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Abstract 

 

Higher-order chromatin structures have been identified in the genome. These structures have 

been linked to nuclear processes, including transcription. However, how dynamic these 

chromatin structures change throughout mammalian development remains to be determined. 

I have mapped genome-wide chromatin interactions in mouse muscle progenitor cells 

(myoblasts) and in terminally differentiated muscle cells (myotubes) using HiC, in order to 

uncover chromatin reorganization patterns during muscle development. I observe extensive 

switches between A and B compartments during muscle development on a global scale. 

Additionally local changes in the interaction profiles of certain DNA regions are directly 

correlated with the transcriptional changes that accompany the muscle development. 

Interestingly, muscle specific genes show a tendency to interact with other muscle specific 

genes upon muscle cell differentiation. 

I also tested for the presence of physical interactions between mitochondrial and nuclear 

DNA (i.e. mito-nDNA interactions) in mammalian cells. Similar mito-nDNA connections have 

been linked to functional outcomes within fission and Baker’s yeast. Therefore, I evaluated 

chromosomal interactions captured by HiC and Circular Chromosome Conformation 

Capture (4C) for mito-nDNA interactions in order to determine if they are random. I show 

that the mito-nDNA interactions captured in mammalian cells are statistically significant and 

shared between biological and technical replicates. The most frequent interactions occur 

with repetitive DNA sequences, including centromeres in human cell lines and the 18S rDNA 

in mouse cortical astrocytes. My results demonstrate a degree of selective regulation in the 

identity of the interacting mitochondrial partners confirming that mito-nDNA interactions in 

mammalian cells are not random. The mechanism/s underlying the relationship between 3D 

organization and transcription remains to be further identified.  
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Chapter 1. Introduction 

1.1 Nuclear architecture 

Eukaryotic genomes are folded into compartments (Dixon et al. 2012, 2015; R. S. Grand et al. 

2014; Guelen et al. 2008; Lieberman-Aiden et al. 2009; Suhas S.P. Rao et al. 2014; Sexton et 

al. 2012). These compartments follow levels of hierarchical sub organization where smaller 

and less complex compartments exhibiting similar features merge to form larger and more 

complex sub-compartments (Dixon et al. 2012, 2015; R. S. Grand et al. 2014; Guelen et al. 

2008; Lieberman-Aiden et al. 2009; Suhas S.P. Rao et al. 2014; Sexton et al. 2012). The 

folding of the eukaryotic genomes into compartments has been linked to the nuclear functions 

(Cardoso et al. 2012; Lanctôt et al. 2007; Razin et al. 2013).  

There are a number of well-characterized nuclear substructures (i.e. the nuclear lamina, 

nucleoli, Cajal bodies, and nuclear speckles) which are assemblies of macromolecule in the 

cell nucleus. The nuclear lamina is a mesh-like network structure that is located below the 

nuclear envelope and is thought to contribute to the stability of the metazoan nucleus (Guelen 

et al. 2008; Kind et al. 2013; Pickersgill et al. 2006). Nucleoli are visibly distinguishable 

structures formed by the clustering of chromosomal regions containing pre-rRNA genes 

(Olson 2001). Clustering of the pre-rRNA genes enables effective production of ribosomal 

RNA and ultimately ribosomes (Olson 2001). Nuclear speckles are involved in mRNA 

splicing (Lin et al. 2008) and play a critical role in transcription elongation (Lin et al. 2008). 

Cajal bodies contain factors for pre-mRNA splicing, pre-rRNA processing, histone pre-mRNA 

processing, and telomere maintenance (Dundr 2012). Additionally, the gene transcription 

machinery required for transcription activation or repression is known to have a 

nonhomogeneous distribution in the nucleus (Iborra et al. 1996; Rieder, Trajanoski, and 

McNally 2012). It has been proposed that substructures in the nucleus such as nuclear lamina, 

splicing speckles and transcription machinery help to organize the nuclear architecture (Rieder 

et al. 2012). 

Nuclear architecture is dynamic and changes during cell replication (R. S. Grand et al. 

2014)(Ryba et al. 2010), development (Dixon et al. 2012, 2015; Gonzalez, Duboule, and Spitz 

2007), senescence (Chandra et al. 2015; Criscione, De Cecco, and Siranosian 2016) and 
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disease (Lettice and Hill 2005; Liyanage et al. 2013; Parada, McQueen, and Misteli 2004). 

The dynamic nature of nuclear architecture is a result of a fine balance between the action of 

restraints and the capacity of the different hierarchical levels of the genome architecture to 

move at any given time (Lanctôt et al. 2007). One restraint that has a significant impact on the 

dynamic nature of genome is the degree of compaction of the DNA (Gilbert et al. 2004). For 

example it is known that highly packed DNA exhibits hindered moving potential when 

compared to DNA that has more relaxed packaging (Yaffe and Tanay 2011). Differences in 

the relative potential for mobility impact on the ability of DNA with different levels of 

compaction to intermingle (Gheldof et al. 2010; Mifsud et al. 2015; Shopland et al. 2006; 

Spilianakis and Flavell 2004). This is important because the degree of intermingling varies in 

different organisms and cell types where it has been shown to contribute to the regulation of 

gene expression (de Laat and Grosveld 2003; Lanctôt et al. 2007; Palstra et al. 2003; Tolhuis 

et al. 2002; Vernimmen et al. 2007). Despite this, the cause-and-effect relationships between 

the gene expression regulation and nuclear architecture are not clear at present. This is because 

the nuclear architecture may emerge as a passive consequence of genome activity, rather than 

being a prerequisite for nuclear architecture formation (Ulianov, Gavrilov, and Razin 2015). 

1.1.1 Eu- and heterochromatin and the chromatin remodelling machinery 

The majority of an eukaryotic cell genetic information is stored on the nuclear chromosomes - 

the basic structural units of all eukaryotic genomes (Parada and Misteli 2002). These giant 

DNA molecules must be folded in order to fit within the confines of the nuclear space, yet 

they must remain functional (Gilbert et al. 2004). The structure, into which they fold, in 

interphase cells, is widely considered a critical component for retaining this activity. 

Eukaryotic chromosomes associate with highly conserved proteins (histones) to form 

chromatin fibres (Adkins, Watts, and Georgel 2004). The fundamental unit of the chromatin 

fiber is the nucleosome (Gilbert et al. 2004) which has a core that is composed of histones 

(H2A, H2B, H3 and H4) and 147 bp DNA that is wrapped around the histone core. In the 

interphase nucleus, chromatin is generally observed in two forms: 1) heterochromatin, which 

is very dense and highly saturated with histones. The DNA component that constitutes 

heterochromatin includes mainly gene regions which are silenced and repetitive sequences 

such as telomeres and centromeres. 2) euchromatin, which has a more relaxed structure and 
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provides conditions that are suitable for gene expression (Gilbert et al. 2004). While there are 

general trends about the relationship between a gene’s retention within either eu- or hetero-

chromatin, it does not unconditionally determine the transcriptional state of this gene (Gilbert 

et al. 2004). Specifically, inactive genes can be found in domains of open chromatin, and 

active genes can be located in compact heterochromatin fibres (Gilbert et al. 2004).  

The degree of compaction of the chromatin fibre can be actively regulated through a program 

of histone modifications and/or DNA methylation (Corry et al. 2009). Histone modifications 

are a form of reversible posttranslational modifications that are added onto the histones that 

comprise the nucleosome. The histone modifications include acetylation, methylation, 

phosphorylation, ubiquitylation, SUMOylation, and ADP-ribosylation (Corry et al. 2009). 

Depending on the combination of histone modification that a nucleosome carries the DNA can 

be wrapped more tightly around the nucleosome or adopt a more relaxed structure. These 

structural changes contribute to the regulation of gene transcription. Chromatin state can also 

be regulated through the methylation of cytosine residues within CpG dinucleotides (Corry et 

al. 2009). In general, hypermethylation of DNA is associated with transcriptional repression, 

whereas transcriptionally active regions are hypomethylated (Corry et al. 2009).  

Collectively histone modifications and DNA methylation provide an additional level for the 

regulation of nuclear functions through a non-genetic code which is known also as the 

epigenetic code (Turner 2007). The principles governing the relationship between the 

epigenetic code and nuclear architecture are only just beginning to be understood (Dixon et al. 

2012, 2015; Lieberman-Aiden et al. 2009; Pichugina et al. 2016; Suhas S.P. Rao et al. 2014). 

Deconvaluting this relationship requires detailed knowledge on both the epigenetic code and 

nuclear genome organization. This is complicated by the fact that: 1) previously 

uncharacterized epigenetic modifications in mammalian cells are steadily being discovered 

(Wu et al. 2016); and 2) that the nuclear organization is not yet well understood or able to be 

predicted. 

 



                                                                                                                          Introduction 

 

4 

  

1.1.2 Chromosome territories 

Within the interphase nucleus, each chromosome resides in a particular territory (chromosome 

territory) and exhibits restrained diffusion potential (Cremer et al. 2006; Cremer and Cremer 

2010) (Figure 1-1). This microscopically observed territorial organization is supported by 

analyses of the nuclear architecture using proximity-ligation techniques (e.g. 3C, 4C, 5C, 

GCC, HiC); see section 1.3). One of the main features observed in the contact data derived 

from proximity-ligation is that the majority of contacts (interactions) are in cis rather than in 

trans (van Berkum et al. 2010; Lieberman-Aiden et al. 2009; Suhas S.P. Rao et al. 2014; 

Sexton et al. 2012; Zhang et al. 2012). In fact even the p and q arms of the metacentric 

chromosomes are thought to have separate preferred positions within the nucleus (Dietzel et 

al. 1998). Moreover, centromere regions have been shown to reduce the frequency of contacts 

between sequences located on the different chromosomal arms (Kalhor et al. 2012; Sexton et 

al. 2012; Tolhuis et al. 2011). However, loci, especially those located near the periphery of a 

chromosome territory, have been shown to physically contact and mix with neighbouring loci 

from adjacent chromosome territories (Branco and Pombo 2006; Edelmann et al. 2001). Gene 

dense chromosomal regions (S. Boyle et al. 2011), regions that are transcriptionally active, and 

regions that are marked by DNase hypersensitive sites (DHSs) tend to loop out of 

chromosomal territories more frequently than other regions of the chromosomes (Kalhor et al. 

2012; Lieberman-Aiden et al. 2009; Simonis et al. 2006; Yaffe and Tanay 2011). By looping 

out, these chromosomal regions are able to mix and mingle with loci from other chromosomal 

territories which raises the possibility for short and long range regulatory contacts (Branco and 

Pombo 2006). However, the ability of loci to loop out of a chromosomal territory depends on 

the structure and context of the surrounding chromosomal regions. For example a replacement 

of mouse alpha globin locus with 120kb of human sequence resulted in positional organization 

changes which were peculiar for the mouse alpha globin locus and not for the human globin 

locus (Brown et al. 2008). Collectively, these observations are consistent with chromosomal 

structure and mixing being key factors involved in the regulation the nuclear functions. 

The mechanism(s) responsible for the formation and maintenance of the chromosome 

territories remains unknown but gene rich chromosomal regions and regions with active 

transcription are likely to play a contributory role for the chromosome territory formation and 
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maintenance (Kalhor et al. 2012; Lieberman-Aiden et al. 2009; Simonis et al. 2006; Yaffe and 

Tanay 2011).  

1.1.3 Genomes in mammalian cells are organized in a radial fashion  

Chromosome territories are arranged in a non-random manner with respect to each other and 

distinct nuclear landmarks (Cremer and Cremer 2010; Parada et al. 2004). In Baker’s yeast 

(i.e. Saccharomyces cerevisiae), the chromosomes are organised in a Rabl conformation and 

silenced genetic regions, such as centromeres occupy one side of the nucleus whilst the 

nucleolus is found on the opposite side (Berger et al. 2008; Zimmer and Fabre 2011). Apico-

basal pattern in genome organization is found in Drosophila and plants (Parada and Misteli 

2002).   

In mammals, chromosomes and chromosome territories follow a radial organization so that 

the gene poor and long chromosomes tend to be located towards the nuclear periphery, whilst 

the small and gene rich chromosomes tend to be located toward the nuclear interior (Figure 

1-1) (S. Boyle et al. 2011; Cremer et al. 2001; Küpper et al. 2007; Lieberman-Aiden et al. 

2009). Euchromatin and heterochromatin regions on these chromosomes also tend to follow a 

radial organization (S. Boyle et al. 2011; Cremer et al. 2001; Küpper et al. 2007; Lieberman-

Aiden et al. 2009). Specifically, the euchromatic regions are located toward the nuclear 

interior while heterochromatin is located towards the nuclear periphery (S. Boyle et al. 2011; 

Cremer et al. 2001; Küpper et al. 2007; Lieberman-Aiden et al. 2009). It is worth noting that 

not all loci found to occupy the nuclear periphery are silenced, nor are all genes that occupy 

the central parts of the nucleoplasm are actively expressed in mammals (Abranches et al. 

1998; Cheng et al. 2005; Scheuermann et al. 2004; Yasuhara and Wakimoto 2006; Zink et al. 

2004). 

Inactive chromatin is found located at other positions that are not simply peripheral. In fact, 

the heterochromatic parts of the chromosomes (e.g. the centric and pericentric chromatin) can 

be located either towards the nuclear periphery or around the nucleolus- the site for rRNA 

gene transcription (Gilchrist et al. 2004; Weierich et al. 2003). Interestingly, it has been shown 

that in human cells upon cell division regions that occupied the nucleolus in the mother cell 

can switch their position to occupy the region around the nuclear periphery in the daughter 
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Figure 1-1 The main principles of nuclear architecture in mammalian cells. 

Chromosomes are organized in chromosome territories where each chromosome occupies preferred position in 

the nucleus. The picture illustrates central positioning of chr19 (red) which is gene rich, while the gene poor 

chromosome chr18 (green) is oriented toward the nuclear periphery in human cells (Lieberman-Aiden et al. 2009) 

(A). A radial organization is observed for all chromosomes within mammalian nuclei and correlates with the 

chromosomal gene density. Gene rich chromosomes are found in nuclear interior while the gene poor are located 

towards the nuclear periphery (B). Picture adapted from (Bickmore 2013). 
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cells (van Koningsbruggen and GierlinSki 2010). Thus the nuclear periphery and the nucleolus 

provide alternative gene silencing environment for the same chromosomal regions (van 

Koningsbruggen and GierlinSki 2010). However, because all genes in heterochromatin are not 

necessarily silenced, it remains possible that these different environments have different 

specific roles in gene regulation and nuclear function. 

While the radial nuclear organization of chromosomes within mammalian nuclei is dominant 

pattern of organization, a striking exception from this general pattern is the organization in rod 

photoreceptors of nocturnal animals (Solovei et al. 2009, 2013). Consistent with the functions 

of the cells to assist optimal vision under low light intensity (Solovei et al. 2009), the nuclear 

organization in this cell type is inverted. It means that dense heterochromatic regions, which 

would normally be found in the nuclear periphery, are positioned in nuclear interior and 

euchromatic regions occupy nuclear periphery. Thus, the rod cells collect the light effectively 

and can further direct it toward the light-sensing rod outer segments. This evolutionary 

adaptation of the cells building the outer layer of the retina makes it possible for the nocturnal 

animals to hunt at night. The change in the rod cells radial organization happens gradually 

during development of the cells. At birth when the rod cells are still undergoing cell division, 

they have normal nuclear organization. By day 28 postnatal, the rod cells have already 

established the “inverted” nuclear pattern. The downregulation of Lamin B receptor, a protein 

which normally mediate interactions with nuclear periphery, coincides with the timeframe of 

“inverted” pattern establishment and it has been shown to be a main factor for the pattern 

generation (Solovei et al. 2013). Rod cells are also negative for the expression of lamina A and 

C (Solovei et al. 2013). This is a fascinating example where the evolutionary adaptation of a 

cell to carry out particular function can correlate with dramatic changes to the radial nuclear 

organization (Solovei et al. 2009, 2013).  

 The radial organization of the nucleus has functional implications for replication timing 

(Gilbert 2004; Hansen et al. 2010; Hiratani et al. 2008; Pichugina et al. 2016; Ryba et al. 

2010). Regions with high gene density, euchromatin regions and GC rich clusters in the 

nuclear interior are replicated in the initial stages of the S phase through the early formation of 

replication forks, while genes occupying the nuclear periphery are replicated later (Gilbert 

2004; Hansen et al. 2010; Ryba et al. 2010). Based on the replication timing the genomes can 

be subdivided into replication domains (Hiratani et al. 2008). Chromosome contact patterns 
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reflect quite well the replication timing and more specifically the organization of the 

replication domains (Ileep et al. 2015; Nora, Dekker, and Heard 2013; Ryba et al. 2010). Yet, 

the replication timing for ~50% of the mammalian genome is not fixed, but rather changes 

with the differentiation state of the cell and corresponds to tissue-specific gene expression 

patterns (Hansen et al. 2010; Ryba et al. 2010). Collectively, radial organization is an 

important characteristic of the mammalian genome organization reflecting preferred nuclear 

occupation of active and inactive genomic regions within the chromosome territories in 

respect to nuclear periphery and nuclear interior.  
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1.1.4 Chromosomal sub-regions fold into local chromatin domains 

Interphase eukaryotic chromosomes fold up into higher order domains which are readily 

observed on proximity-ligation interaction maps (Dixon et al. 2012, 2015; Lieberman-Aiden et 

al. 2009; Suhas S.P. Rao et al. 2014; Sexton et al. 2012). These intra-chromosomal domains 

are distinguishable as well-defined squares of interactions on the connectivity matrices. The 

squares of interactions are formed by an increased frequency of DNA interactions between 

linearly adjacent loci within a defined region of the chromosome, relative to other squares 

(Dixon et al. 2012; Filippova, Patro, and Duggal 2014; Suhas S.P. Rao et al. 2014) and a 

known as topologically associated domains (TADs) (Figure 1-2). TADs are demarcated by 

regions with a depleted contact frequency, referred also as domain boundaries (Dixon et al. 

2012; Filippova et al. 2014; Suhas S.P. Rao et al. 2014). There are a number of algorithms 

which have been developed to discriminate the domain boundaries, typically by setting a 

threshold for the frequencies of interactions within and between domains using the 

information from the contact matrices (Dixon et al. 2012; Filippova et al. 2014; Suhas S.P. 

Rao et al. 2014). 

Historically, the subdivision of mammalian genomes into domains was first reported by 

Dekker and colleagues (Lieberman-Aiden et al. 2009). Using human lymphoblastoid cell 

chromosome interaction data the contact matrices were analysed at 1Mb resolution and the 

sizes of the domains also called “megadomains” were found to vary between 5 to 20 Mb. 

Subsequent methodological changes, including the application of a Hidden Markov Model 

algorithm coupled with deep sequencing enabled the resolution of the data analysis to be 

improved to 100kb and led to the discovery that mammalian genomes are partitioned into even 

smaller structural domains with a median size of 880 kb (Dixon et al. 2012). Two years later 

Rao et al. applied the Arrowhead algorithm, in combination with very high sequencing depth, 

to HiC libraries captured in mouse and human cells to differentiate the domains at 185 kb 

(Suhas S.P. Rao et al. 2014). Genome partitioning into structural subunits (TADs) appears to 

be universal from yeast to the mammalian genomes (Bolzer et al. 2005; Dixon et al. 2012; R. 

S. Grand et al. 2014; Lieberman-Aiden et al. 2009; Suhas S.P. Rao et al. 2014; de Wit et al. 

2008) and the median size of the discriminative individual domain seems to be negatively 

correlated with the resolution of the proximity-ligation experiments. Notably, the domain 

boundaries are highly conserved (60-70%) between cell types and even between orthologous 



                                                                                                                          Introduction 

 

10 

  

 

 

Figure 1-2 Chromatin domains are structural units of genome architecture. 

TADs are highly conserved even when identified with different algorithms. The TAD boundaries are rich in CTCF binding motifs. From the bottom to the top, Heatmap of 

the HiC data obtained from human lymphoblastoid cell line GM12878, TADs identified with Hidden Markov Model, TADs identified with Armatus algorithm using four 

different values for the scaling factor γ. TADs identified with arrowhead algorithm at 5kb resolution, contacts visualized on the Epigenome Browser through Fit-Hi-C, 

CTCF signal for the corresponding cell line. Figure modified from (Ay and Noble 2015). 
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DNA regions of different species (Dixon et al. 2012; Nora et al. 2012; Suhas S.P. Rao et al. 

2014). Yet changes to specific domain boundaries occur during cell differentiation (Dixon et 

al. 2012, 2015). 

