gal4 DBD antibody was used to detect the overexpressed proteins. 
Predicted sizes: Gal4-RelA 30.7 kDa; Gal4-SMRT 150 kDa. 

 

With the intention of analysing the effect of candidate proteins, using in an in vivo 

transcription assay, they have to be tagged with a protein that targets them to the 

UAS upstream of the reporter gene. I obtained an activator (Gal4-RelA; Campbell et 

al., 2004) and a repressor control construct (Gal4-SMRT; Kalakonda et al., 2008; 
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Zamir et al., 1997) and verified by Western blot that they expressed a fusion protein 

in HeLa cells. I detected a single band with a Gal4-DNA binding domain (DBD) 

antibody for the activator control construct Gal4-RelA at around 30 kDa which 

corresponds with the predicted size. I observed multiple protein bands for the Gal4-

SMRT construct. The predicted size for this construct is about 150 kDa and the 

slowest migrating band corresponds to this size. The other bands present in this 

sample could be degradation products of the construct as none of these bands are 

present in the control (figure 3.5). 

 

3.3.2 Optimisation of the assay 

In order to optimise the luciferase reporter assay, I used activator and repressor 

controls. The activator control construct, Gal4-p65-NFκB, significantly (p<0.0001) 

upregulates transcription of the reporter gene by over 1300-fold compared to the 

Gal4-DBD only. Consistent with literature, Gal4-SMRT represses transcription of the 

luciferase gene to about 60% compared to the transcription level seen with the 

Gal4-DBD only (Kalakonda et al., 2008). This means that the assay was successfully 

set up and could be used to analyse the hMOF associated proteins. 
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Figure 3.6: Luciferase enzymatic assay with the activator (Gal4-RelA) and 

repressor (Gal4-SMRT) control. 

HeLa cells were transiently co-transfected with the pGL4.31 reporter luciferase 
vector and either the Gal4-RelA or Gal4-SMRT construct. Luciferase lysates were 
harvested 24h post-transfection. The enzymatic activity was measured relative to 
the Gal4 sample. The average of at least 4 independent experiments is shown. 
***p<0.0001 (one-way ANOVA followed by Dunnetts multiple comparison). 

 

Using just the firefly luciferase reporter gene I could detect transcriptional 

upregulation by 1400-fold when the activator control (Gal4-RelA) was co-

transfected and observed a similar repression, down to 60%, with the Gal4-SMRT 

protein that was shown in the literature (Kalakonda et al., 2008; figure 3.6). 

 

3.3.2 Gal4-hMOF upregulates luciferase activity two-fold and hMSL1 represses 

transcription of the luciferase reporter gene 

After successfully optimising the assay, with the activator and repressor controls, I 

analysed the effect of hMOF and its associated proteins on luciferase activity. I used 

the plasmids that I generated and described above. I transiently co-transfected the 

Gal4-constructs with the pGL4.31 reporter plasmid into HeLa cells and harvested 

luciferase extracts 24 hours post-transfection. I was able to detect that hMOF 

upregulates transcription of the firefly luciferase reporter gene about two-fold 

(figure 3.7). This was achieved repeatedly and was statistically significant 

(p<0.0001). The assay was also carried out for the hMSL1 protein. The Gal4-hMSL1 

construct repeatedly decreased transcription of the luciferase reporter gene by 

about 50%. This was statistically significant (p<0.05) and was a greater suppression 

of transcription compared to that measured in the Gal4-SMRT sample (~40%, 

compare to figure 3.6). 
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Figure 3.7: Luciferase enzymatic activity with Gal4-hMOF and Gal4-hMSL1 

constructs. 

HeLa cells were co-transfected with the pGL4.31 reporter luciferase vector and a 
Gal4 construct as indicated. Data is depicted relative to the Gal4 control sample. 
Luciferase lysates were harvested 24h post-transfection. Depicted is an average of 
at least 5 experimental repeats. *p<0.05, ***p<0.0001 (one-way ANOVA followed 
by Dunnetts multiple comparison). 

 

I successfully set up an in vivo luciferase transcription assay in HeLa cells. I 

optimised the assay so I could address whether hMOF and its associated proteins 

are involved in transcriptional regulation. I started using two separate reporter 

controls, but noticed that my control reporter was being transcriptionally regulated 

depending on the kind of Gal4-DBD fusion protein I added to the reaction. 

Theoretically, the Renilla luciferase reporter that is used in this assay should express 

the same amount of luciferase in each sample, regardless of which transcriptional 

regulator is added to the reaction. However, after optimisation using different 

amounts or ratios of reporter plasmids transfected, I did not achieve an even 

amount of Renilla luciferase activity between experiments. I therefore was not able 

to get reproducibly accurate readings with this control. Communication with Dr Neil 

Perkins implied this was a common problem with Renilla so I omitted it from my 

experiments.  
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While I was conducting the luciferase assay with the Promega reagents, I noticed 

that there was a large variation between sample reads. I had found that the Gal4-

hMSL1 construct was repressing transcription, but it was sometimes difficult to see 

this repression. This was due to the basal luciferase activity readings of the Gal4-

DBD samples were low: I was comparing luciferase activity in a sample that was 

only transfected with the empty Gal4-DBD control plasmid to the samples 

transfected with the different Gal4-constructs. 

 

 

3.4 Generation of stable luciferase expressing cell lines 

Since hMOF acetylates histone H4 and thereby changes the chromatin 

environment. In order to test if the chromatin effect on transcriptional regulation of 

the luciferase reporter gene, a stably transfected luciferase reporter gene cell line in 

HeLa cells was generated. This stable cell line was additionally used to test if there 

is a difference in expression between the transient and stable transfection. Also, I 

reasoned that the effect of the MOF complex components might be more 

pronounced in a stable assay. To confirm the presence of the luciferase reporter 

gene in the selected clones, I isolated genomic DNA (gDNA) from each clone and 

performed PCR. The primers that I used were specific for the luciferase gene that 

was on the pGL4.31 construct that was used for the generation of the cell lines. As 

can be seen in figure 3.8, I have generated a number of cell lines that contain the 

luciferase reporter gene. Cell lines 4 and 65 were used for further experiments since 

they showed high levels of the luciferase gene present within their genome. Primers 

for the β-actin gene were used to ensure the presence of gDNA in the sample.  
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Figure 3.8: Stable luciferase reporter-expressing cell lines. 

HeLa cells were transfected with the pGl4.31 luciferase reporter vector. 24h post-
transfection selection for stable integration of the vector was started with 
hygromycin. Genomic DNA (gDNA) was harvested from selected clones and PCR 
was performed. Primers specific for the luciferase gene were used to identify clones 
with the stably integrated firefly luciferase gene. For the luciferase PCR reaction, 
the luciferase plasmid DNA was used as a positive control. For the β-actin PCR 
reaction, genomic DNA was used as a positive control. PCR with β-actin primers was 
also performed as a control for gDNA quality. 

 

With the generated stable luciferase reporter gene expressing cell lines, I analysed 

if the activator and repressor controls regulated the activity of the luciferase 

reporter gene in a similar manner to the transient assay. I analysed a number of 

different cell lines and depicted the two cell lines that showed the highest level of 

luciferase activity (figure 3.9). I transfected the clone #4 and clone #65 with the 

Gal4-DBD only, the activator (Gal4-NF-κB) and repressor control (Gal4-SMRT), 

harvested the luciferase lysates 24h later and read the luciferase activity (figure 

3.9). There was a difference in basal luciferase activity level between the cell lines. 

The basal level detected in the cell lines was also about ten-times higher in 

transient transfection assays compared to the stable assay. I could detect 

transcriptional activation with the activator control, but I did not detect a reduction 
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of the luciferase activity when the transcriptional repressor control was transfected 

into the cells. The cell lines could therefore not be used for measuring 

transcriptional repression. 

Nucleosomes assemble on plasmids into chromatin-like structures a short time 

after they are introduced into the cell (Cereghini and Yaniv, 1984; Jeong and Stein, 

1994). However, this chromatin is somewhat different from the native chromatin 

on chromosomes. The spacing between nucleosomes differs on plasmids because 

nucleosome ladders were anomalous compared to native chromatin (Mladenova 

and Mladenov, 2009). In order to assess whether the observed transcriptional 

activation and transcriptional repression are due to an artificial chromatin 

environment found on the transfected plasmid, I generated stable luciferase 

reporter gene expressing cell lines (figure 3.8). Another reason for generating a 

stable luciferase reporter gene expressing cell line was to obtain a higher basal level 

of expression. I have found that the Gal4-hMSL1 construct was repressing 

transcription of the luciferase reporter. The cell lines I generated that stably express 

the luciferase reporter gene did not have a higher level of basal luciferase activity 

when compared to transiently transfected luciferase constructs (figure 3.9). The 

observed basal activity in the stable cell lines was approximately ten-times lower 

than the basal level observed in the transient assays. This made it impossible to 

detect transcriptional repression (figure 3.9). I also tried to swap the minimal 

promoter of the pGL4.31 plasmid with different promoters without success. I did 

not get a higher basal level of luciferase expression with a different promoter. I 

therefore explored the possibility of analysing my reporter assay by quantitative 

real time PCR (qPCR). 
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Figure 3.9: Luciferase enzymatic activity in stable luciferase reporter gene HeLa 

cell lines. 

The generated stable cell line clones #4 and #65 were transfected with the 
indicated constructs. Samples were harvested 24h post-transfection and the graph 
is created from at least 2 experimental repeats. Non-significant difference between 
control and the repressor control (Gal4-SMRT) was observed following one-way 
ANOVA comparison test. 

 

3.5 Expression of the luciferase reporter measured by qPCR 

3.5.1 hMSL1 represses expression of the luciferase reporter gene 

The basal level of luciferase activity measured was not always constant and 

sometimes too low to measure transcriptional repression of the repressor control. 

In order to verify my findings described above and in order to improve the assay, I 

used quantitative real time PCR (qPCR). I transfected HeLa cells with the pGL4.31 

plasmid and a Gal4-construct as indicated and 24 hours post-transfection, I 

harvested the cells and isolated RNA. I reverse transcribed the same amount of RNA 

for each sample and performed qPCR on the cDNA. 

I had noticed that the repressor control Gal4-SMRT did not repress transcription as 

much as Gal4-hMSL1, so I used a different repressor control that we obtained from 

Gaëlle Legube (Gal4-SUV39H1; figure 3.10). I found that the transcriptional 

activator control upregulated the expression of the luciferase reporter gene 

approximately 40-fold (figure 3.10). The upregulation that was measured by qPCR 
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was over 30 times less than that measured by enzymatic activity. However, with 

this assay, the luciferase mRNA levels compared to luciferase enzymatic activity is 

measured, which should be a more accurate and direct way of transcription 

assessment. As a control for transcriptional repression, I used the Gal4-SUV39H1 

construct and found that transcription of the luciferase reporter gene expression 

was downregulated two-fold compared to the Gal4-DBD alone. Therefore, I 

concluded that the assay could be perfomed by qPCR and analysed Gal4-hMOF and 

Gal4-hMSL1 in this manner. 

Furthermore, I observed that Gal4-hMOF upregulates the transcription of the 

reporter gene consistently about 1.5-fold, which is less than I observed by the 

enzymatic assay in which a two-fold upregulation of luciferase activity was seen 

(figure 3.10). The repression of luciferase activity by Gal4-hMSL1 that I observed in 

the enzymatic assay was confirmed by the results of the qPCR analysis. Luciferase 

expression was down greater than two-fold when compared to the Gal4-DBD 

sample (figure 3.10). 
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Figure 3.10: Changes in luciferase expression can be measured by quantitative 

real time PCR. 

HeLa cells were co-transfected with the pGL4.31 reporter luciferase plasmid and a 
Gal4 plasmid as indicated. Data was normalised to Cyclophilin A expression and 
depicted relative to the Gal4 control sample. Samples were harvested 24h post-
transfection and the graph is created from an average of at least 5 experimental 
repeats. ***p<0.0001 (one-way ANOVA followed by Dunnetts multiple 
comparison). 

 

Analysing transcription of the luciferase reporter by qPCR has advantages over 

analysing it by enzymatic activity. With this method, I was able to ensure that the 

same number of cells was used for each sample; I could normalise between 

samples using expression of housekeeping genes. I could also control for the 

expression levels of the different plasmids by measuring Gal4 levels. Additionally, I 

was able to use existing primers that were already designed in the laboratory for 

hMOF and its associated genes (section 3.5). 