One of the basic prerequisites for chromatin domain formation is the ability of DNA regions to 

loop out of the chromatin fibre and interact with partners from the same or different 

chromosomes (Bantignies et al. 2011; Dekker 2008; Gheldof et al. 2010; Rodley et al. 2009; 

Schoenfelder, Clay, and Fraser 2010). Additional factors such as epigenetic marks and 

insulator proteins may have a contributory role to the regulation of chromosome domain 

assembly (Dixon et al. 2012; Fedorova and Zink 2008; Gilbert, Gilchrist, and Bickmore 2005; 

Nora et al. 2012). For example, it is known that the intra-domain DNA sequences are enriched 

for chromatin marks such as H3K9me3 and H3K27me3 (Nora et al. 2012) and architectural 

proteins (CTCF and cohesion) binding sites in Drosophila and mammals (Sofueva et al. 2013; 

Zuin et al. 2014). Consistent with this, 85% of the CTCF binding sites are found within TADs 

in mouse and human cells (Dixon et al. 2012). Although these chromatin marks and insulator 

proteins are highly concentrated within the domains, neither of these epigenetic marks and of 

insulator proteins plays a deterministic role in the maintenance of the domain organization. 

Deletion of the molecular machinery (i.e. Ehmt2 (Histone H3-K9 Methyltransferase 3) and 

Eed (Embryonic Ectoderm Development) genes) responsible for methylation of H3K9me3 and 

H3K27me3 (Nora et al. 2012) respectively, or the domain’s architectural proteins (i.e. CTCF 

and cohesin)(Seitan et al. 2013; Sofueva et al. 2013; Zuin et al. 2014) failed to disturb the 

general structure of the TADs. Therefore, it remains most likely that some unknown property 

of the DNA sequence(s) or nuclear functions acting within the TADs directs and maintains the 

domain assembly and organization rather than specific structural factors (e.g. CTCF or histone 

methylation) present in the domain.  

Specific DNA sequences and protein binding sites have roles in defining the boundaries of 

individual chromatin domains. For example, the TAD boundaries in Drosophila and mammals 

are enriched for architectural proteins such as CTCF and cohesin, actively transcribed genes 

and housekeeping genes (Dixon et al. 2012; Hou et al. 2012; Nora et al. 2012; Sexton et al. 

2012). The domain boundaries however are not absolute. The TAD boundaries do not fully 
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hinder contact formation between DNA sequences located on different domains. For example 

during Drosophila embryogenesis enhancers and promoters residing in different TADs have 

been shown to interact (Ghavi-Helm et al. 2014). The level of inter-domain contact 

frequencies also changes with senescence (Chandra et al. 2015; Criscione et al. 2016). Two 

recent studies aiming to identify global changes in genome organization upon induced 

replicative senescence reported changes in the inter-domain interaction frequencies. 

Interestingly while Chandra et al. reported loss of short-range intra-domain interactions and 

gain of long-range inter-domain interactions (Chandra et al. 2015), Criscione et al. found 

exactly the opposite effects (Criscione et al. 2016). A possible explanation for these 

differences is that there was variation in the duration of senescent state and percentage of 

achieved senescence-associated heterochromatin foci (SAHF) formation between the 

experiments conducted by the different groups. Irrespective of this, it is clear that TADs 

maintain dynamic subset of interactions within and between individual TADs which in turn 

may play an important role in the maintenance of specific nuclear functions. 

Although the TADs are largely conserved between cell type and species, their exact function 

in terms of the 3D organization of genomes is not yet fully understood (Dixon et al. 2012; 

Nora et al. 2012; Suhas S.P. Rao et al. 2014). One that has been proposed to explain the 

formation of TADs is that they encourage interactions between loci by bringing the interacting 

partners that are separated by large genomic distances into close spatial proximity. For 

example an enhancer of the mouse Shh gene is located more than 800 kb away from the Shh 

gene (Amano et al. 2009) but the enhancer and the gene are found in close proximity in the 

nuclear space (Amano et al. 2009). Critically, a TAD is found to cover the whole region 

between the two interacting genomic elements to encompassing and the elements (Dixon et al. 

2012). The formation of TAD might provide the necessary “genomic scaffold” to bring these 

two very distant loci into close spatial proximity. Physical separation of chromatin could be 

another function of TADs formation. For example, the active and inactive genes from the 

HoxD cluster in mouse brain cells occupy distinct TADs enriched for active and repressive 

histone marks respectively. Genes from the HoxD cluster can switch their domain occupations 

based on the dynamic changes in gene activity (Noordermeer et al. 2011). Collectively, such 

observations suggest a role of TADs in bringing distant regulatory elements in close proximity 

or demarcating boundaries for separating active and inactive loci. Nonetheless, the 
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comprehensive diversity of functions which TADs play in genome organization is yet to be 

determined.  

Chromatin has been shown to interact with the nuclear lamina at the nuclear periphery in 

domains that are known as lamina associated domains (LADs) (Guelen et al. 2008; Kind et al. 

2013; Pickersgill et al. 2006). LADs have an average size of approximately 1 Mb in human 

fibroblasts (Guelen et al. 2008) and about 100kb in Drosophila (Sexton et al. 2012) and 

correspond quite well to TADs (Dixon et al. 2012). Like TADs, lamina interacting chromatin 

regions also show a high level of CTCF association (Guelen et al. 2008; Ribeiro de Almeida et 

al. 2012). Notably, the loci found to interact with the lamins (proteins that build the lamina) 

showed low transcriptional activity, lack of active histone marks, had low gene density, and 

had a late onset of replication timing (Guelen et al. 2008; Peric-Hupkes et al. 2010). Therefore, 

it was proposed that the lamina constitutes a strong repressive nuclear environment. To test 

this hypothesis, Finlan et al. artificially tethered genes to the nuclear lamina and measured 

their transcription (Finlan et al. 2008). For most genes, relocation to the nuclear lamina led to 

their downregulated, which is consistent with the repressive action of the nuclear lamina on 

the gene transcription. However, there were genes, which did not change their transcript levels 

upon lamina tethering. Therefore it was speculated that the effects of transcriptional regulation 

are not solely achieved by the nuclear lamina environment but in combination with other 

mechanism such as chromatin-mediated gene regulation (Finlan et al. 2008). Despite this, it is 

clear that the association or dissociation of genes with the nuclear lamina plays an important 

role in cell development and senescence. An elegant study performed by Peric-Hupkes et al. 

suggested a model where dissociation of subset of genes from the nuclear lamina during early 

stages of astrocytes development unlocked the potential of these genes to become active in 

later stages of astrocyte development (Peric-Hupkes et al. 2010). Similarly, Chandra et al. 

showed that during induced replicative senescence some LADs regions in growing cells 

dissociate from the nuclear lamina and lose their internal structure which was proposed to lead 

to global transcriptional dysregulation (Chandra et al. 2015). Taken together LADs generally 

represent a repressive nuclear environment for gene transcription although this is not an 

absolute rule. Additionally, the dynamic association/dissociation of genes with LADs plays 

important role in cell development and cell senescence.  
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 Yeast does not possess a nuclear lamina. However, yeast cells still contain a set of nuclear 

envelope supporting proteins, for example Src1, that serve to cluster genomic regions at the 

nuclear periphery (Grund et al. 2008). Telomeres, subtelomeric regions and silenced 

chromatin regions tend to reside in close proximity to the yeast nuclear envelope (Gehlen et al. 

2012; Grund et al. 2008; Pichugina et al. 2016). Interestingly in addition to silenced genomic 

regions, inner nuclear membrane components tether silenced rDNA tandem repeats (Mekhail 

et al. 2008).  

Chromatin regions have also been identified interacting with the nuclear pore complexes at the 

nuclear periphery (Schmid et al. 2006; Taddei et al. 2006; Van de Vosse et al. 2011). Nuclear 

pore complexes (NPC) in mammals are composed of approximately 30 different proteins, 

present in multiple copy numbers, in a complex which is 40 times larger than a single 

ribosome (Van de Vosse et al. 2011). Nuclear pores make the nuclear envelope semipermeable 

for molecules that are more than 100kDa in size. This transport is bidirectional and occurs by 

active and non-random mechanisms through interactions with specific import and export 

machinery components. Consequently, if direct or indirect binding of genome regions to NPCs 

occur it is reasonable to hypothesise that this is associated with the transport of molecules that: 

1) result from gene expression; or 2) are required for the repression of gene expression. 

Generally for some genes NPC components mediate initiation of gene transcription (Schmid et 

al. 2006; Taddei et al. 2006), while for others it serves as repressors (Van de Vosse et al. 

2011). 

It should be noted that the entire nuclear space is not occupied by chromatin and chromatin 

domains. Rather, there are inter chromatin spaces where the 3’ ends of the mRNA are 

concentrated - inter chromatin domains (ICDs)(Scheuermann et al. 2004). Such ICDs are often 

found located at the periphery of a particular chromatin domain (Scheuermann et al. 2004). 

ICDs are hypothesized to constitute “channels” in the nucleus for the transport of 

macromolecules within the micro granular nuclear environment (Scheuermann et al. 2004). 

The formation of “channels” in the nucleus is important for the timing and positioning of 

nuclear processes (Scheuermann et al. 2004). Schematic representation of the different levels 

of genome organization is shown on (Figure 1-3).
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1.1.5 Active and inactive genomic regions are spatially separated 

Genomic regions which have high concentration of actively transcribed genes and DHS tend 

to cluster together in the nucleus space (Dixon et al. 2015; Kalhor et al. 2012; Lieberman-

Aiden et al. 2009; Suhas S.P. Rao et al. 2014; Sexton et al. 2012; Simonis et al. 2006). Some 

“active” genomic regions may be derived from different chromosomes, but most originate 

from the same chromosome (Shopland et al. 2006; Simonis et al. 2006). One of the 

prerequisites for active region associations in the nuclear space is the tendency of RNA 

polymerases engaged in transcription to cluster (Iborra et al. 1996; Rieder et al. 2012) (see 

section 1.1.6).  

Inactive regions in the nuclear space also show a tendency to cluster in mammalian cells 

(Lieberman-Aiden et al. 2009; Sexton et al. 2012; Simonis et al. 2006). Unlike the active 

regions, the inactive regions are predominately derived from one chromosome, even an 

individual arm of a single chromosome (Yaffe and Tanay 2011). This is attributed to the fact 

that inactive genomic regions have restrained ability to move due to the high level of 

compaction of their chromatin (Yaffe and Tanay 2011). Another factor which may play a role 

in the restrained moving potential of the inactive genomic regions is the fact that these regions 

are often found to be buried inside their chromosome territories in mammalian cells 

(Chambeyron and Bickmore 2004). An example of gross clustering of inactive region in 

mammalian cells is the associations between centromeres and the associations between 

telomeres respectively, observed by FISH in mouse and human cells (Alcobia et al. 2003; 

Weierich et al. 2003). 

Clustering of active and inactive genomic regions in the nucleus is thought to be one of the 

factors contributing to the radial organization of the genome. One of the hypotheses of how 

clustering arise includes dynamic forces of self-association between regions with similar 

functional characteristics. For example, the global concentration of macromolecules such as 

proteins and RNAs (i.e. macromolecular crowding) and the favoured molecular assemblies 

between larger compartments relative to smaller compartments (i.e. depletion of entropic 

forces) may result in formation of large macromolecule aggregates (Hancock 2011).  The 

pressure that small molecules exert on the large aggregates may further reinforce the 

maintenance of aggregates (Hancock 2011)(Ulianov et al. 2015). Yet, the exact mechanisms 
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for the formation of genomic region clusters based on their functional activity remains not 

fully elucidated at present.  

 

 

 

 

Figure 1-3 Cartoon depicting the different levels of nuclear organization 

Active (red) and silenced (blue) regions, from one or different chromosomes, tend to cluster together forming sub 

nuclear divisions of higher order. Active genes exhibit higher potential of mobility and therefore the probability for 

them to interact with active gene regions from different chromosome is higher. Such cluttering of genes sharing 

similar activity status forms conditions for the formation of even higher order structure - chromatin domains. 

Chromatin domains in turn cluster with other domains which share the same functional and structural state. The 

nuclear lamina and the nucleolus serve as nuclear landmarks that give relative prediction for activity of the genes 

located in close proximity to these nuclear landmarks. Cartoon modified from (Cavalli and Misteli 2013). 
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1.1.6 Transcription occurs in transcription factories 

A promoter is required in order for a gene to be transcribed. Promoters are, usually located 

upstream of the transcription start site (Maston, Evans, and Green 2006). The role of the 

promoter is to bind the factors (proteins) that regulate and initiate transcription and convert the 

RNA polymerase to a processive state. However enhancers or DNA sequence exerting the 

opposite function (i.e. silencers), that reside several kb to Mb from their target genes, can also 

regulate gene expression (Spilianakis and Flavell 2004; Tolhuis et al. 2002). In order to 

regulate a distal promoter, these distal regulatory elements and their target promoter(s) must 

be brought into close proximity (Dobi and Winston 2007; Maston et al. 2006). The latter 

predisposes for the formation of DNA loops.  

It is evident that one enhancer can interact with more than one promoter (Maston et al. 2006; 

Mifsud et al. 2015; Sanyal et al. 2012; Zhang et al. 2013). Indeed up to 20 contacts between a 

promoter and distal fragments have been observed in human GM12878, K562 and HeLa-S3 

cell lines by 5C (Sanyal et al. 2012). Such events mean that many genes can be gathered at a 

particular space and thus concentrate the transcriptional machinery that is employed for their 

processing. A factor which may contribute to such “gathering” is a tendency of enhancers to 

associate with promotes which are beyond their nearest gene on the linear DNA sequence in as 

shown in mouse and human cells lines (Mifsud et al. 2015; Sanyal et al. 2012; Zhang et al. 

2013). Promoter-enhancer interactions occur mostly in cis but can span considerable distances 

~1Mb (Mifsud et al. 2015). Promoter-enhancer interactions are largely cell type specific and 

as such represent important factor which play a role in cell specificity of the nuclear 

architecture (Mifsud et al. 2015; Sanyal et al. 2012; Zhang et al. 2013). Together, these studies 

show that the long-range contacts between enhancers and promoters are important contributors 

for both gene regulation and the formation of spatial associations in the nucleus.  

The transcription of genes in mammalian cells does not occur as an isolated process (Iborra et 

al. 1996; Melnik et al. 2011; Osborne et al. 2004; Rieder et al. 2012; Schoenfelder, Sexton, et 

al. 2010). Rather multiple genes which are transcribed at a given time are relocated (Osborne 

et al. 2007) to a transcriptionally active environment. Such transcriptionally active 

environments are also known as transcription factories (Cook 2002, 2010; Papantonis and 

Cook 2011). In a cell the number of genes which are transcribed in any given time outnumber 
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considerably the number of transcription factories (Papantonis and Cook 2013; Rieder et al. 

2012). This may provide conditions for clustering of genes at the transcription factories (Cook 

2010; Papantonis and Cook 2013; Schoenfelder, Sexton, et al. 2010). In fact, clustering of 

genes in the nuclear space in active environments is thought to increase the efficiency of the 

genes transcription (Papantonis and Cook 2011; Rieder et al. 2012). Additionally it is now 

known that the most active genes are not transcribed consistently but in bursts (Chubb et al. 

2006; Raj et al. 2006). Factories have been suggested as a key organizing principle for both 

nuclear and chromatin structures (Brown et al. 2006; Dundr 2012; Dundr and Misteli 2010; 

Iborra et al. 1996; Melnik et al. 2011; Szczerbal and Bridger 2010; Takizawa et al. 2008).  

The most prominent transcriptional factory in the nucleus is the nucleolus (Olson 2001). The 

basic prerequisite for nucleolus formation is the crowding of the polymerase I enzyme units 

that transcribe the clustered rDNA genes (Thiry and Lafontaine 2005). Pol II and Pol III also 

process the transcription of groups of genes at their own transcriptional factories, which are 

separated from Pol I factories (Iborra et al. 1996; Melnik et al. 2011). Transcription factories 

do not contain only the RNA polymerases and the nuclear loci that are transcribed but also 

numerous transcription regulators which are normally found at the transcription sites such as 

co-activators, chromatin remodelers, transcription factors, histone modification enzymes, 

RNPs  

(ribonucleoproteins), splicing and processing factors, RNA helicases etc. (Melnik et al. 2011). 

Clustering is also observed around mRNA splicing factors such as nuclear speckles (Brown et 

al. 2006; Szczerbal and Bridger 2010; Takizawa et al. 2008) and Cajal bodies (Dundr 2012; 

Dundr and Misteli 2010).  

The identity of genes which tend to cluster varies. Some active genes show a tendency to 

cluster together to the same transcription factory, which correlates with the involvement of 

these genes in a common biological process. For example the clustering between the active 

mouse beta-globin gene and other active erythroid-specific genes was identified with 4C in 

fetal liver cells, where the beta-globin is expressed (Simonis et al. 2006). Other genes cluster 

not due to the involvement in a common biological process but simply due to their active state 

at the overlapping time interval. For example it has been shown with 3C and FISH that 

transcriptionally active genes located up to several Mb apart on the same chromosomes or 
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from different chromosomes tend to form physical association with each other and with 

defined RNA polymerase foci in mouse erythroid cells (Osborne et al. 2004). Indeed, gene 

clustering has been reported even in the absence of transcription. For example beta-globin 

locus is interacting with 20-50 active genes in murine fetal liver where the gene is expressed 

(Simonis et al. 2006). Experiments on the inhibition of beta-globin gene expression or RNA 

polymerase II in these cells did not result in the major alteration of the interaction profile 

between the beta-globin locus and the remaining active genes (Palstra et al. 2008). However, 

the latter does not exclude a possibility of contributory role of RNA polymerase in the 

association establishment prior its removal. It is important to note that it is currently not 

known whether transcription leads to the production of the looping structures or vice versa, 

and under what circumstances. 

Taken together, these studies show that for some genes the spatial configuration and re-

organization correlates with the gene activation while for other genes the spatial configuration 

is pre-established irrespective of their transcription state. Nonetheless the transcription 

factories provide conditions for gene associations (Cook 2002).   

1.1.7 Physical contact and the consequences for the interacting genes 

Physical interactions between distal regulatory elements (chromosome loci) and their target 

genes are facilitated by looping one or multiple partners and is believed to have an impact on 

the transcriptional regulation of the interacting partners in the genomes from yeast to 

mammals (Cavalli and Misteli 2013; Dekker 2008; Gheldof et al. 2010; Rodley et al. 2009; 

Schoenfelder, Clay, et al. 2010). Interacting regulatory elements residing on one chromosome 

can form intra-chromosome interactions in cis. A well-known example of cis looping in 

mammals is the regulation of the actively expressed β-globin locus with enhancer sequences 

forming a 60 kb loop interacting with the β-globin promoters in cis (Brown et al. 2006; 

Noordermeer and de Laat 2008; Tolhuis et al. 2002). On the other hand, interactions can also 

occur between chromosomes in trans (Lomvardas et al. 2006; Spilianakis et al. 2005). 

Interactions that form between the interferon-ƴ gene residing on chromosome 10 and part of 

the TH2 cytokine gene residing on chromosome 11 are an example of trans regulation 

(Spilianakis et al. 2005). The formation of this interaction is a characteristic of interferon- ƴ 

expressing naïve T helper lymphocytes (Spilianakis et al. 2005). One particularly interesting 
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example of trans interactions is X chromosome pairing during early stages of embryogenesis 

where the X homologous chromosomes randomly “touch” each other resulting in “accidental” 

inactivation of one of the two copies (Masui et al. 2011).  

The physical properties of chromatin folding promote interactions in cis, while trans 

interactions are rarer reviewed in (Simonis, Kooren, and Laat 2007). For example open ended 

chromosome conformation capture of HoxB1 associated loci in mouse ES cells revealed that 

the majority of the interacting partners occur on the same chromosome that the gene resides on 

(Chambeyron and Bickmore 2004). Active β-globin locus detected in mouse liver cells with 

4C also interacts with only a few partners in trans (20 to 50) whereas most of the interactions 

were with the same region on chromosome 7 where the gene resides (Simonis et al. 2006). The 

relative position of a gene (e.g. closer to surface or deep in the chromosome territory) has an 

impact on the identity of the possible partners involved in the formation of long-range 

interactions (Simonis et al. 2006, 2007). The deeper in the chromosome territory a gene is 

located the more isolated form the transcriptional machinery this gene is (Cremer et al. 2001; 

Simonis et al. 2006). This means that upon activation genes might be repositioned to the 

periphery of the chromosome territory in order to explore broader genomic space and higher 

possibility to “meet” regulatory elements and transcriptional machinery from the same or 

different chromosomes. In other words looping out from the chromosome territory may induce 

the poised state of a gene and the presence of absence of other factors could additionally 

determine the transcription state as it has been proposed for the β-globin locus regulation 

(Noordermeer and de Laat 2008). Residence at the periphery of the chromosome territory is 

not the ultimate rule for gene activity. There are genes which are expressed and do not loop at 

the periphery of the chromosome territory. For example the murine HoxD cluster do not loop 

out at the periphery during activation in the limb cells (Morey et al. 2007). Furthermore genes 

can be distributed throughout the chromosome territory and still be active as shown by 

(Küpper et al. 2007). 

 Some interactions contribute to the silencing of genes. For example, physical contact between 

the unmethylated imprinting control region located upstream of the H19 gene and the two 

flanking regions surrounding the adjacent Igf2 gene (i.e. MAR3 and DMR1) leads to silencing 

of the Igf2 gene in mouse liver cells (Kurukuti et al. 2006). CTCF Binding to CTCF sites is a 

determinative factor for the formation of this repressive conformation (Kurukuti et al. 2006). 
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Examples for the silencing of other loci through CTCF insulation are also known (Birshtein 

2012; Ribeiro de Almeida et al. 2012). CTCF binding also has regulatory roles in the 

inhibition of one of the two X chromosomes during the female inactivation process (Xu et al. 

2007). It is important to note that CTCF genome binding with or without association with 

cohesion does not only play a role in gene silencing but also exerts regulatory functions related 

to the maintenance of 3D pre-structures and overall genome stability in the mammalian 

genomes (Gómez-Díaz and Corces 2014; Kurukuti et al. 2006; Ling et al. 2006; Noordermeer 

and Duboule 2013; Phillips and Corces 2009; Tang et al. 2015).  

There are a number of other elements that show similar activity to CTCF binding sites. 

Polycomb response elements can form long range interactions with their target promoter and 

mediate its transcriptional silencing via recruiting transcription silencing machinery in mouse, 

human (Chambeyron et al. 2005; Morey et al. 2007; Tiwari, Cope, and McGarvey 2008) and 

Drosophila (Lanzuolo et al. 2007). Likewise, long non-coding RNAs may mediate gene 

silencing via scaffolding chromatin in a way that remodels the target gene to be down-

regulated (Gupta et al. 2010; Tsai et al. 2010).  

The formation of contacts between distal loci is both associated with the activation and 

silencing of loci. Nonetheless, physical contacts between some loci have been shown to play 

an important role in the transcriptional regulation of these loci.  

1.1.8 Long-range interactions in genome instability  

Long-range interactions may promote the formation of chromosomal rearrangements between 

interacting partners thus promoting illegitimate joining during the repair of double strand 

breaks (Engreitz, Agarwala, and Mirny 2012; Misteli and Soutoglou 2009).  

For example, close spatial proximity between regions of chromosome 12, 14 and 15 has been 

observed in normal lymphocyte cells (Parada et al. 2002). Interestingly, various combinations 

of translocations between these chromosomes are found in murine lymphoma cells (Liyanage 

et al. 2013). In addition, human Burkitt’s lymphoma is associated with translocations between 

the MYC locus and regions from the immunoglobulin locus, an observation consistent with 

the close observed proximity between the MYC and Ig locus in human lymphocytes (Engreitz 

et al. 2012; Roix et al. 2003). One of the best-characterized cancer-causing translocations is 
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the t(9:22) rearrangement found predominantly in haematopoietic cells. This translocation is a 

result of fusion between the BCR gene on chr 22 and the ABL gene on chr 9 (Andersson et al. 

1987; Grosveld et al. 1986) and gives rise to an unusually short and defective chr 22 (known 

aslo as Philadelphia chromosome) and myeloid leukaemia phenotype (Andersson et al. 1987; 

Grosveld et al. 1986). In fact, ABL and BCR loci have been shown to reside in close spatial 

proximity in immortalized human normal lymphoblastoid cells (GM06990) that do not 

harbour the translocation (Engreitz et al. 2012). Given that upon DNA break the free DNA 

ends undergo restricted local movements to “search” for available partners for repair (Roukos, 

Wangsa, and Misteli 2013) it would be expected that chromatin will manifest specific 

translocations patterns enriched for partners located nearby in the nuclear space. Threfore 

genome organization becomes an important factor in the formation of translocations. Genome 

organization is cell type specific (Engreitz et al. 2012; Noordermeer and Duboule 2013; 

Parada et al. 2002; Suhas S.P. Rao et al. 2014). As such, the translocation patterns between 

chromosomes vary between cells and cell types (De and Michor 2011; Parada et al. 2004). For 

example, in mice translocations between chromosomes 12 and 15 are frequently seen in both 

normal lymphocytes and lymphoma cells but not in hepatocytes where translocations between 

chromosome 5 and 6 are often found (Parada et al. 2004). It has been shown by HiC combined 

with translocation sequencing that the formation of translocation in G1-arrested mouse pro-B 

cells is well linkable to the interaction profiles in these cells (Zhang et al. 2012).  

In short, these studies demonstrate that regions of the genome that tend to form interactions 

more frequently than others regions would have a higher probability to be involved in the 

translocation events.  
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1.1.9 Long-range interactions and cell differentiation  

The formation of long-range chromosomal interactions is dynamic so the interaction partners 

for any one gene region may change through time, differentiation and development (Amano et 

al. 2009; Dixon et al. 2012, 2015; Epstein, McMahon, and Joyner 1999; Gonzalez et al. 2007; 

Nienhuis and Stamatoyannopoulos 1978; Noordermeer et al. 2011; Noordermeer and Duboule 

2013; Palstra et al. 2003; Vernimmen et al. 2007; Zhou et al. 2006).  

There are numerous examples of cell type and developmental specific long-range interaction 

formation. For example, the β-globin locus in human and mouse cells undergoes 

developmental regulation (Palstra et al. 2003; Tolhuis et al. 2002). The β-globin locus encodes 

multiple globin genes, The arrangement of the genes directly reflects the temporal 

differentiation of their expression during development, but only one of the genes is active at 

any given time (Nienhuis and Stamatoyannopoulos 1978). In β-globin expressing cells, a 

defined 3D structure is formed by bringing the β-globin gene and the regulatory elements in 

close proximity and is called active chromatin hub (ACH) (de Laat and Grosveld 2003). 

Which β-globin gene is active in mouse depends on its proximity to two types of regulatory 

sequences: 1) the locus control region (LCR); and 2) the DHSs sites which are positioned 

~60kb upstream of the β-globin locus on chr 7 (Palstra et al. 2003; Tolhuis et al. 2002). 

Formation of ACH pre-structure is detectable even in progenitor erythroid cells, which do not 

express β-globin genes but have the potential to be differentiated into mature erythroid cells 

upon the presentation of the right transcription program (Palstra et al. 2003). The pre-structure 

in this case is formed by bringing the β-globin locus regulatory elements into close proximity, 

while the β-globin locus is positioned away from the hub. The ACH pre-structure is not found 

in brain cells which neither have the potential nor are they expressing the β-globin genes 

(Tolhuis et al. 2002).  

The α-globin locus is also regulated in a developmental and cell type specific manner. 

However, unlike the β-globin locus, the formation of a loop between the α-globin locus’ 

regulatory sequences and the α-globin genes is only present in cells which are actively 

expressing the gene (Vernimmen et al. 2007; Zhou et al. 2006). The formation of loop and pre-

restructure is lacking in both potentially expressing but uninduced erythroleukemia cells and 

non-expressing fetal brain cells (Vernimmen et al. 2007).  
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The regulation of the mouse TH2 locus in mouse T-helper type 2 cells requires spatial 

proximity between the TH2 locus control region (LCR) and the cytokine genes (Il5, Il13,Il4) 

(Spilianakis and Flavell 2004). The formation of pre-structure is only found in T-cells 

(Spilianakis and Flavell 2004). Interestingly, the element which loops out from the pre-

structure in the non-type2 T-cells is the locus control region (LCR), not the promotors of the 

genes in TH2 locus (Spilianakis and Flavell 2004).  

All examples described above utilise spatial co-localization of regulatory elements and their 

target genes residing less than 100 kb apart on the linear chromosomes. An extreme case of 

looping between regulatory element and their target genes is the regulation of the sonic 

hedgehog signalling protein (SHH) during animal development. The expression of Shh is 

necessary for spatial patterning in several animal tissues. This gene is expressed both in brain 

(Epstein et al. 1999) and in developing limb bud (Amano et al. 2009) within the zone of 

polarizing activity (ZPA). While the expression of the gene in brain depends on a local 

enhancer located near the Shh gene (Epstein et al. 1999), the expression of Shh in the 

developing limb depends on an enhancer located ~800 kb away from the gene with a large 

gene dessert in between (Amano et al. 2009). The formation of a loop between the enhancer 

and the Shh genes is only present in ~20% of cells in the ZPA which is linked to expression of 

the gene in only small number of cells (Amano et al. 2009). In brain cells, the interaction 

between the nearby enhancer and the Shh gene results in constant very high expression of Shh 

in most cells (Amano et al. 2009). Surprisingly, some of the developing limb bud cells outside 

ZPA zone maintain the interaction found in ZPA cells (Amano et al. 2009).  

The HoxD gene cluster is regulated by numerous elements positioned both relatively close 

~180 and far away ~800kb in terms of linear chromosome distance (Montavon et al. 2011). 

The activation of genes from the HoxD cluster requires the recruitment of both proximal and 

distal regulatory elements to the cluster (Montavon et al. 2011). Interestingly, the position of 

the HoxD genes on the cluster defines the order of gene transcriptional activation (Kmita and 

Duboule 2003). Activation of HoxD genes is necessary for the proper developments of digits 

in tertapods (Montavon et al. 2011).  

It is known that cell type specific transcription factors mediate the formation of pre-structure 

and/or stabilize the final steps of interaction establishment in some of the developmentally 
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regulated loci. For example GATA-1, an erythroid-specific factor, has been shown to play a 

critical role in the ACH β-globin locus formation (Jing et al. 2008). GATA-1 acts in 

combination with co-factor LBD1 to underline the establishment of the proximity between the 

LCR regions and the β-globin genes (Song, Hou, and Dean 2007). The final steps of ACH 

formations are carried out by another erythroid specific transcription factor EKLF (Nienhuis 

and Stamatoyannopoulos 1978). Correspondingly, the interaction between the TH2 locus and 

its LCR region is mediated by SATB1 protein expressed only in mature T cells (De Belle, Cai, 

and Kohwi-Shigematsu 1998). The inter-dependence between cell type specific transcription 

programme and genome architecture is reflected even in embryonic stem cells where 

pluripotency factors such as Oct4 and Nanog are involved in shaping higher-order chromatin 

structures genome wide (de Wit et al. 2013). How the interdependence between genome 

organization and genome function is established and maintained during cell differentiation is 

however not known.   

1.2 Mitochondria 

Mitochondria are present in multiple copy number within the cytoplasm of eukaryotic cells. 

Individual mitochondrial organelles do not exist independently rather they are in a constant 

dynamic relationship between each other via mitochondrial fusion and fission processes 

(Youle and van der Bliek 2012). The mitochondria within a cell form a giant network of 

interacting compartments which undergo directed movements (Duchen 2004).  

Unlike the nuclear genome, the mitochondrial genome is a small circular genome that is itself 

present in multiple copy number (Cavelier, Johannisson, and Gyllensten 2000; Clay Montier, 

Deng, and Bai 2009; D’Erchia et al. 2015; Moraes 2001) in an individual mitochondrial 

organelle. As a result, the copy number of the mitochondrial genes can outnumber the copy 

number of nuclear genes by hundreds to thousands. The exact disparity between the genome 

copy numbers of the nucleus and mitochondria is determined by the cell type, age and growth 

conditions (Clay Montier et al. 2009; D’Erchia et al. 2015). For example tissues which are 

highly dependent on mitochondrial functions, such as cardiac and skeletal muscle maintain 

approximately 4000 to 6000 of mitochondrial genomes per cell, whilst lung, kidney and liver 

maintain between 500 and 2000 copies of mitochondrial genome in a cell (D’Erchia et al. 

2015).  
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The inheritance pattern of mitochondria differs from the Mendelian model of inheritance 

(Ephrussi 1950; Mitchell and Mitchell 1952). Mitochondria are inherited solely from the 

mother in most metazoan species (Law and Hutson 1992). 

1.2.1 Mitochondrial genome composition  

What is the mitochondrial gene composition? Human mitochondrial genomes consist of 

approximately 16.6 kb (16.3kb in mouse) of circular DNA and contain 37 intron-less genes 

(Battey and Clayton 1977) (Figure 1-4). The only noncoding DNA fraction of the human 

mitochondrial genome is the displacement loop (D-loop), a 1.1 kb region which is critical for 

the mitochondrial replication and transcription (Falkenberg, Larsson, and Gustafsson 2007). 

Thirteen of the mammalian mitochondrial genes encode proteins that constitute crucial 

components of the multienzyme complexes (Complex I, III, IV and V) comprising the 

mitochondrial electron transport chains (ETC) (Anderson et al. 1981; Bibb et al. 1981; Saraste 

1999). The remaining mitochondrial genes encode 22 mitochondrial tRNAs and 2 rRNAs 

which enable translation of mitochondrial mRNAs within the organelle (Anderson et al. 1981; 

Bibb et al. 1981). All of the mitochondrial encoded genes present in mammals are essential for 

mitochondrial function (reviewed in Falkenberg, Larsson, and Gustafsson 2007).  
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Figure 1-4 Map of the human mitochondrial genome 

The human mtDNA contains 37 genes coding mRNAs for 13 polypeptides. 22 tRNAs (red coloured circles), 

allows translation of the mitochondria genome within the mitochondria organelle and 2 rRNAs (16SrRNA and 

12SrRNA), which are components of the specific mitochondrial ribosomes necessary for synthesis of the 

polypeptides. Unlike nuclear DNA, mtDNA coding sequences have no introns. Seven of those polypeptides, ND1 

to ND6 and ND4L are subunits of Complex I; one, cytochrome b, is part of Complex III; three, COXI, COX II 

and COX III, are the catalytic subunits of Complex IV, and ATPase 6 and 8 are subunits of Complex V (F0F1 

ATPsynthase). The heavy strand is the main coding strand, and codes for 2 rRNAs, 14 tRNAs and 12 

polypeptides. The light strand codes for remaining 8 tRNAs and only one polypeptide, the ND6 subunit (NADH-

dehydrogenase). The D-loop region of mtDNA contains the origin of replication for H-strand synthesis as well as 

both mitochondrial transcription promoters (the light strand promoter, LPS and two heavy strand promoters, 

HSP1 and HSP2), and serves as the main site for mitochondrial genomic replication and transcription. Figure 

excerpted from (Yusoff et al. 2015). 
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1.2.2 Mitochondrial functions  

1.2.2.1 Energetic mitochondrial functions 

Biochemical processes such as the trycarboxilic acid cycle, beta oxidation and oxidative 

phosphorylation (Figure 1-5), occur within the mitochondrial organelle and are essential for 

the energy supply of the cell in multicellular organisms (Lehninger 2005). The purposes of the 

trycarboxilic acid cycle and beta oxidation are to couple the break-down of carbon substrates 

into 2-carbon (acetyl co-A) units with the resulting generation of reducing equivalents 

(NADH, FADH2). The electrons from the reducing equivalents sequentially pass through the 

electron transport chain (ETC) meeting the molecular oxygen as a final acceptor and 

generating an ion gradient across the mitochondrial inner membrane. The building blocks of 

the ETC are the peripheral membrane protein – cytochrome c and several multienzyme 

complexes – I (NADH: ubiquinone oxidoreductase), II (succinate: ubiquinone oxidoreductase, 

III (ubiquinol: ferricytochrome c oxidoreductase), IV(cytochrome c oxidase) which are 

capable of executing oxidising-reducing reactions (Saraste 1999). Ultimately these stepwise 

transfers of electrons provide the mammalian cell with ATP via the reverse action of ATPase 

(Complex V) that uses the electrochemical gradient as a driving force in the opposite direction, 

in a process known as oxidative phosphorylation (OXPHOS)(Iino and Noji 2013). In 

principle, the oxidative phosphorylation can generate 15 times more energy than anaerobic 

alternative glycolysis by converting a molecule of glucose into CO2 and H2O (Saraste 1999).  
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Figure 1-5 Cartoon representing schematically the stepwise flow of the electrons through 

multienzyme complexes comprising oxidative phosphorylation (OXPHOS). 

The breakdown of nutrients in the Kreb’s Cycle or beta-oxidation derives reduced agents such as NADH and 

FADH2.  Consistent transfer of the electrons through several electron carriers building the electron transport 

chains in mitochondria to final acceptor O2 represents the process oxidative phosphorylation. Electron transport 

chains (ERC) themselves involve five multiemeric protein complexes  I, II, III, IV, V (NADH dehydrogenase, 

succinate reductase, cytochrome c reductase, cytochrome c oxidase, ATP synthase, respectively) and two 

cofactors coenzyme Q10 at complex III  and cytochrome c at complex IV capable to transfer electrons. 

Accompanied the transfer of electrons, protons are pumped from the inner membrane (IMM) into the inter-

membrane space formed between IMM and outer mitochondrial membrane, resulting in generation of proton 

electrochemical gradient. Oxidative phosphorylation is a much more efficient form of energy production than 

glycolysis, the anaerobic alternative. 38 mol of ATP are generated by breaking down one glucose molecule 

through the OXHPOS pathway compared to 2 mol ATP generated by anaerobic glycolysis acting on the same 

amount of substra. Figure excerpted from (Yusoff et al. 2015). 

 

 

http://en.wikipedia.org/wiki/NADH_dehydrogenase
http://en.wikipedia.org/wiki/Coenzyme_Q_-_cytochrome_c_reductase
http://en.wikipedia.org/wiki/Cytochrome_c_oxidase
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1.2.2.2 Other mitochondrial functions 

Mitochondrial functions within eukaryotic cells are not solely restricted to energy production 

(Duchen 2004). Firstly, the unpaired electrons that are generated as an by-product of 

OXPHOS in mitochondria are the main producers of reactive oxygen species that are known 

to have both regulatory (important in redox signalling from the organelle to the rest of the cell) 

(Boveris and Aires 2013; Kishida and Klann 2007) and deleterious effects (contributes to 

mitochondrial damage in a range of pathologies)(Boveris and Aires 2013; Li et al. 2013) on 

eukaryotic cellular function. Secondly, the mitochondrial inner membrane proton gradient can 

be used as an energetic force enabling active mitochondrial Ca
2+ 

ion storage against the Ca
2+

 

ion diffusion gradient. Since Ca
2+

 concentration is a known cellular regulator of enzymatic 

activities and transduction pathways, the fact that mitochondria function as a Ca
2+

 storage 

compartment means that these organelles are the main regulators of intracellular transduction 

pathways and therefore cellular homeostasis (Giacomello et al. 2007; Nicholls et al. 2003). 

Thirdly, mitochondria store the key apoptotic enzymatic activities (cytochrome c), which upon 

release in the cell cytosol can trigger ultimate cascade pathway leading to apoptotic cell death 

(Elmore 2007). Fourthly, mitochondria are sites for synthesis of precursors of pyrimidines, 

amino acids, phospholipids, nucleotides, folate coenzymes, haeme, urea and many others 

review in (Attardi and Schatz 1988). Therefore, mitochondria should not only be looked at as 

an energy power houses.  

In support of that, mitochondrial dynamics, mitochondrial DNA content, mass and distribution 

of the organelle within the cells are known regulators of cellular growth, cell division, 

development, aging and tumorogenesis. Firstly, mitochondria are capable of halting the cell 

cycle if the cells are exposed to conditions of nutrient deficiency. The energy status of the cell 

can be sensed by AMPK (5' AMP-activated protein kinase) (Zong et al. 2002). AMPK can 

target p53, which if phosphorylated can trigger cell cycle arrest (Jones et al. 2005). 

Conversely, the increase of mtDNA has been shown to promote nuclear DNA replication in 

yeast (Blank et al. 2008) and mammalian cells (Antico Arciuch et al. 2012). Secondly, 

mitochondrial fusion and fission machineries have been shown to regulate cell differentiation. 