 

3.5.2 Luciferase expression negatively correlates with the amount of Gal4-hMSL1 

transfected into the cell 

The previous results suggest that Gal4-hMSL1 represses transcription of the 

luciferase reporter gene (figure 3.7 and 3.10). In order to confirm that this 

repression is due to Gal4-hMSL1, I carried out a dose response of luciferase 

expression with different amounts of transfected Gal4-hMSL1 plasmid (50 ng – 2 

µg).  

There appears to be a direct correlation between repression of transcription and 

the concentration of Gal4-hMSL1 plasmid used (figure 3.11 A). To confirm that this 

is not an artefact, I also did the same experiment with the Gal4-SUV39 repressor 

control and found similar results (figure 3.11 B). To exclude that this is due to some 

aberrant recruitment of the transcription machinery to the Gal4-construct plasmid, 

I also transfected in different amounts of the Gal4-hMOF plasmid and found that 
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there was no difference in relative luciferase expression between the different 

amount of plasmid introduced (figure 3.11 C). 

 

 

Figure 3.11: Luciferase expression negatively correlates with the amount of Gal4-

hMSL1 transfected into the cell. 

HeLa cells were co-transfected with the pGL4.31 reporter luciferase plasmid and 
different amounts of a Gal4 plasmid as indicated. Samples were harvested 24h 
post-transfection and the graph is created from an average of 3 experimental 
repeats. Data was normalised to Cyclophilin A (PPIA) expression and was depicted 
relative to the control Gal4 sample. 

 

3.5.3 Co-transfections of Gal4-fusion constructs and siRNA 

It is known that MOF is active in different complexes (Cai et al., 2010; Dou et al., 

2005; Li et al., 2009; Mendjan et al., 2006) I therefore wanted to determine if 

different components of these complexes have to be present for regulation of 

transcription of the reporter gene. I therefore combined knockdown and 

overexpression of hMOF and hMSL1, respectively, in order to see if they regulate 

each other in this in vivo transcription assay (figure 3.12). 

I found that co-transfection of Gal4-hMSL1 and Flag-hMOF brought the significant 

(p<0.05) transcriptional repression of the luciferase gene back to around basal level 

of luciferase expression, while down-regulation of the endogenous hMOF mRNA by 
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siRNA co-transfected with Gal4-hMSL1 did not change the level of luciferase 

expression compared to the Gal4-hMSL1 construct alone (see figure 3.12). 

 

Figure 3.12: Gal4-hMSL1 represses transcription in the absence of endogenous 

hMOF. 

HeLa cells were co-transfected with the indicated constructs and/or siRNAs. RNA 
was harvested 24 hours post-transfection, cDNA was transcribed and qPCR was 
performed. Data was normalised to Cyclophilin A expression and depicted relative 
to the Gal4 only control sample. Repeats of two experiments are shown. 
***p<0.0001, *p<0.05 (one-way ANOVA followed by Turkey and Dunnetts multiple 
comparison). 
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3.5.4 Gene expression levels of selected genes following knockdown and 

overexpression of hMOF and hMSL1 

Previous unpublished genome-wide microarray data (Dr Stephen Rea) has shown 

that there is a differential expression of a number of genes when hMOF is depleted 

by siRNA. In this experiment hMOF was depleted with three separate siRNAs, each 

in triplicate. Gene expression changes were compared to control siRNA-treated 

cells. The criteria were that the differential expression needed to be more than 

two-fold different from the control in all of the 3 different hMOF siRNAs that were 

used. The finding was that of the 47,000 transcripts 34 were down-regulated 

compared to control and, surprisingly, 69 transcripts were found to be up-regulated 

compared to the control. In a second experiment the top 10 up- and down-

regulated genes were further analysed by qPCR following hMOF siRNA, to validate 

the results (figure 3.13). Additionally, hMSL1 was knocked down with siRNA. It was 

found that the transcripts that were up-regulated in hMOF-depleted cells were 

similarly affected in hMSL1 depleted cells but the transcripts that were down-

regulated in hMOF-depleted cells were mostly unaffected in hMSL1 depleted cells. 
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Figure 3.13: Genes up-regulated when hMOF is depleted are similarly affected 

when hMSL1 is depleted. 

Data generated by Stephen Rea. (A) HeLa cells were transfected with siRNA against 
hMSL1 and hMOF. 48h post-transfection, histones were isolated and Western blot 
was performed. (B) mRNA expression of selected genes in cells deficient in hMOF or 
hMSL1 expression. An average of 3 independent experiments is shown and 
expression was normalised to GAPDH expression. 

 

The finding that some transcripts were upregulated when hMOF was depleted 

suggests that hMOF might directly or indirectly have an involvement in 

transcriptional repression. hMSL1 depleted cells showed a similar trend and 

because I observed transcriptional repression of luciferase expression, I attempted 

to see if a selection of those genes previously described were targets for hMSL1 as a 

repressor. I transfected an siRNA against hMOF or one against hMSL1 as a control 

and overexpressed Flag-hMOF and Flag-hMSL1 in HeLa cells. Cells were harvested 
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48 hours post-transfection. I tested two genes that were found to be upregulated in 

the previous study (NT5E and SERPINE2). I also analysed expression of the TMS1 

gene that was previously described to be regulated by hMOF (Kapoor-Vazirani et 

al., 2008). As expected, I found that the level of mRNA expression of NT5E and 

SERPINE2 was upregulated compared to the control siRNA sample (figure 3.14 A 

and B). However, when I overexpressed hMOF and hMSL1 I did not see a 

downregulation of NT5E and SERPINE2 expression (figure 3.14 C and D). The 

expression level of TMS1 was not changed compared to the control. 
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Figure 3.14: The effect of hMSL1 and hMOF knockdown and overexpression on 

expression level of selected genes. 

(A) Control for hMOF and hMSL1 siRNA knockdown. (B) mRNA expression of 
selected genes in cells deficient in hMOF or hMSL1 expression. (C) Control for 
hMOF and hMSL1 overexpression. (D) mRNA expression of selected genes in cells 
with hMOF or hMSL1 overexpression. Expression was normalised to Cyclophilin A 
expression and depicted relative to the control sample (cells treated with control 
siRNA in A and B or with Lipofectamine 2000 in C and D). 
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3.6 Discussion 

3.6.1 hMOF minimally upregulates transcription of the luciferase reporter gene 

Using the optimised luciferase assay, I analysed if Gal4-hMOF regulates the 

transcription of the luciferase reporter gene. I found that Gal4-hMOF upregulates 

transcription with this enzymatic assay to about two-fold (figure 3.7). This data 

correlates with the previously documented two-fold transcriptional upregulation of 

the single male X chromosome in male fruit flies (reviewed in Conrad and Akhtar, 

2011). When I analysed the influence of Gal4-hMOF on the luciferase reporter gene 

by qPCR, I found a 1.5-fold upregulation of transcription (figure 3.10 and 3.11). This 

was statistically significant with a p-value of <0.0001 measured enzymatically or by 

qPCR. Li and colleagues have recently reported that Mof regulates the embryonic 

stem cell core transcriptional network in mice (Li et al., 2009). In this study, they 

describe that gene expression changes detected upon Mof deletion are on average 

only ~2.5-2.8-fold changed (up- and downregulation) compared to wild type cells (Li 

et al., 2009). This is again very similar to the dosage compensation of the male X 

chromosome in Drosophila which is two-fold upregulated.  

Compared to luciferase assays in the literature that analyse transcriptional 

activators, the upregulation of the luciferase reporter is very modest. In various 

studies, transcriptional activators have been shown to upregulate transcription of 

the luciferase reporter gene by 10 to over 1000-fold (Ammanamanchi et al., 2003; 

Kataoka et al., 2002; Urlinger et al., 2000). Recently, two studies have used reporter 

assays in Drosophila to assess the transcriptional regulation potential of different 

components of the MSL complex (Prestel et al., 2010b; Schiemann et al., 2010). 

Interestingly, there was a big variation between the different reporters assessed, 

however, Prestel and colleagues also measured an about two-fold transcriptional 

upregulation in male cells for Gal4-MOF tethered to the 5’ or 3’ end of a lac-Z 

reporter (Prestel et al., 2010b). In female flies the β-galactosidase activity was 6-10-

fold higher compared to control at the 5’ end of the lac-Z reporter but only about 

2.5-4-fold higher if Gal4-MOF is tethered to the 3’ end (Prestel et al., 2010b). The 
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same results were also found by Schiemann and colleagues who only looked at 5’ 

tethered reporters (Schiemann et al., 2010). 

In order to find out how Gal4-hMOF upregulates transcription of the luciferase 

assay, I would carry out ChIP assays and assess the binding of different components 

of the MSL, but also the NSL complex around the reporter gene. It is also important 

to look at different chromatin modifications around the reporter such as H4K16ac, 

and also H3K4me. hNSL1-hMOF have been reported to be involved in transcription 

initiation at the 5’ end of genes (Li et al., 2009) and I have been looking at a 5’ 

tethered reporter. I might see a bigger change in transcription of the luciferase 

reporter if I co-transfected hNSL1. It would be interesting to see how transcription 

is affected if the five times repeated UAS was cloned to the 3’ end of the reporter. 

 

3.6.2 hMSL1 represses transcription of the luciferase reporter gene 

Another interesting finding was that the Gal4-hMSL1 construct repressed 

transcription of the luciferase reporter to approximately 50% compared to Gal4-

DBD control. The repressor control Gal4-SMRT represses transcription of the 

luciferase gene to approximately 60% of the control level (figure 3.6). hMSL1 is 

therefore under these conditions a stronger repressor than a known repressor of 

transcription in the literature (Kalakonda et al., 2008). This is especially interesting 

considering that hMSL1 is a key component of the hMSL complex that contains 

hMOF. It has been reported that acetylation of H4K16 is lower when either hMOF 

or hMSL1 are knocked down (Smith et al., 2005), implying that hMSL1 is required 

for much of hMOF’s H4K16ac. H4K16ac has been associated with an open 

chromatin structure (Shogren-Knaak et al., 2006) and is a feature of euchromatin 

(reviewed in Richards and Elgin, 2002), so it was surprising to find that hMSL1 

represses transcription of the luciferase reporter gene. 

The general consensus is that histone acetylation is involved in transcriptional 

activation (Allfrey et al., 1964). HATs have been found to be coactivators of 
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transcription (Brownell et al., 1996; Mizzen et al., 1996; Ogryzko et al., 1996) and 

HDACs were found to be corepressors (Alland et al., 1997; Heinzel et al., 1997; 

Kadosh and Struhl, 1997; Laherty et al., 1997; Nagy et al., 1997). However, this 

simplistic view of this black and white scenario does not hold true, for instance 

acetylation of lysine 12 of histone H4 was found as necessary for silencing in yeast 

(Braunstein et al., 1996). Knockout yeast and Drosophila of the HDAC Rdp3 were 

shown to have increased gene silencing (De Rubertis et al., 1996; Rundlett et al., 

1996). In yeast, some gene reporters have been reported to become deacetylated 

when they get activated (Deckert and Struhl, 2001). Some genes are repressed by 

HDAC inhibitors in mammalian cells, such as c-myc (Koyama et al., 2000; Van Lint et 

al., 1996) and cyclin D1 (Lallemand et al., 1996; Siavoshian et al., 2000). 

Interestingly, cyclin D1 was one of the genes which expression was upregulated 

when hMOF was knocked down (Dr Stephen Rea, unpublished data). In yeast, 

hyper- and hypoacetylation of histones has been found to be correlated with gene 

activity (Kurdistani et al., 2004). Surprisingly, H4K16ac was (together with H3K18ac) 

the least correlated acetylation modification with active transcription in budding 

yeast (Kurdistani et al., 2004). In Drosophila it has recently been suggested that 

there is a rapid turnover of acetylated histones. These acetylated histones are 

enriched for ATP-dependent nucleosome remodellers and are DNAseI 

hypersensitive (Kharchenko et al., 2011), suggesting that accessibility to DNA is 

regulated by acetylation-deacetylation cycles. H4K16ac has also been reported to 

be crucial for Sir2-4 complex binding in yeast (Oppikofer et al., 2011). Therefore 

histone modifications should be seen as facilitating nucleosome dynamics and not, 

as has previously been thought, as solely activating or repressing transcription 

(Henikoff and Shilatifard, 2011). These examples from the literature indicate that 

hMOF and proteins in the complexes that it is associated with (including hMSL1) 

can modulate up- and down-regulation of gene expression depending on the 

chromatin environment the gene is located in. This is in addition to H4K16ac. 
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The transcriptional activation or repression mediated by hMOF and associated 

proteins could also be independent of H4K16ac. In transient transcription assays 

the reporter gene is located on a plasmid and not embedded in normal chromatin. 