For example, mitochondrial fusion proteins Mfn1 (mitofusins 1) and Mfn2 (mitofusins 2) are 

essential for mouse embryonic development because if either of these genes is inactivated the 

mouse embryos cannot survive midgestation (Chen et al. 2003). Additionally, proteins such as 
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Drp1 (fission protein) and Opa1(fusion protein) have been shown to act on neural cell 

differentiation (Li et al. 2004) by affecting the dendritic mitochondrial distribution which in 

turn has been shown to play a critical role for maintaining the number and plasticity of 

synapses during neuronal development (Li et al. 2004). Thirdly, mitochondrial content in 

whole organs, such as the mammalian brain, has been shown to increase during development 

(Erecinska, Cherian, and Silver 2004) where the overall metabolic rates increase by three to 

seven fold (Nehlig, de Vasconcelos, and Boyet 1988; Pysh 1970). In fact, the existence of 

oxidative phosphorylation in eukaryotic cells is thought to be the critical factor that triggered 

eukaryotic evolution (reviewed in (Duchen 2004)). Supplying the cell with the necessary 

energy for fighting the forces of entropy is argued to have given rise to the formation of highly 

ordered and function subordinated cellular structures (Duchen 2004). So that cellular 

differentiation could emerge and in turn give rise to the formation of tissues, organs and 

systems in multicellular organisms (Duchen 2004). The higher degree of cellular 

differentiation that multicellular organisms developed (e.g. neurons), the higher their 

dependence on the supply of the cellular energetic needs by oxidative phosphorylation 

(Duchen 2004). Critically, mitochdrial state can exert effects on cell differentiation via 

mechanism which are not directly linked to mitochondrial energetic functions. An example of 

such interdependence is the observed prevention of neuroblastoma differentiation by solely 

inhibition of mitochondrial translation (Vayssière et al. 1992) via treatment with 

chrolamfenicol without affecting the energetic state of the organelle. It is clear that the 

mitochondrial fitness is unseparable part of cell’s dynamics and development and not only 

energetic function of the mitochondria play a role but the quality and quantity of the 

mitochondrial DNA. 

Notably, alterations in mitochondrial functions are critical factors for tumorogenesis. More 

specifically, changes in mitochondrial morphology (e.g. increased fission rates, reduced cristae 

content) and reduction in biogenesis of mitochondria accompany cancer progression (Antico 

Arciuch et al. 2012; Wallace 2012). One significant change in the cancer cells is that their 

mitochondrial OXPHOS rates drop over 90% (Galli et al. 2003). In such conditions the 

cellular ATP is derived predominantly via glycolysis (known as Warburg effect (Warburg 

1956; Warburg, Posener, and Negelein 1924)), yet mitochondria in cancer cells are functional 
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and supply the cells with essential metabolites like fatty acids and glycolytic intermediates 

(Vander Heiden, Cantley, and Thompson 2009).  

Collectively, it is evident that mitochondrial energetic and non-energetic functions play an 

important role in maintaining the cell type fitness. Conversely, the dysfunctions in 

mitochondrial functions or genome compositions are linked to cell pathologies. Yet the 

mechanisms through which “healthy” and “unhealthy” mitochondria exert its effects on the 

cells are not yet completely understood. One of the factors which complicate the picture is the 

fact that mitochondria and nucleus maintain strong yet complex relationship in each cell.  

1.2.3 The cellular pathways for mitochondrial communication with the nucleus 

Mitochondria and nuclei are highly inter-dependent. What are the prerequisites for this 

connectivity? Proteomic and genomic analyses revealed that functional mitochondria are 

comprised of more than 1500 proteins (Andersson et al. 2003). Thirteen of these proteins are 

encoded by the mitochondrial genome (discussed in section 1.2.1). The rest of the proteins that 

are required for mitochondrial function but not encoded by the mitochondrial genome, are 

encoded in the nucleus where they are transcribed before being translated in the cytosol and 

transported into the mitochondria where they function. Having the building blocks for 

structure and function encoded by two genetic systems requires highly coordinated and 

complex regulation of the expression of the genes residing within the spatially separated 

organelles (Poyton and McEwen 1996). For example, the proteins that are encoded in the 

different compartments, yet constitute a chimeric enzymatic system, must be expressed in the 

correct stoichiometry and assembled correctly to produce functional products (Meiklejohn et 

al. 2013). Moreover, the mitochondria depend on nuclear encoded and mitochondrial targeted 

proteins to facilitate and regulate the replication, transcription and translation of the 

mitochondrial genome (Kaguni 2004).  

 On the other hand, mitochondrial functions are critical to ensure on-going nuclear processes 

(e.g. genome replication, repair and transcription) because the enzymatic activities involved in 

these nuclear processes require energy to be functional (Johannsen and Ravussin 2009; 

Wallace 2010).  
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In short, it is clear that the two organelle systems within eukaryotic cells are highly 

interrelated. Overall there is a constant, bidirectional flow of material and information between 

the nucleus and mitochondria that is determined by abiotic (changes in cellular homeostasis 

induced internally or externally) and biotic (developmental program) factors. The signal 

molecules that are released from the nucleus and directed to the mitochondria participate to 

lead and regulate the mitochondrial essential processes such as organelle growth and 

development, division and fusion, mitochondrial genome replication, single gene transcription, 

and translation levels. This system is called anterograde signalling (Woodson and Chory 

2008). Various classes of transcriptional regulators and co-activators are known to facilitate 

increased expression of the nuclear encoded mitochondrial proteins (Poyton and McEwen 

1996). For example, mitochondrial biogenesis is controlled by the PPARγ coactivator (PGC) 

family of transcriptional coactivators such as PGC-1α, PGC-1β, and the PGC-related 

coactivators PRC (Wu 2002). PRC activators induce expression of a variety of nuclear genes, 

a response which is tissue specific and generally increase mitochondrial biogenesis, thermo 

generation or/and ATP production reviewed in (Butow and Avadhani 2004). 

Conversely, retrograde signals are sent from mitochondria to the nucleus to induce adaptive 

responses to altered organelle state which may arise due to changes in cellular oxygen levels, 

type and availability of the carbon source, or other changes to mitochondrial structure and/or 

function, (for example cellular calcium and ATP levels)(Butow and Avadhani 2004). 

Retrograde signalling is hypothesised to inform the cell on the functional state of the organelle 

and to induce appropriate cellular responses in accordance with the organelle functions or 

dysfunctions (Butow and Avadhani 2004).  

In yeast the most prominent example for such inter-organelle regulation is the upregulation of 

nuclear encoded citrate synthase isoform 2 gene (CIT2) (Butow and Avadhani 2004;  

Chelstowska et al. 1999; Parikh et al. 1987). The CIT2 product functions in the peroxisome 

where it acts in the glyoxylate cycle to derive citrate for the TCA cycle. If functional 

mitochondria exist, citrate is derived through the TCA cycle in the mitochondria. In the case of 

mtDNA depletion (e.g. rho 0 strains) or the general perturbation of mitochondrial respiratory 

function, citrate supply for the cell through the TCA cycle ceases and 30 fold increases in the 

expressional levels of nuclear encoded CIT2 gene are observed (Chelstowska et al. 1999). The 
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observed CIT2 up regulation is achieved through a retrograde dependent pathway for 

transcriptional regulation (Chelstowska and Butow 1995). 

 In mammals retrograde signalling in response to mitochondrial dysfunction usually leads to 

activation of transcription factors part of the anterograde signalling (Ryan and Hoogenraad 

2007). One example of anterograde signalling between mitochondria and nucleus in human is 

the MERRF syndrome (myoclonic epilepsy associated with ragged-red fibers) defined by the 

presence of very high number of mitochondria in the muscle cells due to increased 

mitochondrial proliferation (Hirano 2010). The reason for increased mitochondrial 

proliferation is the presence of mutation of one of the mitochondrial tRNA genes encoding for 

Lys which leads to reduced overall translation of proteins encoded by the mitochondrial 

genome and ultimately to OXPHOS defects. Possibly in attempt to compensate for the 

mitochondrial dysfunctions caused by mitochondrial DNA mutation the nucleus raises the 

production of nuclear encoded mitochondrial proteins resulting in a global mitochondrial mass 

increase in the cells (Wallace 2005). Overall, mitochondria and nucleus are highly interrelated 

and constantly communicating organelles, which are capable to affect and even alter the 

functions on one another through various pathways for communications.  

1.2.4 Endosymbiotic evolution 

How did this inter-relationship develop? The answer most probably lies in the genesis of 

mitochondria through endosymbiosis. Mitochondria are the remnants of once free living 

bacteria capable of surviving in an oxygen atmosphere and are thought to have originated from 

several independent endosymbiotic events (Bock and Timmis 2008; J. Timmis et al. 2004), 

that began 1.5 billion years ago (Figure 1-6). One significant difference between today’s 

mitochondrial and their ancient counterparts is the mitochondrial genome size, which has 

dramatically reduced over the course of the endosymbiosis. This reduction in size has been 

accompanied by an inter-organelle redistribution of the genetic material between the 

mitochondria and the nucleus which has led to the functional transfer of the majority (about 

98%) of genes required for mitochondrial function (J. N. Timmis et al. 2004) into the nuclear 

chromosomes. Evidence suggests that transfer of genes from the endosymbiont’s genome to 

the nucleus was initially frequent and included large segments of DNA (Martin 2003). 
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Figure 1-6 Endosymbiotic evolution 

Endosymbiotic evolution triggered genetic material redistribution between the ancestors of today presented 

mitochondria and the ancestors of today presented eukaryotes. From one side the alpha-proteobacterial symbiont 

underwent massive gene loss during transition to an organelle. Among the genes essential for mitochondrial 

functions, the majority was transferred to the nucleus, with a small portion remaining in the evolving 

mitochondrial DNA (mtDNA).  The hypothetical primitive nucleus of the host acquired several hundred 

symbiont genes, some of which were substituted for nuclear genes. Picture modified from  (Burger, Gray, and 

Franz Lang 2003). 
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Speculation and hypotheses of how the endosymbiotic event occurred are generally based on 

data obtained from systematic (phylogenetic) genome wide analyses of eukaryotic species 

(Blanchard and Schmidt 1996) and laboratory experiments that attempted to trace the gene 

transfer mechanisms in Baker’s yeast (Campbell and Thorsness 1998; Cheng and Ivessa 2010; 

Shafer et al. 1999; Thorsness, White, and Thorsness 2002). These data revealed that the 

genomes of all eukaryotic species, sequenced so far, contain nuclear encoded sequences of 

mitochondrial origin (NUMTs) which are distributed unequally within the nuclear genomes 

(Ricchetti, Tekaia, and Dujon 2004; Richly and Leister 2004). These NUMTs represent actual 

remnants of the endosymbiotic evolution (Richly and Leister 2004) and occupy only a small 

fraction of the eukaryotic genome (less than 0.1 %) (Richly and Leister 2004). Interestingly, 

the first studies aiming to search for correlation between the complexity of the eukaryotic 

genomes, the frequency of insertion or the number of NUMT insertions (Mourier et al. 2001; 

Ricchetti, Fairhead, and Dujon 1999; Richly and Leister 2004) did not identify any correlation, 

but more recent attempts screening for correlation in bigger sample sizes found a clear 

correlation between the NUMTs content and the genome size (Hazkani-Covo, Zeller, and 

Martin 2010). For example the yeast genome contains 34 sites of insertions ranging from 22 to 

230 bp in size sharing 80-100 % homology with mitochondrial chromosome sequences 

(Ricchetti et al. 1999). There are 172 NUMTs scattered across the mouse chromosomes 

(Calabrese, Simone, and Attimonelli 2012), while human chromosomes contain 766 

mitochondrial DNA insertions (Calabrese et al. 2012).  

In terms of size, NUMTs vary considerably from 106 bp to almost the entire mitochondrial 

chromosome – 14, 654 bp in human cells (Mourier et al. 2001). Large subsets of NUMTs are 

highly rearranged suggesting their early insertion in evolution with subsequent high 

evolutionary pressure sculpturing them through the genetic events such as duplication, 

inversions and deletions (Woischnik and Moraes 2002). On the other hand comparisons 

between the human and chimpanzee genomes revealed 27 NUMTs which are found only in 

the Homo sapiens genome suggesting the their acquisition happened relatively recently during 

primate evolution (Ricchetti et al. 2004). Additionally human individuals of different ancestry 

are heterogeneous in terms of NUMTs composition (Dayama et al. 2014; Lang et al. 2012). 

While the first attempt to trace the human NUMTs polymorphism between individuals 

resulted in identification of only 14 segregating NUMTs (Lang et al. 2012) the second and 
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most recent study identified 141 polymorphic NUMTs (Dayama et al. 2014). The expected 

tendency is that the number of polymorphic NUMTs will rise with the increase of the number 

of sequenced human genomes (Hazkani-Covo et al. 2010). 

The presence of preferential sites of mitochondrial insertion within the eukaryotic genome is a 

highly debatable topic. Richetti et al. 2004 claimed that NUMTs preferentially insert within 

introns (Ricchetti et al. 2004) in the human genomes. By contrast, Mishmar et al. found that 

the majority of NUMTs are inserted around repetitive, mobile elements (Mishmar et al. 2004) 

in human, while Lenglez et al. identified a putative correlation between NUMT insertion sites 

and DNA replication origins (ORIs) in fission yeast (Lenglez, Hermand, and Decottignies 

2010) Tsuji et al. proposed that NUMTs insert around experimentally defined open chromatin 

regions that are often adjacent to AT rich oligomers, flanked by retrotransposones (Tsuji et al. 

2012). Characterization of the sequences of the inserted NUMTs and the sites of insertions are 

critical because these could give information on the dynamics of the process at present, 

inferred from the NUMTs sequence similarity to the contemporary mitochondrial genome on 

one hand and the mechanism of NUMTs insertions into the nuclear chromosomes on another.  

A known mechanism facilitating the insertion of the NUMTs into the nuclear chromosomes is 

the non-homologous end joining repair (NHEJ) (Cheng and Ivessa 2012; Ju et al. 2015; 

Ricchetti et al. 1999). This form of repair of double strand breaks joints DNA broken ends 

directly by ligation and theoretically does not require sequence homology between the 

repaired ends (Karran 2000) but micro-homology of 1-4 nucleotides is often present (Karran 

2000). Such micro-homology is also found between the ends of inserted de novo NUMTs and 

their flanking nuclear sequences in yeast (Cheng and Ivessa 2012; Ricchetti et al. 1999) and 

human (Ju et al. 2015) cells. From evolutionary perspective, the incorporation of 

mitochondrial DNA into sites of double-strand breaks in human genome has been linked to 

decrease in the number of deletions usually co-occurring with the repair of double-strand 

breaks though HNEJ (Hazkani-Covo and Covo 2008). It does appear that mtDNA inserted in 

the nuclear chromosomes acts to provide extra nuclear DNA patches to mend vulnerable 

chromosomal sites during the repair of double strand breaks, but what are the immediate 

consequences on the nuclear genome of such spontaneous DNA insertions? 
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In germ-line cells de novo mtDNA insertions into the genome could result in either neutral of 

harmful polymorphisms (Hazkani-Covo et al. 2010) based on the sites of NUMT integration. 

Harmful polymorphisms are usually a consequence of NUMT integration into exonic or splice 

sites of a gene. The latter could interfere with the proper gene splicing and subsequently give 

rise to disease phenotypes. For example a 251 bp NUMT insertion at the splice site of the 

human gene encoding plasma factor VII (gene having coagulant and antigen activities) results 

in severe plasma factor VII deficiency also known as bleeding disease (Borensztajn et al. 

2002). Other cases of NUMT insertion within exons include the insertion of a 72 bp NUMT 

into the GLI3 gene causing a premature stop codon resulting in Pallister-Hall syndrome 

phenotype (Turner et al. 2003) and the insertion of 93 bp NUMT into MCOLN1 exon causing 

mucolipidosis IV (Goldin et al. 2004). Finally an insertion of a 36 bp NUMT into USH1C has 

been associated with the Usher syndrome IC type (Chen et al. 2005). 

 De novo NUMTs insertions in haploid yeast have also been associated with global genome 

instability leading to premature aging as a result of increased transfer of mtDNA into the 

nucleus (Cheng and Ivessa 2010, 2012).  

1.2.5 On-going nature of the transfer in germ-cell line and somatic cells  

Mitochondrial DNA escape to the nucleus has been shown to be an on-going process (Cheng 

and Ivessa 2010, 2012; Ricchetti et al. 1999) in budding yeast where laboratory methods exist 

to capture and quantify the transfer events (Ricchetti et al. 1999; Thorsness and Fox 1990, 

1993). Thorsness et al. conducted two experiments designed to measure the transfer of 

mtDNA to the nucleus by quantitatively monitoring the emergence of prototrophic colonies 

derived from nuclear auxotrophic strains in S. cerevisiae. For this purpose genes capable of 

complementing the nuclear auxotrophic mutations, were transfected into the mitochondria as 

an episome (in the mitochondrion lacking mtDNA), in the first study (Thorsness and Fox 

1990), or as an inserts into the mitochondrial chromosomes in the second study (Thorsness and 

Fox 1993). Emergence of growth of the nuclear auxotrophic colonies cultured on the media 

lacking the appropriate nutrients could be detected only in the case of mitochondrial to nuclear 

transfer of the entire gene markers complementing the auxotrophic state. The conclusion of 
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these experiments was that the transfer of mtDNA to the nucleus is an on-going process and 

the rates of the transfer were estimated to be approximately 2x10 
-5

 per cell per generation in 

the first study (Thorsness and Fox 1990) dropping to about 5x10
 -6

 in the second (Thorsness 

and Fox 1993).  

Extensive evidence for the on-going nature of mtDNA transfer from mitochondria to the 

nucleus exist for a much broader spectrum of eukaryotic organisms including plants, 

honeybee, rodents, metazoans, human and interestingly it is mostly related to the germ line of 

these species (Hazkani-Covo, Zeller, & Martin, 2010; Kleine, Maier, & Leister, 2009; Leister, 

2005). Phylogenetic analyses give relative values for the rates of NUMTs integration in the 

human germ line genome and it is between 5.1 - 5.6 x10
-6 

per cell/per generation (Bensasson, 

Feldman, and Petrov 2003; Ricchetti et al. 2004). 

 Critically, mtDNA transfer to the nucleus has been shown to be on-going in mammalian 

somatic cells. For example, in primary low-grade brain neoplasms, fluorescent in situ 

hybridization analyses revealed that mtDNA is present in the nucleus in correlation with an 

overall increase in mtDNA content in the cell (Liang 1996). Similarly, mtDNA sequences 

were found in the nuclear genome of hepatoma cells at a higher copy number than normal 

tissue (Kruh et al. 1989). Entire, preserved mitochondria were found to reside in the 

myocardial cell’s nuclei in a patient having rheumatic heart disease who underwent 

cardiopulmonary bypass surgery (Jensen, Engedal, and Saetersdal 1976). In more recent 

studies, Schneider et al. 2014 demonstrated that pluripotent mouse embryonic stem (ES) cells 

and induced pluripotent stem cells (iPS) contained high numbers of mtDNA sequences derived 

from mitochondria in the nucleus, which were ~ 3.2 and ~ 4.7 fold higher respectively when 

compared to the differentiated fibroblasts (Schneider et al. 2014). 2D gel electrophoresis 

revealed that in iPS cells, mtDNA sequences in the nucleus were mainly represented by 

extrachromosomal circles. What is the function of the nuclear localized mtDNA in ES and iPS 

cells and what is the biological role of the change of the number of nuclear localized mtDNA 

in differentiated fibroblasts remains to be further identified. Caro et al. 2010 identified the 

presence of mtDNA (mtCOXIII and 16SrRNA gene sequences) in the nucleus of rat brain and 

liver cells (Caro et al. 2010). Interestingly the amount of mtDNA increased with age in both 

tissues and a higher increase (3 compared to 1.7 fold) was observed in the liver measured with 

PCR. Surprisingly this study also identified a stable colonization of the mtDNA within the 
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chromosomal centromere regions in 20 out of 40 chromosomes in rat bone marrow cells 

obtained from young and old animals (Caro et al. 2010). Furthermore, Ju et al. 2015 reported 

transfer of mtDNA and insertion into the nuclear chromosomes in human primary cancers and 

cancer cells lines (Ju et al. 2015). The integration of the mtDNA into the nuclear chromosomes 

was frequently found to overlap with other nuclear chromosomal rearrangements, suggesting 

NHEJ to be the most probable mechanism enabling the insertion. Based on the frequency of 

insertions it was proposed that the rate of transfer of mtDNA into the nucleus in human cancer 

cells is approximately 2x10
-4

 per cell/per generation.  

1.2.6 Possible mechanisms for mtDNA transfer to the nucleus 

How mitochondrial DNA is physically transferred to the nucleus? Mitochondrial DNA can be 

transferred to the nucleus as cDNA. Nuclear genes that are mitochondrially derived have 

traces of RNA editing in plants (Nugent and Palmer 1991). This suggests that mitochondrial 

complementary - cDNAs (mRNAs) are the primary vehicle for mtDNA escape and implicates 

the reverse transcriptase machinery that resides in mitochondria and the nucleus in the 

mechanism by which NUMTs are generated. This conclusion is supported by the proximity 

based ligation study conducted by Rodley et al. 2012 which identified a 40% decrease in the 

formation of mtDNA-nDNA interactions in the absence of mitochondrial reverse transcriptase 

(Rodley et al. 2012). By contrast, an investigation aiming to unravel the mechanism 

responsible for mitochondrial to nuclear DNA transfer detected no alternation on rates even in 

the absence of functional mitochondrial transcription for some yeast mutated strains, 

suggesting that mt cDNAs are not the dominant vehicles for the transfer in this particular case 

(Shafer et al. 1999). 

Mitochondrial DNA can be transferred between the mitochondrial and nuclear compartments 

in “bulk” through intracellular pathways. The possible roles for these mechanisms in 

mitochondrial to nuclear transport are supported by observations that segments of the 

mitochondrial genome, that do not code for mRNA have been identified within the nucleus 

(Richly and Leister 2004; Woischnik and Moraes 2002). 

 Intracellular pathways could enable transfers between mitochondrial and nuclear 

compartments through physical associations that link the double membrane bounded 
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organelles and promote physical exchange of membrane mitochondrial components with the 

nuclear membranes (Mota 1963). Alternatively, vacuole mediated pathways could transfer 

mtDNA into the nucleus during the process of mitochondrial turnover (Campbell and 

Thorsness 1998; Ding and Yin 2012; Hazkani-Covo et al. 2010). For example, the vacuole 

mediated pathway is hypothesised to enable elevated transfer of mtDNA to the nucleus in 

yeast strains harbouring nuclear mutations – yme mutants (yeast mitochondrial escape 

mutants)(Campbell and Thorsness 1998; Hanekamp et al. 2002; Park et al. 2006; Shafer et al. 

1999). Some of the products encoded by the mutated nuclear genes are targeted in 

mitochondria and their absence in the mutated strains is thought to cause higher than normal 

mitochondrial fragmentation leading to increase vacuole transfer of mtDNA to the cell nucleus 

(Campbell and Thorsness 1998; Hanekamp et al. 2002). 

Alternatively, parts of the mitochondrial genome or entire genomes can be released from the 

mitochondria into the cell cytoplasm during the processes of mitochondrial fusion and fission 

(Dimmer and Scorrano 2006; Youle and van der Bliek 2012) or mitochondrial degradation 

(Ding and Yin 2012; Youle and van der Bliek 2012) and can subsequently be engulfed by the 

cell nucleus (Shafer et al. 1999), a process possibly facilitated by the close proximity of the 

two organelles in the cellular space. 

The overall conclusion of the studies mentioned so far is that the transfer of mtDNA to the 

nucleus most likely employs several parallel mechanisms that could work simultaneously or 

exclusively in particular situations and cellular states. 

1.2.7 Formation of mito-nDNA interactions in budding and fission yeast  

Rodley et al. 2009 found that nucleic acid of mitochondrial origin interacts strongly and 

reproducibly with nuclear loci and that the pattern of interactions depends on the carbon 

source (Rodley et al. 2009). These findings were obtained using GCC (Genome Conformation 

Capture) to determine the global set of genome interactions occurring within S. cerevisiae 

cells (Rodley et al. 2009). 

Further research (Rodley et al. 2012) conducted by the O’Sullivan group used 3C to 

investigate thoroughly the pattern of interactions formed between mitochondrial DNA and 

nuclear loci when S. cerevisiae was grown in three different carbon sources (glucose 
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(fermentable), galactose (respiro-fermentable) and glycerol lactate (induces solely respiratory 

growth). Overall, the total numbers of interactions occurring between the nuclear and 

mitochondrial genomes were found to be highest during fermentable growth on glucose 

followed by the growth on glycerol lactate and on galactose respectively.  

In addition to interacting with rRNA genes, mtDNA fragments also formed interactions with 

unique nuclear loci (Rodley et al. 2012). Interestingly significant increases for interactions 

with unique nuclear loci were observed during respiratory growth. Detailed investigations of 

the pattern of the one of these interactions, between the mitochondrial COX1 (also known as 

CO1)(mitochondrially encoded cytochrome oxidase subunit 1) and nuclear encoded MSY 

genes (nuclear encoded mitochondrially targeted tyrosyl-tRNA synthetase), showed that the 

pathway involved in delivery of the mtDNA fragments to the nucleus did not involve the yme 

genes.  

The αI5γ intron within the COX1 gene was part of the mitochondrial interacting DNA 

sequence (Rodley et al. 2012). This intron encodes an endonuclease. Deletion of all of the 

introns within the COX1 gene, leaving only the COX1 αI5γ intron, resulted in a significant 

decrease in the number of mito-nDNA interactions formed, when tested by 3C. Therefore, it 

was proposed that the main pathway responsible for mtDNA transfer to the nucleus, involves 

functional reverse transcriptase (Rodley et al. 2012). Strikingly, the occurrence of mito-nDNA 

interactions correlated with regulation of the transcriptional levels of nuclear partners involved 

(Rodley et al. 2012). This is not the first study to propose а link between the quality of 

mitochondrial DNA and the nuclear transcription changes. Two other studies (Parikh et al. 

1987, 1989) also showed alteration of nuclear transcript levels as a result of changes in 

mitochondrial genotype. 

 Mito-nDNA interactions were found to be formed and the pattern of their formation to be 

dynamic during the cell cycle transitions in fission yeast (R S Grand, Martienssen, and 

O’Sullivan 2014). Interestingly, mtDNA was found to interact with highly transcribed nuclear 

genes during M phase. These nuclear genes were enriched in GO terms related to ribosome 

structure and function which is consistent with the biosynthetic processes taking place in the 

following phase of the cell cycle - G1 phase, for which ribosomal functions are critical. During 

the G1 phase, mtDNA was found to interact with nuclear regions enriched for early origins of 
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replication which again is consistent with the processes taking place in the following phase of 

the cell cycle which is the DNA replication phase - S. Taken together these results suggest that 

mtDNA interacts with “open” nuclear regions during the fission yeast cell cycle phases and 

that there is degree of regulation in the formation of mito-nDNA interactions during the cell 

cycle transitions. Within the mitochondrial genome, there were three mitochondrial restriction 

fragments which showed highest interaction frequencies with nuclear loci during the cell cycle 

phases (i.e. 21S-15SrRNA, Cox3-Cob1-SPMIT.06, Cox1-SPMIT.02). The finding that the 

mtCOX1 gene migrates to the nucleus to interact with nuclear encoded loci frequently in both 

budding and fission yeast is surprising and raises the question is there something special about 

the COX1 gene?  

The MtCOX1 gene encodes subunit I of cytochrome C oxidase. Cytochrome C oxidase 

catalyses the final step of oxidative phosphorylation, a reaction that is highly irreversible, and 

thus determines the speed of the entire electron flow through the electron transport chain 

(Michel et al. 1998). Therefore COX1 function and the function of the other mitochondrially 

encoded cytochrome subunits (i.e. COX2, COX3) is essential for the unidirectional flow of 

electron in OXPHOS. COX1, COX2 and COX3 are the largest subunits of the enzyme and 

evidence exists that these three mitochondrial encoded subunits of the COX1 gene are 

sufficient to act as a catalytic centre that carries out the reduction reaction. COX1 is highly 

conserved within the mitochondrial genome amongst the eukaryotic species (Adams 2003). 

One of the two proteins which are contained in every completely sequenced mitochondrial 

genome is COX1 (Claros et al. 1995). 

 

 

 

 

  



                                                                                                                          Introduction 

 

44 

  

1.3 Methods for studying nuclear organization 

Many approaches are now available for the detection of chromatin interactions which employ 

mostly Chromosome Conformation Capture (3C) techniques (Table 1-1) (Dekker et al. 2002; 

Nagano et al. 2013; O’Sullivan 2010; Suhas S.P. Rao et al. 2014; Simonis et al. 2006; Zhao et 

al. 2006). Additionally, Fluorescent in situ Immuno-hybridization techniques (FISH) are also 

used to identify the proximity of interacting loci (Baù and Marti-Renom 2012; Cardoso et al. 

2012; Griffiths et al. 2009).  

The 3C method was first developed by Decker in 2002 to screen the interactions occurring 

within yeast chromosome III (Dekker et al. 2002). Further developments enabled the wide 

application of the 3C technology to study the entire genome organization in yeast and 

mammals (Nagano et al. 2013; Noordermeer and de Laat 2008; Pickersgill et al. 2006; Suhas 

S.P. Rao et al. 2014; Rodley et al. 2009; Tolhuis et al. 2002; de Wit et al. 2008).  

3C derived methods are proximity ligation methodologies designed to detect physically 

interacting DNA sequences (Cullen, Kladde, and Seyfred 1993; Lieberman-Aiden et al. 2009; 

Mukherjee, Erickson, and Bastia 1988; Suhas S.P. Rao et al. 2014). Chromatin that is cross-

linked with formaldehyde is digested with the restriction enzyme of choice and ligated to 

produce circularized products of the interacting sequences known as a genome interaction 

library. The ligation step is critical for monitoring the interacting sequences because the 

number of ligated partners provides a quantitative measure of the numbers of DNA molecules 

located in close proximity. There are several 3C techniques which mainly differ at the step for 

interaction detection.  

 In the original 3C (Chromosome Conformation Capture) method, the level of the interacting 

fragments is quantified by PCR or qPCR across the restriction sites of two (Splinter et al. 

2006) a priori known interacting sequences. This method requires primer design for any 

interaction that is to be interrogated.  

The 4C (Circular Chromosome Conformation Capture) method identifies interactions that 

occur with one known fragment (bait region) through the application of an inverse PCR out of 

the bait fragment (Simonis et al. 2006b; Z. Zhao et al. 2006). Thus, sequencing is kept to a 

minimum, even for large genomes (Rodley et al. 2011; Simonis et al. 2006; Zhao et al. 2006). 
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At the same time 4C allows capturing the whole set of interaction that occur with the “bait” 

regions.  

 5C (Chromosome Conformation Capture Carbon Copy) is the high throughput adapted 3C 

based method. Large scale parallel identification of interacting loci is available through 

multiplexed annealing and ligation of hundreds of forward and reverse specifically designed 

5C primers on the 3C library. The latter allows screening of all possible combinations of 

interacting DNA regions that the forward and reverse primers amplify (Dostie et al. 2006). 

Binding of antibodies to pre-determined TFs that have been tagged with biotin at the ligated 

sites is another variation of 3C and this additional step reduces dramatically the quantity of 

nonspecific products generated during the preparation of the genome library (CHiA-

PET)(Fullwood et al. 2009).  

HiC (High-Throughput Chromosome Conformation Capture) captures interactions in a 

genome wide fashion (Lieberman-Aiden et al. 2009; Suhas S.P. Rao et al. 2014). It combines 

ligation of loci located in close proximity with high throughput sequencing. In principle HiC is 

capable of identifying the whole set of interactions between DNA regions present in a 

populations of cells (Lieberman-Aiden et al. 2009; Suhas S.P. Rao et al. 2014). Originally a 

“diluted” HiC was employed for interaction interrogation where the ligation step was 

performed on lysed nuclei along with chromatin dilution to prevent non-specific ligation due 

to inter-molecular collisions (Lieberman-Aiden et al. 2009). Later an in-situ HiC variant was 

invented in which the ligation step was carried out in partially intact nuclei and the chromatin 

dilution step was omitted (Nagano et al. 2013; Suhas S.P. Rao et al. 2014). The in-situ HiC 

method has been shown to reduce sources of experimental noise compared to the “diluted” 

HiC version and to produce denser interaction maps (Gavrilov et al. 2013; Nagano et al. 2015; 

Suhas S.P. Rao et al. 2014). Nevertheless both HiC variants produce interaction maps with 

very similar patterns (Gavrilov et al. 2013; Nagano et al. 2015; Suhas S.P. Rao et al. 2014). It 

is worth mentioning that a third variant which combines HiC and single-cell microscopy 

developed by Fraser and colleagues made possible identification of interactions in an 

individual cells (Nagano et al. 2013).  
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Colour-coded FISH analysis enables screening for interactions between two particular loci on 

one or different chromosomes in a cell and their visualization by florescent microscopy 

(Lanzuolo et al. 2007; Lomvardas et al. 2006; Scheuermann et al. 2004; Yuan et al. 2002). 

Results from FISH confirm that the interaction profiles of two cells obtained from the same 

tissue or population of cells differs (Gheldof et al. 2010; Parada et al. 2004). But a prevailing 

pattern does exist for a cell population (Dekker et al. 2002; Dixon et al. 2012, 2015; Dostie et 

al. 2006; Suhas S.P. Rao et al. 2014; Rodley et al. 2009; Yaffe and Tanay 2011; Zhao et al. 

2006). 

 Where 3C methods gives high throughput and resolution of the interacting profile in a cell 

population, FISH methods identify interactions in individual cells (Branco and Pombo 2006; 

Edelmann et al. 2001; Schardin et al. 1985). A combination of both FISH and 3C methods is 

preferred for studies aimed at simply discovering interactions.  

 The extensive usage and improvement of these techniques in the last 20 years led to 

identification of the main patterns of the nuclear genome organization from yeast to mammals. 
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     Table 1-1 Commonly used 3C methods for studying the 3D genome organization   

 

 

 

  

Method Type of the detected interactions Interaction 

detection  

Ref. 

3C Interactions between two a priori defined loci qPCR (Dekker et al. 

2002) 

4C Enrichment for interactions present between one genomic 

region and the rest of the genome. 

Inverse PCR (Zhao et al. 

2006) 

5C Inducing primers to produce carbon copy of the 

interacting regions for in depth interaction screening. 

Allows global interrogation of the interactions  

Designing 

multiplex 

primers 

(Dostie et al. 

2006) 

CHiA-PET Chromatin interactions enriched for a priory determined 

protein of interest 

Combining 

ChiP with 

high-

throughput 

sequencing 

(Fullwood et 

al. 2009) 

HiC Biotin enriched ligation products; capture all interaction 

in the genome 

High 

throughput 

sequencing 

(Lieberman-

Aiden et al. 

2009) 

Tethered 

HIC 

Biotin enriched ligation products in tethered/immobilized 

cells: Capture all interactions in the genome  

High 

throughput 

sequencing 

(Nagano et al. 

2013) 
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1.4 Aims and objectives 

 

The main function of the cellular nucleus is to maintain and to facilitate the realization of the 

genetic information it stores. The structure of the nuclear genome is a key component of the 

mechanisms that are used to facilitate these high-end outcomes. My thesis will attempt to 

unravel new aspects of the nuclear architecture and its relationship to nuclear function during 

mammalian cell development focusing on two main hypotheses.  

1. Muscle development is accompanied by cell type specific transcription reprogramming 

(Braun et al. 1989; Lassar, Skapek, and Bennett 1994; Sabourin and Rudnicki 2000; 

Weintraub et al. 1991). I hypothesized that the transcription changes during muscle cell 

differentiation may be linked to changes in the nuclear architecture. In order to address 

this hypothesis I characterized the interrelationship between the three dimensional 

genome organization (3D) and global gene expression during muscle development 

using a mouse C2C12 cell line as an in vitro model.  

 

2. The mitochondrial organelle is a dynamic organelle. Considering the observations for 

the formation of specific mito-nDNA interactions in fission and budding yeast and the 

effect of these interactions on transcriptional levels of nuclear encoded genes I 

hypothesized that specific mito-nDNA interactions may be formed in mammalian cells. 

Furthermore, the transfer of mitochondrial DNA into the nuclear organelle is an on-

going process in a wide range of mammalian cells. To test for the presence of mito-

nDNA interactions in mammalian cells I used six human cell lines (GM12878, IMR90, 

K562, KBM7, NHEK and HUVEC) and primary mouse cortical astrocytes as in vitro 

model.  
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Chapter 2. Materials and Methods 

2.1 Global genome organization changes and transcriptome changes 

during muscle development  

2.1.1 C2C12 cell culturing 

 Myoblasts from the skeletal muscle-derived C2C12 cell line were obtained from American 

Type Culture Collection (ATCC® CRL1772™). C2C12 myoblasts were propagated at 37 ˚C, 

5% CO2 in Dulbecco's Modified Eagle Medium (DMEM) (high glucose, +pyruvate, +phenol 

red, +L-Glutamine) (Gibco® 11995-073) supplemented with 10% fetal bovine serum (FBS; 

Gibco®) and antibiotics (penicillin 100 U/ml, streptomycin 100 μg/ml) (Gibco®). All 

experiments were performed using cells at passage 3. Myoblasts were plated at a low cellular 

density of 5 × 10
3
/cm

2
 (to achieve sub-confluent myoblast cultures) or a high cellular density 

of 2.5 × 10
4
/cm

2
 (to allow cell crowding and myogenic differentiation to occur).

 
Cells from the 

same source culture were plated in parallel at the appropriate cell density into T-75 tissue 

culture flasks (Greiner bio-one, 658175) (75 cm
2 

growth surface, 20 mL media volume, (for 

HiC extraction) and 12W Multiwell Plates (Greiner bio-one, 665180) (3.9 cm
2
/well growth 

surface, 1 mL/well media volume) (for RNA extraction and cellular fixation). Six replicate 

T75 culture flasks were plated for each experimental condition in order to achieve estimated 

cell numbers required for analysis. Following 72 hours proliferation, cells which were plated 

at the low density were harvested as sub-confluent myoblast cultures (Myoblasts). At the same 

time (D0), high density cultures were switched to differentiation media (DMEM (Gibco® 

11995-073) supplemented with 2% horse serum (HS, Gibco® 16050-122)) and antibiotics 

(penicillin 100 U/ml, streptomycin 100 μg/ml) (Gibco® 15140-122)) to induce myotube 

formation. Following 3 days of differentiation myotube cultures were either harvested 

(Myotubes(Day3)), or switched to differentiation media supplemented with 10 µg/mL 

Cytosine β-D-arabinofuranoside (AraC, Sigma, C1768) in order to kill/eliminate remaining 

myoblasts and obtain more purified myotube cultures. On day 5, AraC media was replenished 

and AraC purified myotube cultures were harvested on day 7 (Myotubes(Day7+AraC)). The 

experimental procedure was repeated on an independent occasion using a second stock C2C12 

source vial. Cell densities at plating and harvesting were as indicated in (Table 2-1). If 

http://www.atcc.org/~/ps/CRL-1772.ashx
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Myotubes(Day3) and Myotubes(Day7+AraC) are not exclusively specified, the terms 

Myotubes refers collectively to Myotubes(Day3) and Myotubes(Day7+AraC) further in the 

text. 

 

Table 2-1  Cell numbers at time of plating and harvesting. 

* The exact number of Myotubes(Day3) and Myotubes(Day7+AraC) could not be precisely determined due to the 

fact that the cells contain multiple nuclei. 

 

2.1.2 Immunocytochemistry 

At 72 h after proliferation, or 3 and 7 days after switch to DM media, culture media from the 

individual wells of the twelve well plates was removed from Myoblasts, Myotubes(Day3) 

Myotubes(Day7+AraC) respectively and replaced with fresh pre-warmed DMEM containing 

serum and MitoTracker® Red CMXRos dye. The volumes indicated further in the protocol are 

for staining of the cell in an individual well. Cells were incubated (37°C, 30 min) in the 

presence of MitoTracker®(1ml, final conc. 300 nM), followed by 2 × 5 min incubations in 

DMEM (1ml, 37°C) to remove unbound dye. Cells were fixed in formaldehyde/PBS w/v (1ml, 

final conc. 3.7%, 15 min, 37°C) and washed with three changes of PBS (1ml, 5 min, 37°C 

each). Fixed cells were permeabilized with Triton X-100/PBS w/v (1ml, final conc. 0.1%) for 

10 min at RT, washed three times with 1ml PBS (5 min, RT), blocked in 1% w/v bovine serum 

albumin (BSA)/PBS (MP Biomedical New Zealand Limited) w/v (blocking buffer) (300µl, 1 

h, RT) and incubated (o/n, 4°C) in blocking buffer containing primary antibody against 

sarcomeric myosin (MF20 antibody) (300µl, diluted 1:20 in blocking buffer). The following 

day, cells were washed in PBS (5 min, RT) repeated five times, and then incubated in Goat 

Culture vessel Time point Myoblasts Myotubes(Day3)*  Myotubes(Day7)*  

(+10 ug/mL AraC) 

T-75 

Flask 

(75 cm2) 

Plating 375 000/flask  1 875 000/flask 1 875 000/flask 

Harvesting ~ 5 X 10
6
/flask >5 X 10

6
/flask >5 X 10

6
/flask 

12W 

Plates 

(3.9 cm2/well) 

Plating 19 500/well 97 500/well 97 500/well  

 

Harvesting ~ 260 000/well >260 000/well >260 000/well 



                                                                                                            Materials and Methods 

 

51 

  

anti-Mouse IgG (H + L) Alexa Fluor® 488 conjugated secondary antibody (300 µl diluted 

1:200 in PBS) with 300 nM 4',6-diamidino-2-phenylindole (DAPI; 1 h, RT). Following further 

washing in PBS (5 min, RT), cells were imaged using the Molecular Devices ImageXpress 

Micro XLS High content screening system equipped with Andor Zyla CMOS camera and 

10x/0.3 NA Plan Fluor lens. Images were captured from nine random pre-selected sites in each 

of three replicate culture wells. Global linear adjustments to image fluorescent signal 

brightness/contrast were made in Image J. This work was completed as part of collaboration 

by Dr. James Markworth, Liggins Institute, University of Auckland). 