Although DNA on plasmids can get embedded in chromatin (Cereghini and Yaniv, 

1984; Jeong and Stein, 1994) there have been reports that this chromatin is 

different from native chromatin because plasmid chromatin nucleosome ladders 

are anomalous (Mladenova and Mladenov, 2009). To overcome this, and as a tool 

to potentially investigate the role of, and effect on chromatin environment, I made 

cell lines that have a stably integrated luciferase gene. Unfortunately, none of the 

cell lines I analysed by the enzymatic assay showed high basal levels of luciferase 

activity. It was therefore difficult to see repression, even with the repressor control 

(see figure 3.9). Because I wanted to further validate and analyse the repression I 

observed with the Gal4-hMSL1 construct, a low-expressing cell line was not ideal. I 

do not think that the transcriptional changes that I observed in the transient assay 

are independent of chromatin changes because plasmids do chromatinise in cells. 

However, this transient assay is still an artificial situation and could be different to 

what happens in natural chromatin context. Therefore the development of a 

system stably integrated to the genome would be of importance to answer this 

question.  

Because the plasmid was randomly integrated into the genome, the reporter gene 

could be located in euchromatin, the active form of chromatin or, more likely, 

heterochromatin that is not being transcribed. It might be important to have cell 

lines with different levels of luciferase expression. A transcriptional repression 

might only be seen in cells that have a high level of transcription and transcriptional 

activation could be higher in cells with a low level of luciferase being transcribed. It 

would be interesting to see how the different chromatin states influence the assay 

and all experiments will have to be confirmed with high- and low-expressing clones. 

In order to validate the results from the enzymatic assay I assessed expression of 

the luciferase reporter gene by qPCR. Whereas I could only use the luciferase 



Chapter 3: The role of hMOF and its associated proteins in transcription 

 

99 

 

extracts for assessment with the enzymatic reagents, I was able to measure the 

amount of RNA that I received from each reaction and I could normalise my RNA 

input into the qPCR reactions. Additionally, I was able to use housekeeping gene 

expression as a final normalisation step of the input material. By using qPCR I 

analysed mRNA instead of the enzymatic activity of a protein and could therefore 

measure transcription more directly and upstream of translation. Using this qPCR 

assay, hMSL1 was again observed to be repressing transcription of the luciferase 

gene relative to the control (figure 3.10). In order to investigate if this was due to 

hMSL1 itself, I measured if the effect was dose-dependent by adding increasing 

amounts of Gal4-hMSL1 and found that this was the case (figure 3.11A). I confirmed 

this result by using the known transcriptional repressor SUV39 in the same manner 

(figure 3.11B). By using Gal4-hMOF in the same experiment, I confirmed that this 

increase of transcriptional repression seen with the afore-mentioned proteins is not 

due to an excess of pEXP-Gal4-construct present which recruits all the transcription 

machinery to its CMV promoter and away from the luciferase reporter plasmid, but 

rather due to the repressive activity of the proteins themselves. 

 

3.6.3 Analysis of hMOF dependency on transcriptional repression by hMSL1 

Since hMOF was shown to be active in different complexes (Cai et al., 2010; Dou et 

al., 2005; Li et al., 2009; Mendjan et al., 2006) and might only exert its specific 

activity if it is associated with complex components, I combined knockdown and/or 

co-expression treatments with the luciferase assay. Co-transfection of Gal4-hMSL1 

and Flag-hMOF rescued the significant (p<0.05) repression of the luciferase gene 

and I detected a basal level of luciferase expression (figure 3.12). When I knocked 

down hMOF and co-transfected Gal4-hMSL1, I found that expression of the 

luciferase gene was repressed compared to the control, which might indicate that 

the presence of hMOF or in fact even its lysine acetyltransferase activity is not 

required for the transcriptional repression that I detect with hMSL1 (figure 3.12). 

These results could hint that the repression of the luciferase reporter gene by 



Chapter 3: The role of hMOF and its associated proteins in transcription 

 

100 

 

hMSL1 is independent of H4K16ac. Interestingly, it has been shown recently that 

MSL1 binds promoters of X chromosomes and autosomes in a sex-independent 

manner in Drosophila without association with MOF or MSL3 (Hallacli et al., 2012). 

The overexpression of HA-2F-hMOF and therefore the increase in H4K16ac around 

the promoter of the luciferase reporter gene counteracts this repression by Gal4-

hMSL1 and therefore I detected basal level of luciferase expression when I co-

transfected HA-2F-hMOF and Gal4-hMSL1. Further research is needed to validate 

this finding. A ChIP around the reporter plasmid could for example clarify the level 

of histone acetylation and abundance of other proteins. 

 

3.6.4 Possible targets of hMSL1 

The luciferase reporter assay that I used is a good tool to investigate whether 

proteins are involved in transcriptional regulation in the cell. However, it is only a 

model. Therefore I aimed to find genes that are regulated by hMSL1. As described 

in section 3.5.4, microarray studies and validation qPCR identified genes that are 

differentially regulated when hMOF is knocked down. Interestingly, the genes that 

are found to be up-regulated upon hMOF knockdown are similarly affected when 

hMSL1 is knocked down (figure 3.13, Dr. Stephen Rea). This implies that hMOF 

could be involved directly or indirectly in transcriptional repression, even though it 

is generally thought that H4K16 is acetylated around transcriptionally active genes. 

To further examine this, I overexpressed hMOF and hMSL1 and analysed the 

expression of some of the genes found in this study. I expected that I would see a 

decrease of expression of NT5E and SERPINE2 if I overexpressed hMOF and hMSL1 

since these genes were reported to be up-regulated when hMOF and hMSL1 are 

knocked down by siRNA (figure 3.13 D). I detected an increased expression of NT5E 

similar to that level I detected with knockdown of hMSL1. SERPINE2 expression 

slightly decreased when hMSL1 was overexpressed, but the decrease is not 

significant and was also seen, although a little less pronounced, when hMOF was 

overexpressed. The experiment needs to be repeated in order to determine if 
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SERPINE2 is a gene that is regulated by hMSL1. Ideally, more genes should be 

looked at in a knockout cell line of hMSL1. 

I included TMS1 into my gene expression analysis which has previously been 

identified to be transcriptionally regulated by hMOF. This gene was found to be 

regulated by hMOF (Kapoor-Vazirani et al., 2008). However Kapoor-Vazirani and 

colleagues have shown that TMS1 is bound by hMOF and that its expression is 

regulated by hMOF. I would therefore expect to see an increase in TMS1 expression 

when hMOF is overexpressed. However, this transcriptional regulation of TMS1 by 

hMOF could be cell type specific. In this study, Kapoor-Vazirani and co-workers 

described that TMS1 was expressed in one breast cancer cell line and not another 

(Kapoor-Vazirani et al., 2008). It is possible that hMOF does not regulate TMS1 

expression in HeLa cells. Even though hMOF is bound to the TMS1 promoter and 

TMS1 expression is reduced when hMOF is depleted, hMOF could regulate another 

gene’s expression. 

hMSL1 represses transcription even when hMOF is depleted (figure 3.12). It is 

therefore not surprising that genes found in a screen for directly or indirectly 

hMOF-regulated genes are not regulated by hMSL1. By careful analysis of recent 

literature I have investigated two possible scenarios of how hMSL1 is involved in 

transcriptional repression (figure 3.15). A recent study in Drosophila supports a role 

of hMSL1 that is independent of hMOF (Hallacli et al., 2012). Hallacli and co-

workers found that MSL1 binds promoters on all chromosomes in a sex-

independent manner (Hallacli et al., 2012). In this and in another study it was 

described that MSL1 occurs in a heterotetramer with MSL2, an E3 ubiquitin ligase 

(Hallacli et al., 2012; Villa et al., 2012). MSL2 can ubiquitylate the components of 

the MSL complex (Villa et al., 2012). So when the reporter construct is present in 

the cell, endogenous hMOF will bind to the 5’ end of the reporter gene and 

acetylate H4K16 which will result in luciferase expression (figure 3.15 A.1). When 

Gal4-hMSL1 is co-transfected, it will be targeted to the UAS (figure 3.15 A.2). hMSL2 

will be recruited as well and will start to ubiquitylate hMOF and hMSL1 (figure 3.15 
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A.3) which will result in the proteasome degrading the complex (figure 3.15 A.4). 

This will result in H4K16 deacetylation which down-regulates transcription of the 

reporter gene (figure 3.15 A.5).  

By high-resolution ChIP-seq it has recently been shown that MOF and the MSLs 

have multiple different binding patterns relative to gene bodies (Straub et al., 

2013). MSL1 and MOF were shown to bind chromatin around the promoter regions 

which could retain MOF from proceeding towards the transcription start site and 

from acetylating H4K16 and thereby down-regulating transcription (figure 3.15 B). 

 

A 
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B 

 

Figure 3.15: Possible roles of hMOF and hMSL1 in transcriptional regulation. 

Depicted are two possible scenarios of how Gal4-hMSL1 represses transcription of 
the luciferase reporter gene. (A) Endogenous hMOF acetylates H4K16 around the 
luciferase reporter gene. When Gal4-hMSL1 is overexpressed and binds upstream 
of the reporter gene hMSL2 gets recruited and ubiquitylates the MSL proteins. The 
proteasome degrades the MSL proteins, including hMOF and thereby reducing 
H4K16 acetylation and reducing transcription of the reporter gene. (B) Gal4-hMSL1 
binds the chromatin upstream of the reporter gene and recruits endogenous hMOF. 
It thereby restricts hMOF from acetylating H4K16 by preventing it from binding the 
transcription start site of genes.  
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4.1 Introduction 

Disturbances in histone modifications, chromatin remodelling or DNA methylation 

have been found to play a role in tumorigenesis (Berdasco and Esteller, 2010; 

Esteller, 2007a, b; Fraga and Esteller, 2005; Jones and Baylin, 2007). The enzyme 

hMOF is required for acetylation of histone H4 at lysine 16 (Gupta et al., 2005; 

Smith et al., 2005; Taipale et al., 2005). Loss of H4K16ac has been identified as a 

common hallmark of human cancers (Fraga et al., 2005). hMOF expression is lost in 

a high percentage of brain (medulloblastoma) and breast cancers, and loss of hMOF 

expression correlates with a poor prognosis in medulloblastoma patients (Pfister et 

al., 2008). hMOF expression also negatively correlates with the invasiveness of 

breast tumours. Loss of H4K16ac has further been reported in animal models of 

tumorigenesis (Gupta et al., 2008). These results imply that loss of hMOF might 

contribute to tumorigenesis due to its involvement in chromatin packaging, 

transcriptional regulation, DNA replication and DNA damage repair (see 

introduction).  

Histone acetylation has long been known to modify higher order chromatin 

structure and functions in regulation of access of proteins to chromatin. Acetylation 

and deacetylation of histones has been reported to be tightly regulated at sites of 

DNA double strand breaks (DSB; reviewed in Luijsterburg and van Attikum, 2011). 

H4K16ac is linked to higher order chromatin structure formation (Shogren-Knaak et 

al., 2006) and has been reported to play a key role in controlling the DNA damage 

response (DDR). In response to DSBs H4K16ac increases and this requires hMOF 

activity (Li et al., 2010; Miller et al., 2010). The recruitment of MDC1, BRCA1 and 

53BP1 are severely disturbed upon depletion of hMOF (Li et al., 2010; Sharma et al., 

2010) and loss of MOF expression leads to defects in DNA repair resulting in DNA 

damage-induced G2/M arrest and the formation of chromosome aberrations (Li et 

al., 2010; Sharma et al., 2010; Taipale et al., 2005). The interaction between H2AX 

and H4 tails appears to be required to establish a chromatin configuration required 

for MDC1 to associate with γH2AX (Li et al., 2010). Deacetylation has also been 
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found to be involved in DDR and H4K16 as well as H3K9 and H3K56 acetylation 

levels decrease following DNA damage (Tjeertes et al., 2009). At early time points 

after DNA damage, H4K16 gets deacetylated by HDAC1 and HDAC2 (Miller et al., 

2010). The activity of hMOF increases the level of H4K16ac at a later time following 

DNA damage (Li et al., 2010; Miller et al., 2010). 

General molecular mechanisms in normal cell processes such as transcription and 

DNA replication are also deregulated in cancer. Therefore, hMOF could also be 

involved in tumorigenesis by directly regulating gene expression of tumour 

suppressors. The proapoptotic gene TMS1/ASC which becomes epigenetically 

silenced in human cancers and has been reported to be transcriptionally regulated 

by hMOF in a breast cancer cell line (Kapoor-Vazirani et al., 2008). In Drosophila, 

H4K16ac has been reported to be correlated with early replicating chromatin (Bell 

et al., 2010; Schwaiger et al., 2009), implicating a role of H4K16ac in mammalian 

DNA replication. 

It has been observed that cancer cells are frequently karyotypically abnormal. 

Whereas normal human cell lines are diploid with two copies of each of their 23 

chromosomes, cancer cells often have a different number of chromosomes 

(polyploid for a multiple of the normal 46 chromosomes, aneuploid for a 

chromosome number differing from normal). It is still debated in the field if 

polyploidy is a cause or consequence of cancer (Davoli and de Lange, 2011). The 

mechanism by which cells become aneuploid are numerous and could have defects 

in different stages of the cell cycle (reviewed in Holland and Cleveland, 2009; see 

figure 1.4 in the introduction). 

In order to identify if loss of hMOF expression is involved in tumorigenesis, several 

hMOF knockdown human fibroblast cell lines were generated that were 

immortalised but not transformed. These cells also possess knockdown of the p53 

tumour suppressor protein. Propidium iodide (PI) FACS (Fluorescence Activated Cell 

Sorting) profiles of these cell lines have shown that whilst loss of p53 does not alter 

the DNA content of these cells, those cells which also possess reduced levels of 
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hMOF have an increased propensity to become polyploid. Metaphase chromosome 

spreads prepared from these cells support this observation. The human fibroblast 

cell lines that I have used also expressed a fluorescently labelled histone H2B (H2B-

GFP), enabling me to visualise chromosomes by fluorescent live-cell microscopy. 

I found that depletion of hMOF predisposed human fibroblasts to become 

polyploid, even in the absence of small t antigen expression. This suggests that 

hMOF is involved in cell cycle regulation, but did not reveal at which stage(s). In 

order to identify the stage or stages of the cell cycle in which hMOF plays a role I 

enriched cells in various stages of the cell cycle and analysed the mRNA expression 

of hMOF and other genes. I found that hMOF, hMSL1, 2 and 3 and hNSL1 mRNA 

peaked in expression during S phase in K-562 cells. Live-cell imaging was utilised to 

try and establish the possible mechanism by which depletion of hMOF results in 

polyploidy, however this mechanism has yet to be identified. 
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4.2 Generation of hMOF knockdown cell lines 

In order to test my hypothesis that loss of hMOF predisposes a cell to become 

transformed, hMOF knockdown cell lines were generated. We exploited the BJ-E/T 

system that was originally developed by the Agami lab (Voorhoeve and Agami, 

2003) to screen for transformation capacity of miRNAs. 

 

4.2.1 Introduction of the BJ-E/T system 

The diploid human fibroblast cell line, BJ, was genetically modified to express an 

ecotropic murine receptor that makes the cell line susceptible to murine viruses. 

The cell line was also immortalised by introducing hTERT into the cell. This cell we 

called BJ-E/T. We obtained cells from Dr Reuven Agami (NKI, Amsterdam) that 

overexpress histone H2B-GFP and either have p53 knockdown or not (Voorhoeve 

and Agami, 2003). These cells can be further genetically manipulated by 

transduction with murine virus harbouring shRNAs targeting specific genes. Figure 

4.1 shows how the stable cell lines were generated.  

An shRNA was cloned into the pRetrosuper vector which includes a viral packaging 

signalling gene (figure 4.1 1). This vector was then transfected into murine virus 

producing cells (GP+E-86) by lipofectamine transfection (figure 4.1 2) and stable 

integration of the vector was selected for with an antibiotic. The murine cells shed, 

while growing, virus particles into the growth medium. The virus can be harvested 

by keeping the supernatant when splitting the cells. With this virus, BJ-E/T cells can 

be transduced because these cells express an ecotropic murine receptor (figure 4.1 

3). This transduction introduces the virus into the cell. Again, stable integration of 

the shRNA is selected for with the same antibiotic. The clones generated with this 

procedure are analysed by various procedures (figure 4.1 4). 

 



Chapter 4: Investigating the involvement of hMOF in cancer 

 

109 

 

 

Figure 4.1: The BJ-E/T system. 

shRNA expression cassettes were cloned into pRetroSuper (pRS) expression vectors 
by standard cloning techniques (1) and introduced into the virus producing cell lines 
(GP+E-86) by Lipofectamine 2000 transfection (2). Stable selection was carried out 
with the appropriate selectable markers and virus supernatant was collected by 
growing the cells in culture. The BJ-E/T cells were exposed to the virus supernatant 
and stable cells were selected with the appropriate antibiotic (3). The cells were 
then analysed which is described in the following sections (4). Figure generated by 
Dr Jennifer Eykelenboom. 
 

The virus producing cell lines GP+E-86 that stably expressed the shRNA targeted 

against hMOF were previously generated in the laboratory (Dr Jennifer 

Eykelenboom). For this study, I used two different shRNAs against hMOF (shRNA-

hMOF4 and shRNA-hMOF6, sequence is detailed in the appendix in table A.3). In 

brief, plasmids that express the shRNA and virus packaging signals were stably 

transfected into the GP+E-86 cells and selected with Blasticidin S (for concentration 

see appendix table A.2). Genomic DNA was isolated from individual clones and 

these samples were screened by PCR for stable integration of the plasmid. Positive 

clones were cultured and virus-containing supernatant was subsequently used to 

transduce BJ-E/T cells (figure 4.2, data generated by Dr Jennifer Eykelenboom). 
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Figure 4.2: GP+E86 virus producing cell lines. 

Stable integration of pRS plasmids was determined by PCR. A pRS plasmid was used 
as a positive control. A number of clones selected tested positive for integration of 
the pRS-shRNA hMOF plasmid. This result was generated by Dr Jennifer 
Eykelenboom. 

 

4.2.2 Analysis of hMOF knockdown in stable cell lines 

To obtain stable hMOF knockdown cell lines the BJ-E/T cells were twice transduced 

with virus supernatant grown from the stable virus producing GP+E-86 cell lines as 

described in the Materials and Methods section 2.3.4. Stable clones were selected 

with Blasticidin S and RNA was isolated from the selected clones and screened for 

hMOF knockdown. The isolated RNA from the selected knockdown BJ-E/T clones 

was reverse transcribed into cDNA which was analysed by quantitative real time 

PCR to assess whether hMOF was knocked down when compared to the parental 

cell line. I was able to obtain a number of cell lines which had decreased levels of 

hMOF expression compared to the parental cell line. Depicted in figure 4.3 are two 

cell lines that I further analysed; BJ-E/T-HG-p53kd-shMOF4 and BJ-E/T-HG-p53kd-

shMOF6.  
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Figure 4.3: Quantitative Real Time PCR showing knockdown of p53 and hMOF in 

the BJ-E/T cell lines. 

BJ-E/T-HG is the parental cell line of the BJ-E/T-HGp53kd cell line, and the hMOF 
knockdown cell lines were generated from the p53 knockdown cell line. The error 
bars represent at least 3 independent experiments and the data was normalised to 
Cyclophilin A expression. 

 

Expression was normalised to Cyclophilin A expression. Both cell lines showed 

reduced level of hMOF expression and the level of the housekeeping gene GAPDH 

was normal. I also analysed the level of p53 expression and found that the 

knockdown level was down to below 10% of the BJ-E/T-HG cell line (figure 4.3). 

Protein levels of the hMOF knockdown cell lines are also down-regulated compared 

to the parental cell line as can be seen in figure 4.4. The extracts of the control cell 

lines were loaded on the SDS-PAGE at three different levels (100, 50 and 20% of 

original input) in order to compare the level of knockdown. The level of hMOF is 

between 60 and 40% relative to the level of the control cell line. Cell lines shMOF4b 
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and shMOF6a in figure 4.4 correlate to shMOF4 and shMOF6 shown in figure 4.3 

and were used from here on.  

 

 

Figure 4.4: Protein levels of hMOF and p53 of the generated BJ-E/T-HG-p53kd 

hMOF knockdown cell lines. 

Immunoblot of whole cell extracts of stable hMOF knockdown BJ-E/T-HG-p53kd 
cells. (A) hMOF knockdown of four stable hMOF knockdown clones compared to 
100, 50 and 20% of BJ-E/T-HG-p53kd shown with an anti-hMOF antibody. (B) p53 
knockdown of four stable hMOF knockdown clones compared to 100, 50 and 20% 
of BJ-E/T-HG shown with an anti-p53 antibody. Loading controls for both, A and B, 
shown with an anti-α tubulin antibody. 

 

4.3 Phenotypic analysis of hMOF knockdown cell lines 

4.3.1 Proliferation assay 

To determine if cells with low levels of hMOF expression behave differently from 

cells with wild type levels of hMOF, I analysed the rate of proliferation (figure 4.5). 

A significant difference (as tested by ANOVA) between the proliferation rate of the 

knockdown cell lines compared to the BJ-E/T-HG-p53kd cell line was not observed. 
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Figure 4.5: Proliferation assay of the hMOF knockdown clones. 

Growth curve analysis of the indicated cell lines. Data points shown represent a 
mean of three experiments. ANOVA did show significant pairing (indicating that the 
repeat measurements were significantly similar), but did not show a significant 
difference between the cell lines compared to the parental cell line. 

 

4.3.2 Depletion of hMOF in BJ-E/T-p53kd-st predisposes cells to polyploidy 

Transient knockdown of hMOF has been demonstrated to cause cells to accumulate 

in G2/M (Taipale et al., 2005). In our laboratory, Dr Jennifer Eykelenboom had 

generated BJ-E/T-p53kd-hMOFkd cells with three different hMOF shRNAs (shMOF2, 

4 and 6) that also express the small t antigen tagged with GFP (figure 4.6). In order 

to examine the cell cycle profile of these stable knockdown cells she used PI 

staining combined with flow cytometry to determine the DNA content of cells as a 

surrogate for cell cycle stage. Interestingly she observed that cells with increasing 

levels of hMOF knockdown displayed a concordant increase in the number of cells 

with ≥4N DNA content (figure 4.6). The cell lines 114-2 and 116-7 both displayed a 

knockdown of hMOF to about 70% of that of the parent cell line. After gating out 

likely cell doublets this population of cells still remained suggesting that perhaps 

cells of ≥4N DNA content were continuing to cycle producing polyploid cells. To 
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investigate this more closely we prepared metaphase spreads from these stable 

knockdown cell lines. 

 

 

Figure 4.6: Stable hMOF knockdown BJ-E/T-p53kd-st-GFP. 

Immunoblot of whole cell extracts of stable hMOF knockdown BJ-E/T-p53kd-stGFP 
cells. hMOF knockdown of four stable hMOF knockdown clones compared to 
parental BJ-E/T-p53kd-stGFP shown with an anti-hMOF antibody and p53 
knockdown of four stable hMOF knockdown clones compared to BJ-E/T-HG shown 
with an anti-p53 antibody. Loading controls for both blots shown with an anti-α 
tubulin antibody. Data generated by Dr Jennifer Eykelenboom. 



Chapter 4: Investigating the involvement of hMOF in cancer 

 

115 

 

 

Figure 4.7: PI-FACS analysis of BJ-E/T-p53kd-stGFP cells as a substitute for cell 

cycle analysis. 

The indicated cell lines were stained with Propidium iodide and analysed by flow 
cytometry. Cells were harvested at the indicated passage numbers, fixed and 
stained with propidium iodide. Data was generated by Dr Jennifer Eykelenboom. 