2.1.3 Image capture analysis 

A Molecular Devices ImageXpress Micro XLS automated wide-field microscope was used for 

high content screening (HCS) of C2C12 Myoblasts throughout the time-course of 

differentiation. Hardware included a Lumencor SpectraX LED light engine and Andor Zyla 

sCMOS camera, with automated stage, laser auto-focusing, fluorescent and brightfield light 

options. This HCS platform is equipped with multiple standard, long working distance, low 

numerical aperture (NA) air/dry objectives (4, 10, 20 and 40x), which are designed for use 

with thick (0.5–1.1mm), clear bottom microtiter plates or glass bottom slides. The equipment 

is available for use through the Biomedical Imaging Research Unit, the University of 

Auckland (http://www.fmhs.auckland.ac.nz/sms/biru/).  

Cells were imaged with a 10x/0.5 NA objective in plastic clear bottom microtiter 

CELLSTAR® Cell Culture Multiwell 12-well Plate (TC treatment) (Greiner Bio-One #665 

180) Three-color fluorescent images (Blue: DAPI, Green: Alexa Fluor 488, Red: 

MitoTracker® Red CMXRos Dye) were captured from nine random pre-selected fields of 

view in each of three replicate culture wells per condition.  

MetaXpress software (version 5.3.0.5, Molecular Devices) was used for automated image 

analysis of the extent of myogenic differentiation. Briefly, the Multi Wavelength Cell Scoring 

analysis journal was used to quantify the differentiation index (% differentiation) by 

automated counts of the total number of DAPI stained nuclei per field (DAPI; Wavelength 

(W)1) and the percentage of W1 counts located within a sarcomeric myosin (MF20)-positive 

cell body (Alexa Fluor 488; W2). Global linear adjustments to image fluorescent signal 

http://www.fmhs.auckland.ac.nz/sms/biru/
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brightness/contrast were made to all pixels within an image in Image J software in 

representative images. 

2.1.4 Preparation of C2C12 HiC libraries 

HiC libraries were prepared as described previously (Lieberman-Aiden et al. 2009), with 

minor modifications (Figure 2-1). For the preparation of the HiC libraries, cells were grown in 

T-75 Flasks. Two Biological Replicates of the C2C12 Myoblasts, Myotubes(Day3) and 

Myotubes(Day7+AraC) were prepared from C2C12 cells obtained from different source vials 

seeded on different days.  
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Figure 2-1 HiC workflow 

The protocol begins with cross-linking of cell population with formaldehyde. Formaldehyde forms strong 

covalent bonds between the DNA molecules within the interacting complex and the proteins that usually mediate 

the interactions. Next, the chromatin is digested with the restriction enzyme of choice (HindIII). The DNA sticky 

ends of the digested chromatin are filledin with nucleotides. One of the nucleotides (dCTP) is replaced with 

biotinylated-dCTP. Following filling in the sticky ends, the chromatin is ligated in dilute conditions to promote 

formation of ligation products within the cross-links. The addition of the biotinylated dCTP allows labelling the 

sites of ligation junction. Next, the prepared HiC library is subjected to sonication to reduce the average size of 

the fragments within the library allowing further high-throughput sequencing. Then the HiC library is enriched 

for biotinilated junctions through specific binding of the biotin to magnetic beads coated with streptavidin. 

Sequencing primers are attached and the library is sent for sequencing.  
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2.1.4.1 Cross-linking of the Myoblast and Myotube cells 

Before cross-linking of the Myoutubes, the cells were washed with 10 mL PBS and the media 

replaced, to dispose of dead floating cells. For crosslinking, 540 µl of 37% formaldehyde 

(Sigma-Aldrich) was added to each T-75 flask containing 20 mL DMEM/serum culture media 

(1% formaldehyde final conc.) and incubated with (10 min, RT) with shaking (60 rpm). After 

cross-linking 1mL of 2.5 M glycine was added to each flask (final conc. 0.125 M) and 

incubated with shaking (5 min, RT, shaking (60 rpm) to quench the unreacted formaldehyde. 

The cells were then quickly scraped from the flasks and transferred to 15 mL falcon tubes. 

Cells were pelleted by centrifugation (800x g, 10 min, 4°C) and the supernatant discarded. 

Cells were washed with 10 mL PBS (800x g, 10 min, 4°C) and cells that originated from the 

same Biological Replicate were pooled together (approximately 20 x 10
6
 Myoblasts (four 

flasks) and 25 x 10
 6 

Myotubes (three flasks). Cross-linked cell pellets were stored at -20°C for 

not more than two weeks, before they were used for the following protocol steps.  

2.1.4.2 Lysis of cross-linked cells  

Cross-linked cells were lysed by the addition of 550 μl lysis buffer [(500 μl 10 mM Tris-HCl 

pH8.0, 10 mM NaCl, 0.2% w/v NP-40) + 50 μl 1x protease inhibitors cocktail (7.14 µl 7x 

dissolved tablets stock EDTA-free (Roche) + 42.85 µl d.H2O) and incubation (15 min) on ice. 

Cells were then transferred into a Dounce homogenizer (7 mL; 2/Cs) and lysis promoted by 

moving the pestle up and down 10 times, incubating on ice for one minute, before an 

additional 10 pestle strokes. Cells were then transferred to a 1.5 mL microfuge tube, 

centrifuged (5000 rpm, 2min, RT), and the supernatant discarded. The pelleted chromatin was 

then washed twice with 500 μl icecold 1x NEBuffer 2.1 (NEB).  

2.1.4.3 Chromatin digestion 

The chromatin pellet was suspended in 1mL 1x NEBuffer 2.1 and split into five 210 μl 

aliquots in 1.5 mL microfuge tubes. NEBuffer 2.1 (1x, 152 μl) was added to each tube to a 

final volume of 362 μl. To inactivate the protease inhibitors and to remove the proteins that 

were not directly cross-linked to the DNA, 38 μl 1% w/v SDS was added to each tube, mixed 

carefully and incubated (10 min, 65°C). The tubes were then transferred onto ice and 44 μl 

10% Triton X-100 was added and mixed carefully to quench the unreacted SDS. Chromatin 
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was subsequently digested by the addition of 400 Units HindIII (NEB) and incubation (37°C, 

with rotation) overnight. 

2.1.4.4 Restriction site filling and biotin labelling  

Following digestion, chromatin was placed on ice. One of the five tubes served as a control 

and was kept separate from the remaining four tubes which were prepared for blunt end 

ligation.  

The 5’ overhangs in the digested restriction sites were filled in and marked by incorporating 

biotinylated dCTP. Nucleotide triphosphates (1.5 μl 10 mM dATP, 1.5 μl 10 mM dGTP, 1.5 μl 

10 mM dTTP, 37.5 μl 0.4 mM biotin-14-dCTP (Invitrogen)) and 10 μl 5U/μl Polymerase I, 

Large Klenow (NEB) were added to each of the four tubes that were being used for HiC 

library preparation. The tubes were incubated (45 min on 37°C with rotation) before being 

transferred onto ice.  

All reactions were inactivated by the addition of 86 μl 10% SDS and incubation (65°C) for 30 

min prior to being placed on ice. 

2.1.4.5 Blunt end DNA ligation 

DNA ligation was performed in dilute conditions to favor ligation between DNA fragments 

residing on the same cross-links. Five aliquots of 7.61 ml ligation mix were prepared [745 μl 

10% Triton X-100, 745 μl 10x ligation buffer (500 mM Tris-HCl pH7.5, 100 mM MgCl2, 100 

mM DTT), 80 μl 10 mg/ml BSA, 80 μl 100 mM ATP and 5.96 ml water] and added to five 15 

ml Sarstedt tubes. Chromatin (including the 3C control) from all five tubes for each sample 

was transferred to the corresponding 15 ml tubes. For normal 3C ligation, 10 μl 1U/μl T4 

DNA ligase (Invitrogen), was added to the 3C tube. For blunt-end ligation, 50 μl 1U/μl T4 

DNA ligase (Invitrogen) was added to each of the remaining four tubes, to compensate for the 

lower efficiency of the blunt-end ligation reaction. All five tubes were incubated at 16°C for 4 

hours. Tubes were mixed by inversion every 30 min to ensure good mixing of the DNA to the 

components of the ligation solution. 
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2.1.4.6 Reversal of the cross-links and DNA purification  

Prior to DNA purification, the proteins floating in the ligation solutions and those comprising 

the protein component of the cross-links had to be degraded and the cross-links reversed. The 

ligation mixtures were subjected to treatment with 25 μl 20 mg/ml proteinase K. Samples were 

incubated overnight at 65°C before addition of 25 μl 20 mg/ml proteinase K and a 2 h 

incubation (65°C). Reactions were incubated at RT for 30 min and transferred to five 50 ml 

conical tubes.  

DNA purification was started by the addition of 10 ml phenol pH 8.0 to each tube. Samples 

were vortexed (2 min) and centrifuged (3,500 rpm, 10 min). Supernatants were transferred to 

five new 50 ml conical tubes before another round of phenol extraction. Supernatants were 

transferred to five 35 ml centrifugation tubes and the volumes in the tubes increased to 10 ml 

per tube with 10 mM Tris pH8.0, 1 mM EDTA (1x TE). For DNA precipitation, 1 ml 3M Na-

acetate (1/10 v/v) was added to each tube, mixed well before adding 25 ml (x2.5 v/v) ice-cold 

100% ethanol. Tubes were inverted several times to properly mix the contents and were 

incubated at -80°C for two hours. Tubes were centrifuged (10,000x g, 4°C, 40 min). The 

supernatant was discarded and each DNA pellet was dissolved in 450 μl 1x TE buffer and 

transferred to a 1.7 ml microfuge tube.  

To increase the purity of the DNA, two additional DNA extractions were performed. To the 

contents of the 1.7 mL tubes, 500 μl phenol pH 8.0:chloroform (1:1) was added, vortexed (30 

seconds) and centrifuged (14000 rpm, 5 min, RT). Supernatants (each ~400 μl) were 

transferred to five new 2 ml tubes before the addition of 40 μl 3M Na-acetate, and mixed by 

inversion. Ethanol (1 ml, 100%) was added to each sample, tubes inverted, and incubated (- 

80°C, 45 min). Tubes were centrifuged (12000 x g, 20 min, 4°C). The supernatant was 

discarded and pellets washed once with 500 μl 70% ethanol. After centrifugation (10 000 rpm, 

5 min), the supernatant was discarded and the pellets were briefly air-dried prior to suspension 

in 25 μl 1x TE. To remove any purified RNA, 1 μl 1 mg/ml RNAse A was added per tube and 

incubated at 37°C for 15 min. The contents of the four tubes that underwent restriction site end 

filling and biotin labelling were pooled together to form a complete HiC library. 
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2.1.4.7 Removal of biotin from unligated ends 

Some of the DNA ends that were labelled with biotin would have not undergone ligation and 

they should be removed from the HiC libraries to prevent their purification by streptavidin. 

The removal of the biotin from unligated ends was achieved using the exonuclease activity of 

T4 DNA polymerase. Four reactions per HiC library were set up, each of which contained ~ 5 

μg DNA (estimated by visualizing 2 and 6 µl aliquots of the purified DNA libraries following 

separation on a 2% (w/v) agarose gel (90V/30min). To each HiC library aliquot containing ~ 5 

μg DNA, 1 μl 10 mg/ml BSA, 10 μl 10x NEBuffer 2.1, 1 μl 10 mM dATP, 1 μl 10 mM dGTP 

and 5 Units T4 DNA polymerase (NEB) was added and the total volume was brought up to 

100 μl with 1x TE (12°C, 2h). To inhibit the action of the enzymes 2 μl 0.5 M EDTA pH8.0 

was added to each of the four aliquots. Finally the DNA of the four aliquots was purified by 

one phenol pH8.0:chloroform (1:1) extraction followed by ethanol precipitation. Purified 

DNA pellets were resuspended in 100 μl water. 

2.1.4.8 Shearing of the HiC libraries and repair of the sheared DNA ends  

In order for the DNA libraries to be suitable for high throughput sequencing their DNA 

fragments should be of relatively small sizes (typically between 150 – 800 bp). Consequently, 

long DNA fragments in the HiC libraries had to be fragmented. Fragmentation was achieved 

by sonication using the EpiShear™ Cooled Sonication Platform (Active Motif). The HiC 

libraries were transferred to polystyrene sonication tubes (Active Motif) and sonicated (6 min 

run time, 59 sec/on, 59 sec/off, 4°C). 

Sonication of DNA, breaks covalent bonds in the DNA polynucleotide chain. Such DNA 

breaks have to be repaired prior to DNA sequencing. The breaks in the HiC libraries were 

repaired by addition of 14 μl 10x ligation buffer (as for blunt-end ligation), 14 μl 2.5 mM 

dNTP mix, 5 μl T4 DNA polymerase (NEB), 5 μl T4 polynucleotide kinase (NEB), 1 μl 

Klenow DNA polymerase (NEB) and 1 μl water. Samples were incubated at RT for 30 min.  

DNA was purified using Qiagen MinElute columns (Qiagen) according to the manufacturer’s 

instructions. DNA was eluted in 2 x 15 μl Tris-Low-EDTA buffer TLE (10 mM Tris pH8.0, 

0.1 mM EDTA).  
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2.1.4.9 A-tailing of the blunt DNA fragments 

An 'A' was added to the 3' ends of the end repaired blunt DNA fragments to prevent them from 

ligating to one another during adapter ligation. The tailing reaction was carried out by addition 

of 5 μl 10x NEBuffer2.1, 10 μl 1 mM dATP, 2 μl water and 3 μl Klenow (exo) (NEB) to each 

of the HiC libraries. The reaction was incubated at 37°C for 30 min followed by 65°C for 20 

min to inactivate the Klenow (exo). The reaction was cooled on ice and the volume was 

reduced to 20 μl with a speedvac Express SC250EXP SpeedVac™ Concentrator System 

(Thermo Scientific; 1h, 55 °C, pressure(2)) , so that the entire volume could be loaded in a 

single well of an agarose gel.  

2.1.4.10  Size selection 

DNA was electrophoresed on a 1.5% agarose gel in 1x TAE for 1.5 hours at 80 V. The gel was 

stained with SYBR green (Invitrogen), visualized on a Gel Doc™ EZ Imaging System (Bio-

Rad) and DNA between 300 and 650 base pairs was excised and purified using the Qiaquick 

Gel Extraction Kit (Qiagen). Gel slices were solubilized with three volumes of Buffer QG 

(Qiagen) at RT and the DNA purified with QIAquick spin columns (Qiagen). The DNA was 

eluted in 2x 50 μl 10mM TLE buffer and the final volume made up to 300 μl with TLE.  

DNA concentration was measured using the Quant-iT™ dsDNA High-Sensitivity (HS) Assay 

Kit (Invitrogen) and a Qubit® 3.0 Fluorometer (Invitrogen). The HiC libraries contained 

between 263-630 ng of DNA: (Myoblasts Replicate 1 (684 ng), Myoblasts Replicate 2 (309.6 

ng), Myotubes(Day3) Replicate 1 (263.9 ng), Myotubes(Day3) Replicate 2 (630 ng), 

Myotubes(Day7+AraC) Replicate 1 (311 ng), Myotubes(Day7+AraC) Replicate 2 (444.6 ng)). 

2.1.4.11  Biotin pull-down  

To reduce the loss of DNA, all subsequent steps were performed in DNA LoBind tubes 

(Eppendorf). Dynabeads MyOne Streptavin C1 Beads (Invitrogen) were used to pull-down the 

biotin labelled fragments.  

 In order to decrease nonspecific DNA capture, 100 μl of resuspended Streptavidin beads were 

washed twice with 400 μl Tween Wash Buffer (TWB; 5 mM Tris-HCl pH8.0, 0.5 mM EDTA, 

1 M NaCl, 0.05% Tween). The washing step consisted of incubation of the beads in the Wash 
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Buffer beads for 3 min, at RT with rotation, before the beads were reclaimed by holding 

against a 96S Super Magnet Plate (Alpaqua) for 1 min and the supernatant was removed. All 

subsequent washing steps were performed using this procedure.  

Washed beads were resuspended in 300 μl 2x Binding Buffer (BB) (10 mM Tris- HCl pH8.0, 

1 mM EDTA, 2 M NaCl) and combined with 300 μl HiC DNA to make up the final 

concentration of 1x BB buffer. The mixture was incubated at RT for 15 min with rotation. The 

beads were reclaimed on the magnet and the supernatant removed (as above). The Streptavidin 

beads were resuspended in 400 μl 1x BB and transferred to a new tube. The beads were then 

reclaimed and resuspended in 100 μl 1x ligation buffer, transferred to a new tube and 

reclaimed, before being suspended in 50 μl 1x ligation buffer.  

2.1.4.12  Preparation of the HiC libraries for Paired End sequencing 

Paired end adapters for sequencing were attached to the HiC libraries (Truseq nano DNA LT 

kit; Illumina). A 2.5 μl aliquot of the thawed unique adapter index, 2.5 μl resuspension buffer 

and 2.5 μl Ligation Mix 2 was added to each of the HiC libraries and the mixture incubated for 

2 h at 30°C. Stop Ligation buffer (5 μl) was added to each reaction. DNA fragments that were 

ligated to the adapters were separated from the non-ligated adapters by holding the mixture 

against the magnet. The adapter ligated DNA was washed with 400 μl of 1x TWB. Beads were 

resuspended in 400 μl 1x TWB and the mixture transferred to a new tube before reclamation 

of the Streptavidin beads. The wash step was repeated with: 1) 200 μl 1x BB; 2) 200 μl 1x 

NEBuffer 2.1; and 3) 50 μl 1x NEBuffer 2.1. The resulting beads were suspended in 50 μl 1x 

NEBuffer 2.1 and transferred to a new tube. 

For the amplification of the HiC libraries, 2 PCR reactions for all replicates and samples were 

used with the exception of Myoblasts Replicate 2 and Myotubes(Day7+AraC) Replicate 1 

where 4 PCR reactions were used with total volume of 50 μl (22.5 μl template [2.5 μl 

Streptavidin beads and 20 μl 1XNEBbuffer] + 22.5 μl Enhanced PCR mix + 5 μl Primer 

cocktail), were performed to amplify sufficient PCR products (~ 1 μg) for sequencing. The 

temperature profile was 95°C (3 min) followed by 15 cycles ( 98°C, 20 s; 60°C, 15 s; 72°C, 30 

s) and a final extension (72°C, 5 min). The PCR products from each HiC library were purified 

by mixing with 1x volume Ampure beads (Truseq nano DNA LT kit; Illumina). Use of 1x 

volume ensures good cleaning of the amplified product from the PCR primer dimers. PCR 
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bound Ampure beads were separated using a magnet (2 min, RT) and the supernatant 

discarded. HiC library bound Ampure beads were washed twice with 200 μl of 80% ethanol 

while the tube remained against the magnet. The beads were air-dried (6 min, RT) and the 

DNA eluted by suspending the beads in 50 μl TLE (10 mM Tris pH8.0, 0.1 mM EDTA). The 

size distribution and purity of the cleaned amplified HiC libraries was evaluated by running 1 

μl aliquots in duplicates on a 2100 Bioanalyzer Instrument (Agilent) using the Agilent DNA 

12000 Kit (Agilent).  

Finally, ~ 1μg of amplified and cleaned PCR products from each HiC library was sent to BGI 

(Beijing Genomics Institute) for paired end sequencing using the Illumina (HiSeq 2500) 

platform. Between 188 x 10
6
 and 292 x 10

6
 paired 150 bp reads were sequenced per library 

and more than 97% of the reads had Phred quality scores ≥ 20.  