 

Metaphase spreads were prepared for each of these hMOF knockdown cell lines 

and their respective parent cell line at selected passages and the number of 

chromosomes per cell line was determined for each clone. These data verify the 

previously observed PI staining profiles with the chromosome numbers increasing 

in the hMOF knockdown clones. In fact it was evident that the greater the level of 

hMOF knockdown the more likely the cells were to become polyploid (figures 4.7 

and 4.6). After prolonged passaging in culture however all cells including the 

parental line showed some degree of polyploidy (figure 4.8). These data suggest 

that cells lacking hMOF are predisposed to develop polyploidy. Once these cells 

have undergone an event to generate the polyploid state the cells cycle stably as 

polyploid cells. 
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Figure 4.8: BJ-E/T-p53kd-st cells with hMOF knockdown become polyploid 

overtime. 

(A) Example metaphase spread of the parental cell line. (B) Example metaphase 
spread of a hMOF knockdown clone shMOF-4. Metaphases were stained with DAPI 
and taken with 100x amplification. (C) At least 20 metaphases per cell line per 
passage were counted and are depicted in the graph. Passage 5 and passage 15 are 
shown. Data generated together with Dr Jennifer Eykelenboom. 

 

4.3.2.1 Loss of hMOF predisposes cell to polyploidy 

As mentioned above, the previously generated cell lines express the small t antigen 

(see table 4.1 to compare genotypes of BJ-E/T cells) which is an oncogene (Hahn et 

al., 1999; Hahn et al., 2002) and could therefore influence the cell’s likelihood of 

becoming polyploid. I have, as described in section 4.2, re-generated the 

knockdown cell lines with the same shRNAs without expression of the small t 

antigen. To test this possibility it was necessary to repeat the above described 

experiments. I found that the cell cycle was altered following knockdown of hMOF 

(figure 4.9). The BJ-E/T-HG-p53kd hMOF-4 cell line that I generated had lost the G1 

2N peak, had an increased 4N peak and a small 8N shoulder. The other hMOF 

DAPI 

DAPI 
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knockdown cell line that I generated and analysed did not show this phenotype and 

looked similar to the parental cell line. 

 

Table 4.1: Genotypes of the BJ-E/T cells. 

Name H2B-GFP p53 st-GFP 

BJ-E/T-HG √ √ - 

BJ-E/T-p53kd-stGFP - - √ 

BJ-E/T-HG-p53kd √ - - 

 

 

Figure 4.9: Loss of hMOF alters the cell cycle profile of BJ-E/T-HG-p53kd cells. 

Propidium iodide stained BJ-E/T-HG-p53kd staged hMOF knockdown clones were 
analysed by flow cytometry. Cells were harvested at the indicated passage 
numbers, fixed and stained with propidium iodide. 

I also repeated metaphase spread counts of the generated BJ-E/T-HG-p53kd hMOF-

depleted cell lines. Again, I was able to confirm that the cell cycle phenotype I 

documented by flow cytometry was indeed polyploidy (figure 4.9). As well, the 

second analysed knockdown cell line was not different from the parental cell line, 

even though it had high hMOF knockdown (figures 4.3 and 4.4). 
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Figure 4.10: hMOF knockdown in a BJ-E/T-HG-53kd cell line predisposes cells to 

develop polyploidy. 

(A) Metaphase spread of the parental cell line and the two analysed hMOF 
knockdown cell lines. Metaphases were stained with DAPI and 100x amplifying lens 
was used to take the pictures. (B) At least 20 metaphases per cell line per passage 
were counted and are depicted in the graph. Passage 5, 15 and 30 are shown.  

 

4.3.2.2 MOF depletion in a transient system causes a cell cycle arrest 

In order to confirm the observation that depletion of hMOF predisposes cells to 

become polyploid, I attempted to transiently knockdown hMOF in BJ-E/T-HG-p53kd 

cells with virus supernatant (for a protocol refer to section 2.3.4). I first checked if 

knockdown was achieved shortly after treatment with the virus supernatant. After 
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two days of initial virus treatment, I could see a decrease of hMOF protein 

expression which was even further decreased with Blasticidin S treatment (Figure 

4.11A). Five days after the virus knockdown treatment was started I was still able to 

detect hMOF knockdown with the virus treatment which was further decreased by 

Blasticidin S (Figure 4.11B). 

 

Figure 4.11: Transient hMOF knockdown with shMOF4 virus leads to a 4N cell 

population increase. 

(A) Knockdown of hMOF two days post virus transduction, whole cell extracts were 
isolated and Western blotting was performed with an anti-hMOF antibody. (B) 
Knockdown was also tested 5 days post-transduction. (C) Propidium iodide stained 
BJ-E/T-HG-p53kd cells treated with virus supernatant were analysed by flow 
cytometry. 

 

4.4 Expression of hMOF and associated proteins in the cell cycle 

As previously described, hMOF knockdown predisposes cells to become polyploid. A 

cell could become polyploid for many reasons (reviewed in Holland and Cleveland, 
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2009) and the origin of polyploidy could be at different stages of the cell cycle 

(explained in section 4.5 and figure 4.14). hMOF could have roles in different stages 

of the cell cycle. A good indicator for which stage a protein is important for is to 

examine their expression across the cell cycle. I therefore wanted to look at the 

expression of hMOF and other genes during different stages of the cell cycle. 

 

4.4.1 Expression analysis of hMOF and associated genes during the cell cycle in 

elutriated K-562 cells 

As I intended to analyse the expression of hMOF and other proteins in the cell 

cycle, I generated populations of cells enriched for various cell cycle stages of the 

human cell line K-562 by elutriation. To assay enrichment of the cells obtained for 

various cell cycle stages, I stained the various elutriated fractions with PI and 

analysed them by flow cytometry. Fraction #2 of the elutriation was enriched in G1 

cells, fractions #3 to #5 contained different stages of S phase cells (early, mid and 

mid to late S phase) and fraction #6 was enriched in G2 cells, but also contained 

some late S phase cells (figure 4.12). 

The elutriated fractions of the K-562 cells were taken for RNA extraction, cDNA was 

reverse transcribed and quantitative real time PCR was performed. I used primers 

for hMOF, three of the hMSL proteins and hNSL1 to trace their expression over the 

cell cycle. It has previously been reported that H4K16ac peaks during S phase (Rice 

et al., 2002) and recently (Zhou et al., 2009) described that hMOF peaks during S 

phase. I confirmed the expression of hMOF peaks during mid S phase (figure 4.12 C 

and D), but also looked at some more genes that are in complexes with hMOF 

(figure 4.12 C and D). The hMSLs 1,2 and 3 and hNSL1 mRNA levels are all highest at 

the beginning of S phase. 
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Figure 4.12: Expression of hMOF, hMSLs and hNSL1 peaks during S phase. 

(A and B) Propidium iodide FACS profile of the different cell fractions of elutriated 
K-562 cells. Two experimental repeats are depicted. (C and D) RNA of elutriated K-
562 cells was reverse transcribed. qPCR was carried out with primers for hMOF and 
for hMSL1, 2 and 3 and hNSL1. Samples were normalised to Cyclophilin A and 
GAPDH expression and depicted relative to the asynchronous sample. Graph C and 
D are depicting separate experiments. 
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4.5 Live-cell imaging of hMOF-depleted cells to determine the mechanism 

of polyploidy 

In order to determine the mechanism by which cells become polyploid when hMOF 

is knocked down, I analysed cells with transient hMOF knockdown by live-cell 

imaging. The stable hMOF knockdown BJ-E/T-HG-p53kd cell lines were already 

polyploid and could therefore not be used to determine the mechanism that 

induces polyploidy. In order to learn about the mechanism by which hMOF 

knockdown cell lines become polyploid, I intended to examine cells just after hMOF 

was depleted. I therefore transiently knocked down hMOF in BJ-E/T-HG-53kd cells 

with a cy3-labelled hMOF siRNA. 

Causes for polyploidy could be rooted in S phase (endoreplication) or in mitosis 

(mitotic slippage). Progression from normal cells to polyploid cells can be observed 

by light and fluorescent microscopy. The cells used in this study have GFP-labelled 

H2B, therefore the chromatin is labelled and can be used to measure the nucleus. 

Cells that undergo mitotic slippage do not exit mitosis. The cell will appear normal 

by microscopy until it enters mitosis. During mitosis, the cell is not able to divide. 

Cytokinetic failure or chromatin bridges are examples of what could be seen in a 

cell that will undergo mitotic slippage. The two daughter nuclei do not divide and 

collapse back to one tetraploid nucleus. Mitosis is skipped and the cell cycle is 

started anew (figure 4.13 “Mitotic slippage”). 

A defect of replication during S phase results in endoreplication. These cells never 

enter mitosis. The nuclei of these cells continue to increase in size but no chromatin 

compaction can be seen and cells do not divide, but re-enter another round of 

replication (figure 4.13 “Endoreplication”).  
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Figure 4.13: Schematic portraying mitotic slippage or endoreplication detection 

using live-cell imaging. 

Depicted in green are cell nuclei representing H2B-GFP expressing cells undergoing: 
normal mitosis (left); mitotic slippage (centre); endoreplication (right). “t” 
represents an arbitrary time unit required to complete a measurable stage of the 
cell cycle. “N” represents ploidy that can be inferred from nuclei diameter. Both of 
these measurements could be calculable using live cell imaging and should allow 
distinction between a mitotic slippage versus an endoreplication route to 
polyploidy. 

 

4.5.1 Expression of hMOF is downregulated post-transfection with cy3-labelled 

siRNA 

During the course of my project I found that BJ-E/T-HG-p53kd cells are not a good 

model for live cell imaging. The cells are not viable under the conditions necessary 

to perform the analysis (section 2.3.8). I therefore decided to use a second cell line 

for the live cell microscopy; HeLa-GFP-H2B. The event that potentially leads to the 
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cells becoming polyploid is likely to happen early after hMOF is depleted, so it is 

likely to be missed during stable clone selection. I used transient transfection of 

siRNA directed against hMOF. To ensure that I only analysed cells depleted of 

hMOF, I labelled the siRNA with cy3 fluorescein. I treated BJ-E/T-HG-p53kd and 

HeLa-GFP-H2B cells with cy3-labelled hMOF and control siRNA and the standard 

Lipofectamine 2000 protocol. I observed knockdown of hMOF to about 80% at the 

RNA and protein level (figure 4.14) and therefore concluded that I could use the 

HeLa-GFP-H2B and BJ-E/T-HG-p53kd cells for live-cell imaging. 

 

 

Figure 4.14: Cy3-labelled hMOF-5 siRNA can knockdown hMOF. 

(A) qPCR of BJ-E/T-HG-p53kd cells treated with cy3-hMOF-5 siRNA and control 
siRNA. (B) Western blot of extracts of BJ-E/T-HG-p53kd cells treated with cy3-
hMOF-5 siRNA and control siRNA with anti-hMOF antibody. (C) qPCR of HeLa-GFP-
H2B cells treated with cy3-hMOF and cy3-control siRNA. (D) Western blot of 
extracts of HeLa-GFP-H2B cells treated with cy3-hMOF-5 siRNA and control siRNA 
with anti-hMOF antibody. All extracts and RNAs were prepared 48 hours 
posttransfection. The qPCR data was normalised to Cyclophilin A expression and 
shown relative to the cy3-con siRNA transfected sample. 
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4.5.2 Area of nuclei increases after hMOF knockdown 

As explained previously, I measured the area of the cell nuclei to calculate their 

volume (section 4.5 and figure 4.13). I imaged BJ-E/T-HG-p53kd and HeLa-GFP-H2B 

cells. Before imaging I treated them as described in section 4.5.2 and started the 

imaging videos at the indicated times (figure 4.15). I measured the area of the 

interphase nuclei with the image pro software and compared the cy3-labelled 

control siRNA transfected cells to the cy3-labelled hMOF-5 siRNA transfected cells. 

The ratio indicated that BJ-E/T-HG-p53kd and HeLa-GFP-H2B cells depleted of 

hMOF had doubled in volume, as a 1.2 increase in area equals a two-fold increase in 

volume. These analyses were carried out in asynchronous populations of cells. 

 

 

Figure 4.15: Arbitrary area of nuclei after hMOF knockdown. 

The average nuclear area of asynchronous cy3-labelled control and cy3-labelled 
hMOF-5 siRNA transfected BJ-E/T-HG-p53kd cells (A) or HeLa-GFP-H2B (B) was 
measured by image pro software after live-cell imaging. The times indicate the 
hours post-transfection in which the videos were taken. The ratios depicted in the 
figure are calculated from the cy3-labelled control to cy3-labelled hMOF-5 siRNA. 
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4.5.3 Cellular migration analysis by live-cell imaging 

When analysing the cells by live-cell imaging I noticed that the BJ-E/T-HG-p53kd 

cells were particularly mobile. I wanted to determine if there is a difference 

between control and hMOF-depleted cells. I therefore measured the distance a cell 

travelled during each 20 minute time frame using image pro software. No 

difference was detected between control and hMOF knockdown cells in BJ-E/T-HG-

p53kd or HeLa-GFP-H2B cells (figure 4.16). 

 

 

Figure 4.16: Cells depleted of hMOF migrate at the same speed as control cells. 

BJ-E/T-HG-p53kd and HeLa-GFP-H2B cells transfected with cy3-labelled control and 
cy3-labelled hMOF-5 siRNA. Distance is displayed at an arbitrary value and was 
measured at 20 minute frames. 

 

 

4.6 Nuclear polylobulation in hMOF-depleted cells 

When testing the cy3-labelled siRNAs by immunofluorescence microscopy, I noticed 

that the shape of the nuclei of the HeLa cells transfected with cy3-labelled hMOF-5 

had changed (figure 4.17C and D). This observation is similar to findings in a study in 

which polylobulation had been reported in cells depleted from hMOF and hMSL3 

(Taipale et al., 2005). 
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Figure 4.17: Depletion of hMOF leads to polylobulation in HeLa cells. 

HeLa cells were plated on cover slips and transfected with the indicated siRNAs or 
oligofectamine only. Cells were fixed with paraformaldehyde and anti-hMOF or 
anti-H4K16ac antibodies were used to stain for these proteins or modified histone 
residues. A FITC-secondary antibody was used to visualise anti-hMOF or anti-
H4K16ac binding. The siRNAs were visualised with the cy3-fluorescein label. 

 

4.7 hMOF and p53 

The hMOF-depleted cell lines described in this thesis were generated from parental 

cell lines already depleted of p53. The initial rationale for this was to use cells that 

were on the verge of transformation due to overexpression of oncogenes and 

depleted tumour suppressors. The effect of modulation of a specific gene of 

interest could then be assessed for its potential to transform a cell (Voorhoeve and 

Agami, 2003). Depletion of hMOF in these cells would determine if hMOF is a factor 

in transformation and tumorigenesis. Our laboratory has been unable to generate 

stable hMOF knockdown cell lines in BJ-E/T-HG cells which express p53 protein. This 

suggests that there is a relationship between hMOF and p53 protein expression. 
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4.7.1 hMOF knockdown in the presence of p53 

hMOF depletion was only achieved in BJ-E/T-HG-p53kd cells which had depleted 

p53 protein. These cells became polyploid overtime. In order to verify this 

polyploidy phenotype I attempted to knockdown hMOF with siRNA in the colon 

cancer cell lines HCT116 and HCT116p53-/- cells, which have a wild type and a p53 

knockout (Bunz et al., 1998). I attempted the knockdown hMOF in both HCT116 cell 

lines (wild type and p53-/-) with different siRNAs and under different conditions 

(different siRNA concentrations, various transfection reagents and different 

transfection times). Interestingly, I could only knockdown hMOF in the HCT116 p53-

/- cells and not in the wild type cells (figure 4.18). 

 

 

Figure 4.18: hMOF knockdown in HCT116 wild type and p53
-/-

 cells 

(A) Schematic of experimental design. Cells were transfected in duplicate on day 0 
and half of the cells were transfected a second time on day 3. HCT116 wild type and 
p53-/- cells were harvested six days after initial transfection with control and hMOF5 
siRNA. The kd1 samples were only transfected once with siRNA, whereas the kd2 
cell lines were transfected a second time with the siRNAs three days after the initial 
transfection. (B) Expression of hMOF was analysed by qPCR, normalised to 
Cyclophilin A expression and depicted relative to each of its control samples. 
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4.7.2 Relationship of p53 and hMOF expression 

When I analysed hMOF and p53 expression levels in BJ-E/T cell lines, I observed that 

the protein expression level of hMOF in the BJ-E/T-HG cells (with normal p53 

expression) was weaker than in the BJ-E/T-HG-p53kd (p53 depleted) cells (figure 

4.19A; see table 4.1 for cell genotypes). However, this was not reflected in the 

mRNA level, because the mRNA of hMOF is similarly expressed in presence or 

absence of p53 (figure 4.19B).  

This curious relationship between p53 and hMOF expression lead me to investigate 

if I could alter hMOF expression in a cell line that does not have functional p53 by 

introducing p53. I transfected HeLa cells with a p53 construct and compared hMOF 

expression in transfected versus untransfected HeLa cells. Furthermore I analysed 

U2OS cells which have functional p53. Only untransfected HeLa cells and U2OS cells 

were expressing hMOF protein, whereas HeLa cells with overexpressed p53 had lost 

most of its hMOF expression (figure 4.20A). 

Interestingly, I did not observe a difference between the samples at mRNA level 

(figure 4.20B). The slight decrease in mRNA expression observed between the 

transfected and untransfected HeLa cells does not explain the decrease seen at 

protein level. 
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Figure 4.19: Expression of p53 negatively correlates with hMOF expression in BJ-

E/T-HG cell lines. 

(A) Immunoblot of whole cell extracts of BJ-E/T-HG-p53kd and BJ-E/T-HG cells with 
an anti-hMOF antibody. The loading control used was an anti-α-tubulin antibody. 
(B) Expression of hMOF and p53 analysed by qPCR, normalised to Cyclophilin A 
expression and depicted relative to BJ-E/T-HG expression. The average of four 
individual experiments is depicted. 

 

Figure 4.20: Expression of p53 negatively correlates with hMOF expression. 

(A) Immunoblot of whole cell extracts of U2OS, HeLa and HeLa cells transfected 
with a p53 construct with an anti-p53 antibody and with an anti-hMOF antibody. (B) 
The same extracts were also probed with an anti-p53 antibody. An anti-α-tubulin 
antibody was used as a loading control for both blots. (C) Expression of hMOF and 
p53 analysed by qPCR, normalised to Cyclophilin A expression and depicted relative 
to the untransfected HeLa sample. 
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4.8 Discussion 

4.8.1 hMOF can be knocked down in BJ-E/T-p53kd cells 

Histone acetylation or its loss has often been described to have a role in 

transformation and cancer. Histone deacetylase inhibitors have been used as 

cancer chemotherapy (Drummond et al., 2005). Loss of H4K16ac is a common 

hallmark of human cancer (Fraga et al., 2005; Fraga and Esteller, 2005) and the 

lysine acetyltransferase responsible for this modification, hMOF, is also frequently 

downregulated in breast carcinoma and medulloblastoma (Pfister et al., 2008). The 

initial aim of this study was to determine if this loss of hMOF expression was a 

cause or a consequence of human cancer. To this end, untransformed BJ-E/T cell 

lines were generated that had reduced levels of hMOF expression (figure 4.6). 

These fibroblasts also expressed the small t antigen and had depleted levels of p53 

protein. All tested hMOF knockdown cell lines generated in this genetic background 

had altered chromosome numbers (figure 4.7 and 4.8). Interestingly, cell lines with 

higher hMOF knockdown became polyploid faster than cell lines with higher levels 

of hMOF expression. After prolonged culture all cells including the parental line 

showed some degree of polyploidy (figure 4.8). This is likely due to the genetic 

background of these cells i.e. lack of p53 and expression of the small t antigen. 

Nevertheless, the hMOF knockdown cells became polyploid much faster than the 

parental cells. To rule out that small t expression was the cause of the polyploidy, I 

generated hMOF knockdown cell lines without small t antigen expression. In this 

study, I examined if cells that did not express the small t antigen also showed the 

polyploidy phenotype and I attempted to determine the mechanism by which this 

occurs. 

I have shown that depletion of hMOF predisposes BJ-E/T cells to become polyploid. 

Tetraploidy, a full duplication of the genome, is often seen as a precursor to 

aneuploidy, which has been implicated in early stages of tumorigenesis (Galipeau et 

al., 1996; Olaharski et al., 2006). Fujiwara and colleagues have demonstrated that 

when tetraploid cells were implanted into mice, tumours would develop, whereas 
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implanted diploid cells would not. This only occurred in p53-null cells because 

tetraploid cells fail to propagate in the presence of functional p53 (Fujiwara et al., 

2005). The cell line I generated became also polyploid after some passages without 

normal hMOF expression so we can infer that the polyploid phenotype is not due to 

small t antigen. Moreover, this polyploidy only occurred in p53kd cells, because 

presumably in cells with functional p53, the outgrowth of all tetraploid clones is 

blocked by the p53 pathway (reviewed in Aylon and Oren, 2011; Davoli and de 

Lange, 2011). 

Tetraploidy itself can be caused by four distinct processes which are cell-cell fusion, 

cytokinetic failure, mitotic failure and endoreplication (see figure 1.4 and Holland 

and Cleveland, 2009). It has yet to be determined which of the three pathways 

hMOF is involved in. Functions of hMOF in transcriptional activation and repression 

(see chapter 3), DNA replication, DNA repair and chromatin organisation could all 

be involved in its role in transformation and tumorigenesis and I will comment on 

them in the following sections. 

 

4.8.2 Expression pattern of hMOF and associated components over the cell cycle 

points to a role of hMOF complexes during S phase 

It has previously been reported that acetylation of H4K16, the histone modification 

that hMOF catalyses, peaks during S phase (Rice et al., 2002; Vaquero et al., 2006). 

It was also found that hMOF itself is expressed during mid S phase (Zhou et al., 

2009). I wanted to investigate if the mRNA expression of hMOF and other hMOF 

associated proteins is regulated during the cell cycle. To this end, I enriched cells in 

specific cell cycle stages by elutriation and found that, as expected, hMOF mRNA 

expression was upregulated during S phase (figure 4.12) to similar levels as have 

been seen in the literature (Zhou et al., 2009). I also found that the mRNAs of the 

hMSL proteins 1, 2 and 3 and hNSL1 were expressed during early S phase. This 

could indicate a role of the hMOF complexes during S phase.  
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Interestingly, another histone modification has been implicated to have a role in 

cell cycle regulation. H4K20me, which is mutually exclusive with H4K16ac (Rice et 

al., 2002), is tightly regulated throughout the cell cycle, because its lysine 

methyltransferase is regulated by a ubiquitylase (Tardat et al., 2010).  

Studies in Drosophila have described that MOF and H4K16ac is more closely 

correlated with replication timing than with transcription (Bell et al., 2010; 

Schwaiger et al., 2009). Therefore the common assumption that H4K16ac correlates 

with active transcription could just be an artefact of H4K16ac association with early 

replication origins. This is supported by the absence of late replicating chromatin on 

the male X chromosome in Drosophila (Schwaiger et al., 2009). Moreover, actively 

transcribed genes have been reported to be organised in early replicating 

chromatin (reviewed in Hayashi and Masukata, 2011; Schwaiger and Schubeler, 

2006). The identification of hMOF and complex component’s mRNA expression 

pattern across the cell cycle indicates that MOF has a role in S phase in human cells 

possibly in replication. The loss of hMOF expression could therefore lead to 

insufficient DNA replication if hMOF is also involved in early replicating origins of 

replication and thereby lead to problems in replication. It is tempting to assume a 

role of hMOF controlling endoreplication; however, the stable hMOF clones 

generated did proliferate and did not stop growing after a certain number of 

passages (figure 4.5, 4.8 and 4.10). It has been reported that a small number of 

cancer cells can revert into mitosis by a process called depolyploidisation 

(Erenpreisa et al., 2005a; Erenpreisa et al., 2005b; Prieur-Carrillo et al., 2003; Puig 

et al., 2008). Therefore I cannot exclude that cells depleted of hMOF became 

polyploid by endoreplication and then reverted back into mitosis. Further 

experimentation is needed to determine hMOF’s function in S phase. 