2.1.5 HiC data analysis 

2.1.5.1 Mapping of the HiC libraries and generation of QC reports 

I used HiCUP (hicup_v0.5.3) (http://www.bioinformatics.babraham.ac.uk/projects/hicup/) 

pipeline to analyse the HiC libraries. The pipeline was fed with the forward and the reverse 

reads generated from the sequencing for each of the six libraries. Sequencing reads were 

mapped to the reference genome (Mus_musculus_GRCh38) using bowtie aligner to generate 

BAM files. BAM files obtained this way have the corresponding forward and reverse reads of 

a sequenced DNA fragment mapped to the reference genome as a pair (di-tag). The choice to 

use HiCUP software for HiC data mapping was motivated by the ability of the pipeline to 

execute a variety of filtering steps (e. g. removal of contiguous sequences, wrong size, re-

ligation, same fragment – internal, same fragment – dangling ends, same fragment - 

circulized). Additionally, the HiCUP pipeline provides summary statistics for each stage of 

data processing, enabling precise identification of potential problems regarding the quality of 

the HiC libraries.  

 

http://www.bioinformatics.babraham.ac.uk/projects/hicup/
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2.1.5.2 Generation of interaction matrices 

I employed the HOMER HiC software pipeline (http://biowhat.ucsd.edu/homer/)(Heinz et al., 

2011) to generate interaction matrices, to perform identification of A and B compartments and 

to determine significant interactions.  

First, paired-end (i.e. di-tags) reads outputted from HiCUP were checked for GC content (“-

checkGC”) and reads originating from regions with unusually high tag density “5 fold higher” 

(‘‘-removeSpikes 10000 5’’) were removed. Next, only read pairs where both ends mapped 

near restriction sites for HindIII “AAGCTT” (e.g. maximum distance from restriction site is 

1.5x of the insert fragment size) were retained specifying (‘‘-both’’) option. Further, 

normalized interaction matrices for each biological replicate were generated using 500kb bin 

size resolution. Normalization is based on the generation of a background model using the 

entire genome which calculates the number of expected reads between any two loci accounting 

both for linear distance and sequencing depth. Generally, the normalized interaction matrices 

output the ratio of observed to expected interactions.  

When the normalized matrices were generated the “-corr” function was specified which 

replaces the number of interactions with a Pearson Correlation Coefficient representing how 

each region interacts with any other region. As such transitive information is added to the 

problem. For example, if two regions are interacting with the same loci on the interaction 

matrix the assumption is made that they are probably similar themselves and will have high 

Pearson Correlation Coefficient (i.e. similar to 1) and if two regions are interacting with 

different loci they will have negative correlation coefficient. After confirmation that the 

normalized interaction matrices on 500kb resolution were highly correlated between the 

biological replicates subsequent analysis were performed only on the combined interaction 

data containing the reads for both biological replicates for each condition. This compensated 

for the relatively low number of di-tags of the individual replicates. 
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2.1.5.3 Identification of compartments 

A and B compartments were identified, for each condition, using interaction matrices with 

resolution at 400kb and a “-superRes” of 500kb. Regions which had expected reads <3 or 

sequencing depth < 0.15 fraction of mean or sequencing depth > 4 standard deviation were 

removed from the analyses. The direction of the Eigenvalues is arbitrary and therefore positive 

values were set to “A” and negative values were set to “B” based on their association with 

transcription start sites (TSS).  

2.1.5.4 Comparison of the interaction profiles between conditions 

To compare the interaction profiles between conditions, the “getHiCcorrDiff.pl” script in 

HOMER was used with parameters “res 400000” “superRes 500000”. This script undertakes a 

direct comparison of matrices generated with the “corr” function between two different 

experiments. If the interaction profile of a locus in one experiment is similar to the interaction 

profile of that same locus in another experiment the correlation will be high, if the locus 

interacts with different regions in the two experiments, the correlation will be low.   

The regions which had negative correlation (<0) between the different conditions were 

selected for further analyses. The TSS belonging to these regions were identified using 

“annotatePeaks.pl” simultaneously with the identification of the distribution of PC1 values 

across the TSS, in 500 bp windows upstream and downstream to the TSS. TSS were divided 

into two groups: 1) TSS and surrounding regions which had their PC1 values reduced from 

one experiment to another; and 2) TSS and surrounding regions which had their PC1 values 

increased from one experiment to another. Next, the transcript levels of the genes 

corresponding to the TSS were pulled out from the transcriptome data (generated in Chapter 

4). Genes which had undetectable transcript levels in both compared conditions were 

discarded from the gene group. A Wilcoxon signed-rank test was used to assess whether the 

population mean ranks differs for PC1 values and transcript levels in transition from one 

experiment to the other for each group. The distribution of the PC1 values and transcript levels 

was plotted using R (“barplot” function)(R Core Team 2013). 
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The list of genes which had their PC1 values reduced or increased from one experiment to 

another and had detectable transcript levels in at least one of the compared conditions were 

subjected to term enrichment analysis for “biological process” using GOTermFinder 

(http://go.princeton.edu/cgi- bin/GOTermFinder)(E. I. Boyle et al. 2011). The p-value cut-off 

was set at 0.05 and gene lists queried against the Mouse Genome Informatics database (MGI).  

2.1.5.5 Screening of the differentially expressed genes for their compartment 

membership 

“annotatePeaks.pl” was used with “hist” option specified to generate histograms of PC1 

values around 500kbp regions from the centre of the top10% and bottom 10% of the 

differentially expressed gene between the different conditions. The differentially expressed 

genes were characterized thoroughly in Chapter 4.  

2.1.5.6 Identification of TADs 

Consensus non-overlapiing domains (TADs) were identified using an “armatus” algorithm 

with parameters “g 1.0 -s 0.05  -r 400000” (Filippova et al. 2014). The input for domain 

identification was the matrices generated by HOMER with “-res 400kb” and “-superRes 

500kb”. 

2.1.5.7 Identification of significant interactions 

Significant interactions were identified for each condition on 400kbp resolution without 

specifying superresolution. For two given loci that could potentially interact, HOMER models 

their randomly expected read counts using the cumulative binomial distribution, where the 

total number of trials is the number of reads that could possibly map between the loci, the rate 

of success is the expected interaction frequency, and the number of observed successes is the 

number of observed reads mapping between the loci. Interactions which had p value < 0.001 

and False Detection rate (fdr) <=0.01 were deemed as significant for each condition.  

Venn diagrams illustrating the overlap for domain boundaries and interactions in pairwise 

condition comparisons and between all three conditions were plotted using R (“Vennerable” 

package)(R Core Team 2013). 
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2.1.5.8 Pairwise feature enrichment determination at the endpoints of interactions 

Published Chip-seq data were mined to obtain Chip enrichment data for PolII, H3K4me2, 

H3K4me3, H3K27me3 for C2C12 Myoblasts and Myotubes respectively (Asp et al. 2011). 

Chromosome coordinates from the earlier genome version (mm9) were converted to 

coordinates for the Mus musculus (mm10 genome version) using LiſtOver (Hinrichs et al. 

2016).  

Myotubes in the Chip-seq experiments were harvested at Day 4 after a medium switch which 

is very similar to the Myotubes culturing conditions used in my experiment Myotubes(Day3). 

I also used the Chip-seq data for Myotubes harvested at Day4 to test for interaction pairwise 

enrichment features in the Myotubes(Day7+AraC) samples on the basis that the 

Myotubes(Day3) and Myotubes(Day7+AraC) cells exhibited high levels of morphological and 

gene expression similarity. 

HOMER calculates the enrichment at the endpoints of the interactions for a particular pair of 

features. The number of observed end points of interactions connected by this pair of features 

is compared to the number of expected end points of interactions. Thus, an enrichment ratio is 

generated. If the enrichment ratio > 0 the interaction end points are enriched for this pair of 

features, of the ration < 0 the interactions end points are depleted for this pair of features. In 

addition to enrichment ratio HOMER provides a P value defining the significance of the 

observed enrichment (Wilcoxon signed-rank test).  

For the calculation for enrichment ratio, the peaks for the epigenetic marks and the groups of 

genes which were tested were linked to the resolution of the interactions (400kbp) using 

“mergePeaks” –d 400000” HOMER command. 
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2.1.6 Preparation of the RNA sequencing libraries 

2.1.6.1 RNA extraction 

RNA was extracted using a procedure that combined Trizol (Invitrogen) and the RNAeasy 

Mini Kit (Qiagen). Myoblasts, Myotubes(Day3) and Myotubes(Day7+AraC) grown on 12 

well plates in two Biological Replicates were used for RNA extraction. Media from nine 

different wells per plate was removed. The cells in each well were treated immediately with 

390 μl Trizol (Invitrogen) (5 min, RT). The cell content was then homogenized by pipetting to 

permit complete dissociation of the nucleoprotein complexes, before transferring the content 

from each well to a new 1.5 mL microfuge tube. Homogenized RNA samples were stored at -

80°C and the RNA extracted within one month of the date of storage.  

RNA extraction continued with addition of 58 μl chloroform to each tube. The mixture was 

inverted several times and incubated at RT for 2 min. To separate the RNA from the DNA and 

proteins, the mixture was centrifuged (12000x g, 15 min, 4°C). The upper aqueous layer (~150 

μl) was transferred to a new tube, and 150 μl 70% ethanol (in DEPC-treated water) was added. 

Samples were mixed by inversion to prevent the formation of any visible white precipitate. 

The extraction was continued using the RNAeasy Mini Kit (Qiagen) spin columns. Samples 

were transferred to a Spin Cartridge Column (with a Collection Tube) and centrifuged (12000x 

g, 30 sec, RT). The flow-through was discarded. Wash Buffer I (350 μl) was added to the Spin 

Cartridge Column containing the bound RNA and the samples were centrifuged (12000x g, 30 

sec, RT). RNase-Free DNase Set (Qiagen; 80 μl) was added to the center of the Spin Cartridge 

Column and the samples incubated (15 min at RT). Wash Buffer RW I (350 μl) was added to 

the Spin Cartridge Column and the samples were centrifuged twice (12000x g, 30 sec, RT). 

Another 700 μl Wash Buffer RW I was added and samples were spun three times (12000x g, 

30 sec, RT) consecutively. Finally, the Spin Cartridge Column was washed twice with Elusion 

buffer (500 μl 12000x g, 30 sec, RT) and dried with a final spin (12000x g, 30 sec, RT). For 

the RNA elution 2 x 15 μl RNAase-free water was added to the center of the Spin Cartridge 

Column and incubated (1 min, RT) before the RNA was retrieved by a final centrifugation 

(12000x g, 30 sec, RT). 

The purity of the extracted RNA was evaluated by determining the 260/280 and 260/230 ratio 

of the samples using a NanoDrop (ND-1000 Spectrophotometer). To account for variations 
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between wells, equal RNA amounts extracted from three separate wells were combined to 

constitute a representative RNA sample of 5 μg. Before sending RNA samples for 

Transcriptome sequencing, the integrity of the RNA was determined using an Agilent RNA 

6000 Nano Kit on an Agilent 2100 Bioanalyzer Instrument. The RNA integrity number (RIN) 

of the RNA samples was between 9.4 and 10, which indicated high quality of the RNA 

samples. 500 ng of the RNA samples were applied and run on a 1% (w/v) agarose gel to 

confirm the absence of DNA contamination. Between 7.6 x 10
 6 

and 7.9 x 10
 6

 100 bp paired 

end sequencing reads per RNA sample were generated after sequencing on an Illumina (HiSeq 

2500) platform (BGI).  

2.1.7 RNA-seq data analyses 

2.1.7.1 Transcriptome analysis of the test data set 

Sequenced RNA reads had Phred Quality scores ≥ 24 

(http://www.bioinformatics.babraham.ac.uk/projects/fastqc/) and trimming wasn’t necessary. 

Genes that were differentially expressed were identified using TopHat (TopHat v2.0.9) 

(http://tophat.cbcb.umd.edu/) and Cuffinks (cufflinks v2.1.1)(Trapnell et al. 2010). Paired 

RNA reads were aligned to a reference genome (UCSC-mm10.fa) and the splice sites of the 

genes identified by providing a reference transcriptome (UCSC-mm10.gtf file) in tophat (with 

parameters -r 200 -p 32). Approximately 92% of the reads aligned to the reference genome 

concordantly as a pair. Significant differentially expressed genes for the pair of biological 

replicates and the three stages of muscle cell differentiation 

(MyoblastsMyotubes(Day3)Myotubes(Day7+AraC)) were identified using the Cuffdiff 

function of the Cufflinks package. Biological replicates were highly correlated based on their 

raw transcription levels (R
2
=0.97). If the genes were significantly differentially expressed and 

belonged to top 10% or bottom 10% of the significantly differentially expressed transcript 

levels, they were further considered for GO analysis. 

2.1.7.2 Transcriptome analysis of the reference data set 

To validate the differential expression of myogenic molecular markers in my RNA-seq data, 

the transcript levels of 13 genes, some of which are critical regulators of myogenesis, were 

analysed and compared to an independent RNA-seq data set (Trapnell et al. 2010), in which 

the total RNA from C2C12 was extracted from proliferating Myoblasts (24 h after plating) or 
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Myotubes at 60 h (2.5 Days) or Myotubes at Day7(Myotubes Day7) after medium shift. The 

Day7 myotubes in the reference experiment were not exposed to AraC (Trapnell et al. 2010). 

 Illumina runs for Myoblasts and each of the two myotube culture conditions were 

downloaded from GSE20846 and analysed. Briefly, sequenced RNA reads described from 

Trapnell and colleagues (Trapnell et al. 2010) were quality checked 

(http://www.bioinformatics.babraham.ac.uk/projects/fastqc/). The reverse reads had low 

average quality score 4>x>23 and were excluded from further analysis. Base pairs from the 

forward reads with quality score <20 were trimmed from either ends of the 76 bp reads using 

prinseq (prinseq v0.20.4-lite)( http://prinseq.sourceforge.net/), and if the total read length 

remained > 40 bases after trimming the reads were kept for mapping to the mouse genome. 

The average sequence quality score for the forward reads after trimming was 21>x>31. The 

total number of sequencing reads used for mapping to the reference genome was between 11.2 

x 10
6
 > x >17.8 x 10

6
 for the different Illumina runs. Further mapping and differential gene 

expression analyses were performed following the steps described for the test data sets. 

The transcript levels of the chosen gene sets for the test and the reference experiments were 

plotted as log10 of the FPKM values +1 using “cummerbund” package from R (R Core Team 

2013). 

2.1.7.3 GO analyses 

Genes that were significantly differentially expressed and within the top or bottom 10% of the 

significantly differentially expressed transcript levels were subjected to term enrichment 

analysis for “biological process” using GOTermFinder (http://go.princeton.edu/cgi- 

bin/GOTermFinder)(E. I. Boyle et al. 2011). The p-value cut-off was set at 0.05 and gene lists 

queried against the Mouse Genome Informatics database (MGI). 

2.1.7.4 KEGG pathway analyses  

Differentially expressed genes were queried against KEGG pathways using DAVID (the 

database for annotation, visualization and integrated discovery) (Huang, Lempicki, and 

Sherman 2009) with default parameters. 
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2.2 Interactions between mitochondrial and nuclear DNA in mammalian 

cells  

2.2.1 Mining HiC data for mitochondrial-nuclear interactions  

The mapping locations of HiC read pairs, minus low quality alignments and duplicates, were 

obtained from Rao et al. GSE63525 (Suhas S.P. Rao et al. 2014) for six human cell lines 

(GM12878, IMR90, K562, KBM7, NHEK and HUVEC; Table 2-2). HiC libraries for 

different biological and technical replicates were chosen for analysis if their sequencing depths 

were 1.07x10
8 

< x < 3.9 x10
8
 and varied by ± 43% (Supplementary S1). HiC read pairs that 

mapped simultaneously to the mitochondrial and nuclear chromosomes were selected, filtered 

for alignment quality (MAPQ ≥ 30). 50 bp was added to left coordinate of the mitochondrial 

and nuclear partners provided within the files of HiC read pairs to obtain a 3’ coordinate for 

the interacting partners. The proximity of the mapped sequences to MboI (^GATC) restriction 

sites was checked (Appendix; Script 1) Specifically, fragments had to map within 450 bp of an 

MboI restriction site, which is less than the maximum insert size (500 bp), in order to be 

considered real. The coordinates for interactions filtered for proximity to the nuclear and 

mitochondrial MboI restriction sites interacting partners were deposited in bed format 

(Supplementary information; bed files).  
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Table 2-2 Cell lines and their collection source used for the preparation of the HiC 

libraries. Modified from (Suhas S.P. Rao et al. 2014). 

 

The fasta sequences of the nuclear loci captured interacting with the mtDNA were obtained 

from human genome (hg19) using fastaFromBed – BEDTools (Quinlan and Hall 2010) and 

mapped onto (Homo_sapiens GRCh37.75 ensemble release) using bowtie 2 (version 2.1.0) 

with the following parameters “-k 1 -D 20 -R 3 -N 0 -L 20 -i S,1,0.50 -p 8” (Langmead and 

Salzberg 2012). Mapping was performed to identify for repetitive sequences. No mismatches 

were permissible during the mapping onto the reference genome (Supplementary information; 

sam files). 

The number of nuclear loci in each replicate and the number of nuclear loci shared between 

pairs of all replicates for a cell line was then counted at the MboI restriction fragment level 

(Supplementary; S2). Nuclear loci that overlapped known human NUMTs (Calabrese et al. 

2012)(Supplementary; S3) and those mapping to chrY were excluded from the analysis due to 

the repetitive nature of these sequences and inaccuracy associated with mapping to these 

regions.  

Strain ID Cell Type Collection 

GM12878 Human B-lymphoblastoids Coriell Institute for Medical 

Research; Cadmen, NJ 

K562 (CCL-243) Human Erythroleukemia American Type Culture 

Collection; Manassas, VA 

IMR-90 (CCL-

186) 

Human Lung Fibroblasts American Type Culture 

Collection; Manassas, VA 

KBM-7 Near Haploid Human Myelogenous 

Leukemia 

Haplogen GmbH;                                     

Vienna, Austria 

192627 Normal Human Epidermal Keratinocytes 

(NHEK) 

Lonza Walkersville Inc.;                 

Walkersville, MD 

CC-2517 Human Umbilical Vein Endothelial 

(HUVEC) 

Lonza Walkersville Inc.;                 

Walkersville, MD 
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I used the Fisher’s exact test to determine the statistical significance of the observed overlap 

for nuclear partners that were captured interacting with the mtDNA in pairs of replicates. The 

parameters for this analysis were: K - number loci found to interact with mtDNA in the first 

replicate of the pair; n - number loci found to interact with mtDNA in the second replicate of 

the pair; k – number of shared nuclear loci between the two replicates; N – number of all 

possible MboI restriction fragments in the genome (excluding those within the mitochondrial 

genome, chrY and overlapping NUMTs coordinates) (Table 2-3). The statistical test was 

performed using R (R Core Team 2013). 
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Cell Line Compared replicates Types of replicates p value (Fisher’s 

exact test) 

K562 HiC069 (R1) vs 

(HiC071-HiC074) (R3) 

Biological ~ 0 

HiC070 (R2) vs 

(HiC071-HiC074) (R3) 

Biological ~ 0 

HiC069 (R1) vs HiC070 (R3) Technical ~ 0 

KBM7 HiC075 (R1) vs HiC078 (R2) Biological 1.54E
-48

 

NHEK HiC065 (R1) vs HiC066 (R2) Technical ~ 0 

HiC066 (R2) vs HiC067 (R3) Technical 9.59E
-161

 

HiC065 (R1) vs HiC067 (R3) Technical 2.24E
-166

 

HUVEC HiC080 (R1) vs HiC081 (R2) Technical 2.54E
-122

 

HiC081 (R2) vs HiC082 (R3) Technical 8.75E
-159

 

HiC080 (R1) vs HiC082 (R3) Technical 1.39E
-255

 

IMR90 HiC050 (R1) vs HiC051 (R2) Technical 3.62E
-09

 

HiC055 (R3) vs HiC056 (R4) Technical 2.82E
-206

 

HiC050 (R1) vs HiC055 (R3) Biological 1.01E
-19

 

HiC050 (R1) vs HiC056 (R4) Biological 2.29E
-28

 

HiC051 (R2) vs HiC055 (R3) Biological 2.36E
-33

 

HiC051 (R2) vs HiC056 (R4) Biological 2.52E
-30

 

GM12878 HiC003 (R1) vs HiC020 (R2) Biological 1.03E
-40

 

HiC003 (R1) vs HiC022 (R3) Biological 5.57E
-58

 

HiC003 (R1) vs HiC025 (R4) Biological 2.05E
-60

 

HiC003 (R1) vs HiC027 (R5) Biological 1.14E
-132

 

HiC020 (R2) vs HiC022 (R3) Biological 3.07E
-14

 

HiC020 (R2) vs HiC025 (R4) Biological 9.55E
-18

 

HiC020 (R2) vs HiC027 (R5) Biological 1.46E
-23

 

HiC022 (R3) vs HiC025 (R4) Biological 3.67E
-32

 

HiC022 (R3) vs HiC027 (R5) Biological 2.96E
-57

 

HiC025 (R4) vs HiC027 (R5) Biological 2.36E
-73

 

Table 2-3 Fisher’s exact test was performed (using R) to evaluate the 

probability for that many or more nuclear loci interacting with mtDNA to 

be found shared between pairs of replicates by random chance 
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2.2.2 Gene Ontology (GO) Term enrichment analysis of the HiC data 

Genes that overlapped or flanked the nuclear loci that were captured interacting with the 

mtDNA, in all replicates of a cell line, were identified. Default parameters within the AmiGO 

Term Enrichment online tool (http://amigo.geneontology.org/amigo) were used to determine if 

the captured nuclear loci were enriched in particular GO functional groups. 