 

4.8.3 The volume of the nucleus hMOF-depleted cells increases over time 

The reason for doing live-cell imaging with the hMOF knockdown cells was to 

identify a mechanism by which the cells become polyploid. Examination of the 
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stable hMOF knockdown cell lines did not reveal any mechanism by which the cells 

turn polyploid. I therefore utilised cy3-labelled siRNA and knocked down hMOF in 

the BJ-E/T-HG-p53kd cells (figure 4.14). BJ-E/T-HG-p53kd cells were difficult to work 

with for live-cell imaging because they were very mobile over the course of the 

video. They seemed to be very sensitive to the light exposure and did not survive a 

24 hour movie length, even with very cautiously selected light exposures. However, 

I managed to get some data from this cell line, as well as from a HeLa cell line that 

stably expresses GFP-H2B. With both cell lines I found that knockdown of hMOF 

caused the cell’s nucleus to increase in size over time. The nuclear size of both cell 

lines increased over the time course of the movies (figure 4.15). The depicted value 

represents averages of whole cell populations. The area increase that was 

measured correlates to a two-fold volume increase of the nuclei which could 

account for a two-fold increase in chromosome number. More chromosomes would 

take up more volume in the nucleus which therefore needs to accommodate those 

chromosomes. These results would therefore indicate that cells become polyploid 

when hMOF is transiently knocked down with siRNAs.  

The observation that BJ-E/T-HG-p53kd cells were very motile led me to investigate 

if cells depleted of hMOF were migrating faster than control cells. It has previously 

been reported that structural nuclear changes have the potential to affect cell 

migration simply by increasing the plasticity of nuclear shape and by allowing 

changes to the cell from those that are required for squeezing the cell through 

restricted spaces (Friedl et al., 2011). I analysed both cell lines, BJ-E/T-HG-p53kd 

and HeLa-GFP-H2B, but did not detect a difference between hMOF and control 

siRNA transfected cells (figure 4.16).  

 

4.8.4 The nuclear envelope and hMOF 

Changes in the morphology of the nuclear envelope are often observed in tumour 

cells (Dey, 2010; True and Jordan, 2008) and may directly contribute to 

tumorigenesis by regulating access of signalling factors and directly regulating 
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transcription of certain regions of the chromatin (reviewed in Chow et al., 2012). 

The nuclear envelope environment is composed of the nuclear membrane 

(including a range of integral membrane proteins and associated proteins such as 

lamins) and the nuclear core complexes (NPCs; Wente and Rout, 2010; Wilson and 

Berk, 2010). DNA replication and transcription during S phase must be highly 

organised and both cause torsional energy which must be resolved by 

topoisomerases (reviewed in Bermejo et al., 2012a; Bermejo et al., 2012b). 

Depletion of hMOF has been shown to result in polylobulated cells (Taipale et al., 

2005; this thesis, figure 4.16). Nucleoporin-associated regions are enriched on the 

male single X chromosome in Drosophila and associated with marks of active 

transcription such as RNA polymerase II and H4K16ac (Vaquerizas et al., 2010). 

H4K16ac and MOF have been reported at the nuclear periphery (Krishnan et al., 

2011; Taipale et al., 2005; Vaquerizas et al., 2010) and could play a role in 

compensating for this topological strain on the chromatin that is caused by 

unwinding the DNA double helix to allow for transcription and replication. The loss 

of hMOF could therefore cause structural changes of the nucleus, resulting in the 

observed polylobulation.  

NPCs also have important roles in cell division by regulating nuclear entry and exit 

of mitotic regulators (Gavet and Pines, 2010; Susaki and Nakayama, 2007) and by 

exporting mRNAs that encode cell cycle regulators (Chakraborty et al., 2008). Cell 

cycle progression has also been reported to be influenced by regulation of the 

expression of cyclin-dependent kinases (CDK) inhibitors (Xu et al., 2011). The 

nuclear structure protein lamin A actively participates in cell cycle control by 

regulating RB-mediated transcriptional control (Dorner et al., 2007). The nuclear 

envelope undergoes dramatic remodelling during each cell division and nuclear 

envelope disassembly is tightly coordinated with mitosis and chromosome 

segregation (Burke and Ellenberg, 2002). It is plausible that dysfunctional nuclear 

breakdown could lead to delayed cytokinesis. The role of MOF and H4K16ac at the 

nuclear periphery could explain the previously observed polylobular and also the 
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polyploidy phenotype. More experimentation is needed to clarify how this is 

regulated. 

 

4.8.5 hMOF and p53 

We generated stable hMOF knockdown cell lines in cells depleted from p53 (figures 

4.3, 4.4 and 4.6; table 4.1). Initially, this was to test the role of hMOF in 

transformation. I observed that BJ-E/T cell lines turned polyploid upon depletion of 

hMOF. I aimed to characterise the mechanism by which hMOF knockdown cell lines 

are predisposed to become polyploid. Only BJ-E/T fibroblasts with depleted p53 

were able to survive stable depletion of hMOF selection (Rea laboratory, 

unpublished data). Since p53 has been termed “Guardian of Ploidy” (Aylon and 

Oren, 2011) I assume that loss of hMOF expression causes p53 to initiate cell death. 

The G1/S cell cycle checkpoint is regulated by p53 and loss of hMOF has been 

reported to cause the cells to arrest in G2 and M phase (Taipale et al., 2005). My 

results suggest that this G2 and M arrest observed by PI-FACS is in fact the 

beginning of a polyploid population and the G2 and M peak actually represents a 

fraction of tetraploid G1 cells. It could be determined if this is the case by sorting 

out this fraction by FACS-sorting and preparing metaphase spreads of these cells.  

It has previously been reported that hMOF acetylates p53 on lysine 120 (Li et al., 

2009; Sykes et al., 2006). This posttranslational modification is important for p53-

mediated apoptosis by regulation of BAX and PUMA, two proapoptotic genes. I did 

observe that hMOF protein expression is lower in BJ-E/T-HG cells compared to BJ-

E/T-HG-p53kd cells this loss of expression is not reflected by the mRNA level (figure 

4.20). This indicates that p53 could play a role in regulating hMOF expression post-

transcriptionally. I had difficulties knocking down hMOF in HCT116 wild type cells, 

whereas I could achieve knockdown in HCT116 p53-/- cells (figure 4.18). I 

transfected HeLa cells which have non-functional p53 with a plasmid encoding p53. 

I then compared hMOF expression at protein and mRNA levels (figure 4.20). I also 
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examined hMOF expression in U2OS cells. I found that p53 expression reduced 

protein expression of hMOF in HeLa cells, however, not in U2OS cells which had a 

similar level of hMOF expression. This was not reflected at the mRNA level, where 

p53 had no influence on hMOF expression. These results could suggest that p53 

regulates a protease which degrades hMOF protein. Interestingly, this relationship 

of hMOF and p53 reminds of TIP60 and p53. 

hMOF and p53 have both been reported to be involved in DNA damage repair 

through ATM. ATM has long been shown to associate with and phosphorylate p53 

on serine 15 (Fabbro et al., 2004; Khanna et al., 1998). This modification activates 

and stabilises p53 during IR-induced DNA damage response. The lysine 

acetyltransferase hMOF which is implicated in transcriptional regulation does not 

directly regulate expression of known DNA damage repair pathway proteins 

(Sharma et al., 2010). hMOF was shown to have an influence on ATM 

autophosphorylation. Disruption of hMOF by siRNA or by expressing a dominant 

negative form of hMOF was demonstrated to decrease ATM autophosphorylation 

and ATM-dependent phosphorylation of Chk2 and p53 (Gupta et al., 2005; Sharma 

et al., 2010). In Mof knockout mice efficient DNA damage repair was impaired, 

however this was not by insufficient ATM activation or γH2AX accumulation. 

Instead Mof appears to be crucial for recruitment of proteins that mediate repair, 

such as Mdc1, 53bp1 and Brca1 (Li et al., 2010). Nevertheless, these results have 

been challenged by the finding that depletion of hMOF increases phospho-ATM and 

γH2AX foci (Taipale et al., 2005). Taken together, these studies suggest that hMOF 

and p53 have some role in the DNA damage response and repair that could be 

regulated through H4K16ac (reviewed in Luijsterburg and van Attikum, 2011).  

It is still unclear if hMOF has a role in a single or multiple stages of the cell cycle. 

However, there is clear evidence from this study and from literature that hMOF 

could have a role in the G2 to mitosis transition (Taipale et al., 2005) and therefore 

loss of hMOF could potentially lead to the cells stalling in mitosis. This alone can be 

enough for a cell to slip mitosis and proceed to another round of replication (Davoli 
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and de Lange, 2011). Inhibition of transcription alone has also been shown to be 

sufficient to cause mitotic slippage (Blagosklonny, 2007), so when hMOF and 

therefore transcriptional up-regulation is lost mitotic slippage could be induced. 

These defects appear to be detected when functional p53 is present in the cell. p53 

could detect tetraploidy resulting from loss of hMOF and arrest cells in G1 (Aylon 

and Oren, 2011) which would then apoptose or senesce.  

H4K16ac and H4K20me have been found to be antagonistic (Rice et al., 2002). 

Stable PR-Set7 (a H4K20 HMT) levels remain stable throughout the cell cycle, it has 

been shown that cells undergo endoreplication (Tardat et al., 2010). If hMOF is lost 

and therefore H4K16 hypoacetylated, H4K20me could persist throughout S phase 

and therefore potentially initiate re-firing of the origins of replication. 

Further experimentation is needed to clarify how hMOF and p53 expression are 

regulated and if they regulate each other. My results suggest the speculation that 

p53 regulates a protease which degrades hMOF. The findings of this chapter are 

summarised in figure 4.21.  

 

In conclusion, hMOF could regulate cancer transformation by several distinct 

mechanisms. hMOF is involved in transcriptional regulation (chapter 3) and could 

be regulating transcriptional expression of a various number of cancer-related 

genes. H4K16ac and hMOF are increased during S phase and have been shown to 

be located at early replicating origins. hMOF and acetylation of H4K16 also have a 

role in the DNA damage response.  
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Figure 4.21: hMOF and p53 relationship 

(A) hMOF and p53 levels in a normal cell. (B) In cells with functional p53, loss of 
hMOF results in cell death mediated by p53. (C) If cells lose function of p53 and 
hMOF due to damage or defect, the cells turn polyploid. (D) In cells with loss of 
function of p53, hMOF protein, but not message expression levels increase. 
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MOF is involved in many cellular processes in normal development and disease. 

This study has shown new roles of hMOF and its associated proteins in transcription 

(chapter 3) and transformation (chapter 4).  

Initially, my aim was to identify if hMOF and its associated proteins are involved in 

transcriptional regulation. I found that hMOF consistently upregulates the 

luciferase reporter gene 1.5- to two-fold which is comparable to the two-fold 

transcriptional upregulation of the male X chromosome in fruit flies (Straub and 

Becker, 2007; figures 3.7, 3.10 and 3.11). I also found that hMSL1 represses 

luciferase transcription to about 50% of the control level (figures 3.7, 3.10 and 

3.11). As discussed, histone acetylation on H4K16 is not always associated with 

active transcription and has a role in silencing by recruiting Sir2-4 (Oppikofer et al., 

2011). In order to identify how hMSL1 is involved in transcriptional repression, I 

suggest doing a chromatin immunoprecipitation (ChIP) experiment. Cross-linked 

chromatin could be pulled down with anti-hMOF and anti-Gal4 antibodies in order 

to identify the binding pattern of the proteins around the reporter gene. This could 

help us determine if hMOF gets recruited to the reporter gene when Gal4-hMSL1 is 

bound to the UAS region of the luciferase reporter gene. Anti-histone antibodies 

such as anti-H4K16ac, anti-H3K4me and anti-H3K9me could be used to categorise 

the chromatin environment around the reporter gene. This could help to identify 

the mechanism by which hMSL1 leads to transcriptional repression and how hMOF 

upregulates gene expression. I have only looked at a 5’ tethered reporter gene. It 

would be interesting to know if and how the hMOF associated proteins behave in a 

reporter that has the UAS at the 3’ end of the gene like Prestel and colleagues did in 

their study (Prestel et al., 2010b). It is also important for this study to generate a 

construct that expresses Gal4-hNSL1 since Li and colleagues have found that hNSL1-

hMOF is involved in transcriptional initiation (Li et al., 2009). 

The serine protease inhibitor SERPINE2 has been reported to promote extracellular 

matrix formation and increase invasiveness of pancreatic tumours (Buchholz et al., 

2003). This gene has been identified in a hMOF knockdown microarray screen (Dr 
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Stephen Rea unpublished data) and could possibly be regulated by hMSL1. It needs 

to be determined if hMSL1 directly regulates the expression of this gene by 

analysing if hMSL1 binds to the gene or its regulatory elements. However, the result 

observed in this study is very preliminary and it is not clear if SERPINE2 

transcriptional expression is regulated by hMSL1. The regulation seen by 

knockdown and overexpression of hMSL1 could be indirect and hMSL1 may be 

regulating another transcription factor that regulates transcription of SERPINE2. 

Further experiments are needed to identify in vivo targets. This could be done by a 

ChIP-seq experiment to identify where in the genome hMOF and associated 

proteins bind. If no appropriate antibodies are available for all proteins they could 

be tagged and ChIP could be carried out with the tag antibody. 

 

The aim of the second project in this thesis was to identify if loss of hMOF was a 

cause or consequence of cancer. This aim was modified when knockdown of hMOF 

in cells lead to polyploidy. I found that loss of hMOF expression increased the cell’s 

nuclear volume over time. The increase in interphase cells’ nuclear area in hMOF-

depleted cells compared to control cells measured could mean a two-fold nuclear 

volume increase. The method used was not ideal because it did not help determine 

the mechanism by which cells acquired polyploidy. The same area measurements 

could be carried out by fixed-cell microscopy. Using an Operetta microscope a 

computer programme could automatically measure the cellular nuclei area. By 

combination with antibodies specific for different cell cycle stage markers the area 

counts can be correlated with different cell cycle stages. This would be a more 

straight forward and simpler approach. 

One of the possible roles of hMOF in the cell cycle is during S phase in DNA 

replication. Mitotic slippage or endoreplication can both occur if there is a defect 

during S phase. By looking at DNA combing in hMOF depleted cells one could see if 
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the depletion of hMOF affects replication rates and/or fork stalling. Firing of 

dormant origins is also something that could be detected by DNA combing. 

An interesting interplay between H4K20me and H4K16ac implicates hMOF to have 

a role in replication regulation. A simple experiment to test if hMOF is involved in 

replication is to deplete hMOF and then feed cells heavy-labelled medium and 

compare it to control cells. If, over a certain time frame, hMOF depleted cells have 

incorporated more heavy-labelled bases into their DNA, it can be concluded that 

loss of hMOF leads to endoreplication. 

hMOF could also be a KAT for a protein involved in various mechanisms in the cell. 

Apart from acetylating histone H4 at K16, hMOF has also been shown to acetylate 

p53 at K120 and TIP5 at K633. It would be interesting to do a modified mass 

spectrometry (for example SILAC) experiment to identify novel substrates of hMOF. 

This could help elucidate different functions for hMOF in different pathways and 

basic mechanisms in the cell. 

Taipale and co-workers have shown that cells develop polylobulation when hMOF 

or hMSL3 are depleted (Taipale et al., 2005). In this study I have observed that BJ-

E/T-HG-p53kd cell lines treated with hMOF siRNA are polylobulated (figure 4.18). 

Nuclear polylobulation is influenced by nuclear lamina and hMOF has been shown 

to acetylate and interact with TIP5 (Zhou et al., 2009). During cytokinesis, the 

nuclear envelope has to break down which is a tightly regulated mechanism. Any 

defects at the nuclear envelope could disturb this mechanism and if hMOF is 

interacting with the nuclear envelope, it is plausible to think that a cytokinetic 

defect caused by hMOF is the cause for polyploidy and polylobulation. To identify if 

a defect at the nuclear envelope that is caused by the loss of hMOF is the reason for 

the polyploidy observed, it would be interesting to fluorescently label nuclear 

envelope proteins and observe by live cell microscopy how the nuclear envelope 

behaves when hMOF is lost. 
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hMOF, in my hands, can only be knocked down in the absence of p53. Cells with 

functional p53 appear to die if hMOF is stably depleted. In order to find out why 

this happens, it would be interesting to find out how these cells die by using 

different apoptotic assays. 

Interestingly, hMOF protein expression appears to be lower in the presence of p53, 

however, this is not reflected by mRNA levels (figures 4.19, 4.20 and 4.21). A more 

structured approach to study hMOF and p53 is required. It might be likely that p53 

regulates proteins that degrade hMOF. A simple experiment to study this would be 

by adding a proteasome inhibitor to HeLa cells transfected with p53 and monitor 

hMOF levels.  

 

Taken together, this PhD work implicates a novel role for hMSL1 as a transcriptional 

repressor, shows that hMOF can partially up-regulate transcription and that loss of 

hMOF expression leads to polyploidy, a process often reported in tumorigenesis. 

The study is a beginning to finding out the mechanism responsible for this and it is 

tempting to speculate that other histone marks than H4K16ac, such as H4K20me, 

are involved in the process. 
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Table A.1: Expression constructs cloned or used in this study 

cDNA or target Method Expression vector 

hMOF Gateway pEXP-Gal4-hMOF 

hMOF Mega primer and Gateway pEXP-Gal4-hMOFG327D 

hMOF Gateway pEXP-HA-2FLAG-hMOF 

hMSL1 Gateway pEXP-Gal4-hMSL1 

hMSL1 Gateway pEXP-HA-2FLAG-hMSL1 

hMSL2 Gateway pEXP-Gal4-hMSL2 

hMSL3 Gateway pEXP-Gal4-hMSL3 

--- Gateway pEXP-Gal4 

p65 NFkB RelA Obtained from Neil Perkins p-Gal4-RelA 

hSMRT Obtained from Stephen Nimer p-Gal4-SMRT 

hSUV3 9H1 Obtained from Gaëlle Legube p-Gal4-SUV3 9H1 

Firefly luciferase Promega pGL4.31 

Renilla luciferase Promega pRL 

p53 Obtained from Reuven Agami pRS-Hygro-p53 

hMOF Restriction digest pRS-Blast-hMOF 114 

hMOF Restriction digest pRS-Blast-hMOF 116 

--- Restriction digest pRS-Blast-scrambled 

 

Table A.2: Antibiotics used for stable cell line selection 

Name of the drug 
Final concentration 

(for selection) 

Final concentration 

(for maintenance) 

Blasticidin S 10 μg/ml 5 μg/ml 

Hygromycin B 50 μg/ml 25 μg/ml 
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Table A.3: siRNA and shRNA sequences (5’ to 3’ read direction) 

Name siRNA or shRNA sense target sequence 

hMOF #3 CAAGAUCACUCGCAACCAAA[dT][dT] 

hMOF #5 GGAAAGAGAUCUACCGCAA[dT][dT] 

hMSL1 #1 GAUUUGCCGUACCUUUCCA[dT][dT] 

hMSL2 SMART pool SMART pool siRNA from Dharmacon 

hMSL3 #1 CGGUUAGUGAAACUUCCAU[dT][dT] 

hNSL1 SMART pool SMART pool siRNA from Dharmacon 

RISC-free Control 

siRNA 
Dharmacon Control siRNA 

shMOF #114 GTACCCTGCAATCCCTCAA 

shMOF #116 AGCCAGATGACCAGTATCA 

shp53 GACUCCAGUGGUAAUCUAC 

shScrambled 
19bp scrambled sequence with no homology to human 

sequences 
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Table A.4: Cell lines and Growth conditions 

1
Dulbecco’s Modified Eagle Media (Sigma; media contains L-glutamine, pyruvate and Glucose) 

2
Fetal 

Bovine Serum (Sigma and Biosera) 
3
American Type Culture Collection 

4
RPMI Media 1640 (with L-

glutamine, Sigma) 
5
National University of Ireland Galway 

6
The Netherlands Cancer Institute 

7
see 

table A.2. 
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Table A.5: List of primers used in this study 
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Table A.6: List of antibodies used in this study 

Reactivity/ 

antigen 

Reference 

no. 
Host species 

Dilution 

for WB 

Dilution 

for IF 

Dilution for 

FACS 
Source 

α-tubulin T 6074 
Mouse 

monoclonal 
1:20,000 1:5,000  Sigma 

β-actin ab8227 
Rabbit 

polyclonal 
1:5,000 1:1,000  Abcam 

BrdU 347580 
Mouse 

monoclonal 
  1:20 BD Bioscience 

FLAG F 1804 
Mouse 

monoclonal 
1:1,000 1:1,000  Sigma 

Gal4 (DBD) sc-577 
Rabbit 

polyclonal 
1:1,000   Santa Cruz 

Histone H3 ab1791 
Rabbit 

polyclonal 
1:20,000   Abcam 

Histone 

H4K16ac 
07-329 

Rabbit 

polyclonal 
1:1,000 1:1,000  Millipore 

Histone 

phH3S10 
06-570 

Rabbit 

polyclonal 
  1:50 Millipore 

hMOF 7D1 
Mouse 

monoclonal 
1:250 1:100  

Dundee cell for 

the Rea lab 

p53 DO-1 
Mouse 

monoclonal 
1:1,000   Santa Cruz 

Secondary antibodies 

Anti-mouse-

HRP
1 NA931 

Sheep 

polyclonal 
1:20,000   Amersham 

Anti-rabbit-

HRP 
NA934 

Donkey 

polyclonal 
1:10,000   Amersham 

FITC-anti-

rabbit 

711-095-

152 

Donkey 

polyclonal 
 1:300 1:100 Jackson 

Alexafluor594 

anti-mouse 
A-21203 

Donkey 

polyclonal 
 1:500  

Molecular 

Probes 

Alexafluor488 

anti-mouse 
A-21202 

Donkey 

polyclonal 
 1:300 1:100 

Molecular 

Probes 

1Horse Radish Peroxidase (HRP) 
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Table A.7: Common reagents and buffers 

Solution Composition Notes and use 

Blocking solution 

1X PBS, 0.2% Tween-20, 5% Marvel 

skimmed milk 

or 

1X TBS, 0.1% Tween 20, 5% Marvel 

skimmed milk 

To reduce antibody non-specific 

binding in immunoblotting 

6X DNA loading dye 
50% glycerol, 50 mM EDTA, 0.1% 

SDS, 0.2% Orange G 

Added to DNA sample prior 

agarose gel run 

Coomassie brilliant blue 
0.5% Coomassie in 35% methanol, 

14% acetic acid 
For SDS-PAGE analysis 

Coomassie destain 

solution 
30% methanol, 10% acetic acid 

For destaining Coomassie-stained 

gels 

Fixing solution (PFA) 4% paraformyldehyde in PBS 
To fix cells for 

immunofluorescence microscopy 

Freezing medium 
1X Dulbecco’s modified Eagle 

Medium, 10% FBS, 10% DMSO 
To freeze cell stocks  

LB Broth 

1% tryptone, 0.5% yeast extract, 

1% NaCl, pH adjusted to 7.0 with 4 

M NaOH 

To grow bacterial cultures 

Permeabilisation buffer 0.15% Triton-X-100 in 1x CB or PBS 

For permeabilisation of cells for 

immunofluorescence microscopy 

after PFA fixation 

Phosphate buffered 

saline (PBS) 

2.68 mM KCl, 1.47 mM KH2PO4, 

136.9 mM NaCl, 8.1 mM Na2HPO4 

10X stock solution was made up 

dissolving tablets in distilled water 

Ponceau S solution 0.5% Ponceau S, 5% acetic acid 
To stain proteins on the PVDF 

membrane 

RIPA Lysis buffer 

50 mM Tris-HCl, 150 mM NaCl, 1% 

NP-40, 0.5% Na-deoxycholate, 

0.1% SDS 

For cell disruption and protein 

extraction 

Running Buffer 
25 mM Tris, 250 mM glycine, 0.1% 

SDS 
For running SDS-PAGE gels 

2X SDS-PAGE Protein 

Sample Buffer (PSB) 

125 mM Tris pH 6.8, 4% SDS, 20% 

glycerol, 0.02% Bromophenol blue 

Add DTT to final 100 mM prior to 

use 

4X SDS-PAGE Protein 

Sample Buffer (PSB) 

250 mM Tris pH 6.8, 8% SDS, 40% 

glycerol, 0.04% Bromophenol blue 

Add DTT to final 100 mM prior to 

use 

1x TAE buffer 
40mM Tris base, 20mM Acetic acid 

pH 8.0, 1mM EDTA 

For preparation and running of 

agarose gels 

1x Tail buffer 
50mM Tris base pH8.8, 100mM 

EDTA, 100mM NaCl, 1% SDS 
For extraction of genomic DNA 

1x TE buffer 10mM Tris base, 1 mM EDTA To elute DNA 

Tris-acetate EDTA (TAE) 
40 mM Tris-acetate pH 8.0, 1 mM 

EDTA 
For agarose gel electrophoresis 

Transfer buffer 1X Tris-Glycine (TG), 20% methanol 
For the transfer of SDS-PAGE onto 

PVDF membrane 

 

 

 