2.2.3 Estimating the distribution of interactions on human mtDNA 

Samtools (Li et al. 2009) was used to obtain the nuclear interacting fragments that 

corresponded to the captured nuclear loci, filtered for proximity to MboI restriction site, that 

were shared between all the replicates of each cell line from the sam files (Supplementary 

information; sam files). The corresponding mitochondrial partners were extracted from the bed 

files (Supplementary information; bed files) using a python script (Appendix; Script 2). 

Intersect BEDtools (Quinlan & Hall 2010) was used to redistribute the mitochondrial 

sequences onto their MboI restriction fragments and count the number of the restriction 

fragments that were interacting in all replicates and cell lines. A histogram of the numbers of 

captured mitochondrial MboI restriction fragments was calculated using approximately 

equally sized bins (bins 2, 3 and 4 were 4142 bp; bin 1 was 4143 bp). This approach accounted 

for differences in the length of the mitochondrial MboI restriction fragments (Supplementary; 

S4). The frequency of captured interactions for mitochondrial restriction fragments that 

spanned the boundaries of a bin was distributed proportionally between the two adjacent bins. 

A two way ANOVA (unbalanced), with “Cell Line” specified as a random effect was applied 

to test if the variation in the number of captured interacting mitochondrial restriction 

fragments within the four bins was cell line or replicate dependent. The statistical test was 

performed using R and lme4 package (Linear Mixed-Effects Models using 'Eigen' and S4) (R 

Core Team 2013). A model where there was no variation in the bins was not included in this 

analysis. 

 

http://amigo.geneontology.org/amigo
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2.2.4 Preparation of mouse cortical astrocytes 

All animal procedures were approved by the Animal Ethics Committee of the University of 

Otago. Cortices were isolated from one and two day old postnatal mice and incubated with 

0.25% trypsin/0.02% EDTA (10 min, 37°C). Trypsin was inactivated with culture medium 

supplemented with DMEM/F12 + 10% fetal bovine serum (FBS). Cells were dissociated by 

gentle pipetting in 7-8 mL culture medium before being plated in 75mm
2 

flasks (two cortices 

per flask) and incubated (5% CO2, 37°C). The culture medium was changed every 3-4 days. 

After 10-12 days, cultures were shaken for 24-36 h (180 rpm) and treated with 10 mM leucine 

methyl ester (12 hrs, 5% CO2, 37°C) to remove oligodendrocyte precursors and microglia. 

Secondary astrocyte cultures were then established by trypsinizing the primary cultures, and 

sub-plating 1x10
6
 cells onto 100 mm dishes.  

Confluent secondary astrocyte cultures were fixed (2% (final conc.) paraformaldehyde, 10 

min, RT). Cross-linking was quenched by addition of glycine (125 mM final conc., 5 min, 

RT), cells were scraped off the dishes, sedimented (3000g, 8 min, 4°C), suspended in PBS 

(320g, 8 min, 4°C), divided into three aliquots and collected by centrifugation (320g, 8 min, 

4°C). Cells were stored in aliquots of 4x10
6 

cells at -80
o
C until use. 

2.2.5 4C library preparation 

Chromatin was prepared as described previously (Splinter, Grosveld, and de Laat 2004) with 

minor modifications (Figure 2-2). Briefly, astrocytes (4 x 10
6
) were pelleted by centrifugation 

(320g, 8 min, 4°C) and lysed (10 min) with ice cold lysis buffer (10 mM Tris pH 8.0, 10 mM 

NaCl, 0.2% NP-40, protease inhibitor cocktail-EDTA-free (Roche)). Cell nuclei were 

collected by centrifugation (600g, 5 min, 4°C). 

Nuclei were incubated with SDS (0.3% final conc., 1 hr, 37
o
C, with shaking). Triton-X-100 

(1.8% final conc.) was added and the chromatin solution incubated (1 hr, 37
o
C, with shaking). 

Restriction buffer (NEB) was added (1x final concentration) before the chromatin was 

digested with MspI (C^CGG; 160U, New England Biolabs, 37
o
C, o/n, with shaking). MspI 

was inactivated (SDS [1.3% final conc.], 20 min, 65
o
C) and the chromatin solution diluted 

(10-fold) in water. Triton-X-100 (1% final conc.) was added and the digested chromatin 

incubated (1 hr, 37
o
C, with shaking) to sequester the unreacted SDS. A MspI digested E. coli  
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Figure 2-2 4C workflow 

In case of interactions present between mtDNA and nuclear DNA, the interactions are cross-linked with 

formaldehyde, which forms covalent bonds between the DNA and the proteins within the interacting complex. 

The chromatin is digested with MspI and the cross-links are ligated in dilute conditions. Following the removal of 

the proteins that mediate the interactions the 4C libraries are used as template for the inverse PCR reactions. As 

such all interactions between the particular matichondrial regions of interest (baits) and the nuclear loci are 

identified through amplification with PCR out of the baits. The amplified PCR products are further sent for 

sequencing and the whole set of interactions that each of the baits forms with nuclear loci are identified. 
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amplicon (Figure 2-3 and Table 2-5) was added at the same concentration as a diploid mouse 

locus, to control for random inter-molecular ligation events. T4 DNA ligase (40U, Invitrogen) 

was added and the chromatin ligated (4.5 hr, 16
o
C).  

 

 

Following ligation, crosslinks were reversed (3.56U Proteinase K (Fermentas), overnight, 

65
o
C), before removal of RNA by incubation with DNase free RNAase A (0.06 mg, 45 min, 

37
o
C). DNA was purified by three rounds of Chloroform:Phenol (1:1) extraction, addition of 

12 µl LPA (10 mg/ml), 0.1x volume 3M Sodium Acetate and 2x volume absolute ethanol and 

precipitated (-20
o
C, 2 hr). DNA was pelleted by centrifugation (25 min, 13000rpm, RT) and 

subjected to two 70% ethanol washes (15 min, 13000rpm, RT). DNA was suspended in 100µl 

water.  

In total, three 4C libraries (technical replicates) were generated: one cut control (Cut) in which 

the T4 DNA ligase was replaced by water; and two cut-ligated replicates (CL1 and CL2). 

 

Figure 2-3 Preparation of the E.coli control 

E.coli control has competent ends for ligation 226 bp E.coli control 

was first PCR amplified from E.coli K-12 genomic DNA. The PCR 

product was then digested with MspI restriction enzyme and its ability 

to self-ligate tested by performing ligation on digested PCR product.  

The presence of smear in LC1 and LC2 (technical replicates of the 

ligation), indicates the existence of variety of product harbouring 

different molecular weight (DL=DNA Ladder, 100 bp, NEB) (e.g. 

different length), ranging from 226 bp (non-ligated sample) to more 

than 1500 bp. The presence of several subsequent ligations of the 

products confirms that the MspI ends of the E.coli control are 

competent. 
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2.2.6 4C primer design 

A region spanning ~1/3 of the mtDNA genome (NC_010339, 3361-8410) encoding the ND1, 

ND2, CO1, CO2, ATPase8, ATPase6 genes was digested in silico with MspI to produce five 

4C baits. Inverted PCR primer pairs were designed (Primer3 (v. 0.4.0);(Koressaar and Remm 

2007; Untergasser et al. 2012)) to amplify out of each individual bait (Table 2-4). Blocker 

primers (Karkare and Bhatnagar 2006; Vestheim and Jarman 2008) were designed to hybridise 

to the adjacent baits. Blocker primers were modified with three carbons on their 5’ and 3’ ends 

to prevent amplification of the sequences to which they anneal by blocking polymerase 

activity (Table 2-4). 

 

 

 

 

 

Table 2-4 Primer pairs and blockers for the amplification of each of the baits. 

Primer pairs for the amplification out of each bait (F1 (bait1), F2 (bait2), etc.) spanning the mouse mtCO1 gene: 

fwr (forward primer); Rev (reverse primer); Blockers – primers that block amplification of adjacent sequences via 

the presence of 3C linkers at their 3’ and 5’ ends (F1 (bait1), F2 (bait2), etc. 

 

 

4C Primers  Sequence 

MOUSE_CO1_F1_outer_fwr GGATGAACAGTCTACCCACCTC 

MOUSE_CO1_F1_outer_Rev CTGCTATAAAGAATAACGCGAATG 

MOUSE_CO1_F2_outer_fwr TTATTTCACATGTAGTTACTTATTACT 

MOUSE_CO1_F2_outer_Rev CTCCTGCATGGGCTAGATTT 

MOUSE_CO1_F3_outer_fwr CGAGCTTACTTTACATCAGCCACT 

MOUSE_CO1_F3_outer_Rev ATAGCCGAAAGGTTCTTTTT 

MOUSE_CO1_F4_outer_fwr TTTTCTTATTTACAGTTGGTGGT 

MOUSE_CO1_F4_outer_Rev AGGGTTGCAAGTCAGCTAAA 

MOUSE_CO1_F5_outer_fwr TTCAACCAATGGCATTAGCA 

MOUSE_CO1_F5_outer_Rev TCAAGGGATGAGTTGGATAGA 

MOUSE_CO1_F1-2_blocker /5SpC3/GAAATCTAGCCCATGCAGGA/3SpC3/ 

MOUSE_CO1_F2-3_blocker /5SpC3/AAAGAACCTTTCGGCTATATAGGAA/3SpC3/ 

MOUSE_CO1_F3-4_blocker /5SpC3/CCGGTGTCAAGGTATTTAGC/3SpC3/ 

MOUSE_CO1_F4-5_blocker /5SpC3/CCGGAATTGTTCTATCCAACTC/3SpC3/ 

MOUSE_CO1_F5-1_blocker /5SpC3/CCGGCTTACAGCTAACATTACC/3SpC3/ 
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2.2.7 PCR conditions 

Mouse genomic restriction fragments that were captured interacting with the five mtCO1 baits 

were amplified from equal quantities of each 4C genomic library. PCR reactions contained 

bait-specific combinations of primers and blockers, and KAPA long range polymerase (Table 

2-6). PCR reaction conditions for baits 1, 3, 4, and 5 were (94 °C, 3:00 min; 35x [94°C, 0:25 

sec; 55°C, 0:15 sec; 72°C, 5:00 min]; 72°C, 7:00min). PCR conditions for bait 2 were (94°C, 

3:00 min; 35x [94°C, 0:25 sec; 41°C, 0:15 sec; 72°C, 5:00 min]; 72°C, 7:00min). Four 20µl 

PCR reactions were completed for each of the 4C baits. PCR products (10µl) were visualized 

following separation on a 1.5% agarose gel (Figure 2-4). Following amplification, PCR 

products (M1 to M5 for each replicate) were pooled and column purified (QIAquick PCR 

Purification Kit). Purified libraries (cut library, 3µg; CL1 & 2 libraries, 6µg) were sequenced 

on a HiSeq 2000 (Beijing Genomics Institute, Hong Kong). Between 29 and 56 million paired-

end 100 bp sequences were obtained for each library. 
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Table 2-5 226 E.coli ligation control amplified from E.coli genomic DNA with the 

respective forward and reverse primers. 

Amplified sequence is flanked by MspI restriction sites at both ends (red) after digestion with MspI restriction 

enzyme (red). 

 

 

 

 

 

 

 

Table 2-6 PCR reagents volumes and concentrations used for the amplification 20µl total 

volume of PCR product from the 4C libraries (explanation in the text). 

 

 

Organism  Forward primer Reverse primer Amplified sequence- 226 bp 

E.coli K-12 atcgaaccggccagaaattcg 

tcggta ag  

acgctcaaccggtca 

ttgaagtattga  

atcgaaccggccagaaattcgtcggtaagcagattt 

gcattgatttacgtcattattgtgaattaatatgcaaat 

aaagtgagtgaatattctctggagggtgttttgattaag 

tcagcgctattggttctggaagacggaacccagtttcacg 

gtcgggccataggggcaacaggttcggcggttggggaag 

tcgttttcaatacttcaatgaccggttgagcgt 

 

PCR reagent Volume 

(µl) 

Final conc. 

H2O 8.8  N/A 

5x buffer  4 1X 

MgCl2   25 mM 1.4 1.75 mM 

dNTPs 10 mM 0.6 0.3   mM 

Primer pair (10 µM each) 2  1.0   mM 

DNA template  2       = 

KAPA Long-range pol 2.5U/µl 0.2 0.5   U 

Blocker primer pair 

 (30 µM each) 

1 1.5   mM 
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2.2.8 4C sequence alignment 

Computational analyses were performed on single end sequences. Sequences were sorted 

according to their bait (M1-M5), trimmed at the restriction site, size selected (>50 bp after 

trimming) and positioned onto the Mus musculus reference genome 

(mus_musculus.ensemble.release-74) and the E.coli control sequence using bowtie aligner 

(version 1.0.0) with parameters “bowtie -v0 -k 1“ (Langmead et al. 2009). No mismatches 

were allowed during positioning.   

Significant interactions between mitochondrial and nuclear DNA were selected based on the 

consideration that the pairings are independent and therefore the number of times one specific 

pairing occurs is a binomially distributed random variable (Rodley et al. 2009). Only the reads 

in the cut-ligated replicates were considered in this step. The FDR (false detection rate) was 

<2% for all pairs tested. Interactions were subsequently removed if they were present in both 

the cut and cut-ligated samples, or if they overlapped known coordinates for nuclear 

 

Figure 2-4 4C amplification of the restriction fragments interacting with the five mtCO1 

baits. 

By performing non-template control PCR (NTC), for each PCR master mix, no presence of contamination was 

ensured. DL indicates the DNA ladder (1 kb Plus DNA ladder, Invitrogen). 10 µl of the PCR product are visualized 

on 1.5% agarose gel run on 85V for 1h.   
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mitochondrial sequences ((Calabrese et al. 2012); Supplementary; S5). Analyses were 

performed using in house python scripts (Appendix; Scripts 3, 4, 5 and 6). 

2.2.9 Gene Ontology (GO) Term enrichment analysis of the 4C data 

The AmiGO term enrichment online tool (http://amigo.geneontology.org/amigo) was used to 

determine if genes that were immediately (up to 2000 bp) upstream, downstream, or 

overlapped the nuclear loci that were captured interacting with the mitochondrial DNA in the 

mouse astrocytes were enriched in particular GO functional groups. 

2.2.10 Motif Discovery 

MEME suite (Bailey et al. 2015) was used for the de novo identification of DNA motifs (5-23 

bp in length) within the interacting mitochondrial and nuclear DNA sequences. The significant 

motif identified by MEME, was compared to experimentally confirmed mouse transcription 

factor binding sites using Tomtom (version 4.9.1; (Gupta et al. 2007)). 

 

 

 

 

 

 

 

http://amigo.geneontology.org/amigo
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Chapter 3. Transcriptome changes during the differentiation 

of myoblasts into myotubes  

3.1 Introduction 

Some of the work presented in this chapter was performed in collaboration with Dr James 

Markworth and Prof. David Cameron – Smith. Dr James Markworth and I performed cell 

culture while Dr James Markworth performed the microscopy, image capturing and image 

analyses.  

Skeletal muscle development (myogensis) is a complex, multistep process that involves the 

differentiation of multipotent mesodermal cells into myoblasts, followed by terminal 

differentiation of the myoblasts into myotubes and finally muscle fibres (Bentzinger, Wang, 

and Rudnicki 2012; Brand-Saberi 2002). The process starts with progenitor proliferation, 

continuous with exist from the cell cycle, early differentiation and fusion of mononucleated 

myoblasts to form multinucleated myotubes (late/terminal differentiation)(Bentzinger et al. 

2012; Brand-Saberi 2002; Bryson-Richardson and Currie 2008). Muscle specific 

transcriptional regulators and external signals (including availability of fibroblast growth 

factor) are involved in the control of myogenesis (Bischoff 1986).  

At a molecular level, cell fate determination and terminal differentiation of the myogenic 

lineage committed cells are managed by a network of muscle specific helix-loop-helix 

myogenic regulatory factors (MRFs)(Braun et al. 1989; Lassar et al. 1994; Sabourin and 

Rudnicki 2000; Weintraub et al. 1991). These MRFs are exclusively expressed in cells 

committed to the myogenic lineage. MRFs include Myod1, Myf5, Myf6 and myogenin. 

Sufficient expression of MRFs is capable of inducing myogenic differentiation even in non-

muscle cell lines (Braun et al. 1989; Weintraub et al. 1991; Wright, Sassoon, and Lin 1989).  

In vivo, muscle differentiation is characterised by a defined chronological pattern in the 

expression of MRFs. In general, MyoD and Myf5 are expressed in proliferating, 

undifferentiated cells (Smith et al. 1994; Smith et al. 1993; Weintraub 1993), whereas 

myogenin expression is only induced upon early to late muscle differentiation (Bentzinger et 
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al. 2012; Cao et al. 2006; Rajan et al. 2012; Rawls et al. 1995; Wang and Jaenisch 1997). 

Myf6 is expressed throughout the stages of myogenesis (Hinits et al. 2007).  

In order to activate muscle specific gene expression, MRFs associate with myocyte enhancer 

binding factors (e.g. MEF2)(Lassar et al. 1994; Molkentin and Olson 1996). MEF2 is 

incapable of solely triggering the expression of muscle specific genes, but rather potentiates 

the action of MRFs. The outcome of myogenesis is the stable expression of muscle specific 

genes. Some of the muscle specific genes include the Myosin heavy chain (MHC) superfamily 

which forms the thick component of the sarcomere in the muscle fibres (Barjot et al. 1995; 

Haven 1999; Miller 1990; Schiaffino and Reggiani 1994; Weiss and Leinwand 1996) and actin 

superfamily (Herman 1993) members of which forms the thin component of the sarcomere.  

Muscle differentiation and cell cycle arrest are tightly regulated and highly interdependent. 

Myod1 is capable of provoking cell cycle arrest via the induction of p21 (Cdkn1a) which is a 

major cyclin dependent kinase (CDKs) inhibitor (Abrahams et al. 1994; Zhang et al. 1999). 

Since CDKs are the factors that regulate cell division (Nurse 1994; Sherr 1994), the inhibition 

of CDKs results in cell cycle withdrawal. p21(Cdkn1a), p27(Cdkn1b)(Møller 2000), 

p57(Cdkn1c)(Zhang et al. 1999), and retinoblastoma protein Rb(Rb1) (De Falco, Comes, and 

Simone 2006; Wang, Guo, and Wills 1997; Weinberg 1999) are important CDKs inhibitors 

that are induced during myogenesis and are involved in the governing of cell cycle 

withdrawal. The postmitotic state of differentiated cells is achieved by the expression of CDK 

inhibitors and mainly p21 (Cdkn1a) (Abrahams et al. 1994; Zhang et al. 1999).  

This study aimed to interrogate the interrelationship between 3D genome organization and 

global gene expression during muscle development using a mouse C2C12 cell line as an in 

vitro model. The C2C12 cell line is a well-established and extensively studied in vitro model 

derived from serial passage of myoblasts cultured from the thigh muscle of C3H mice after a 

crush injury. C2C12 cells divide when mitogens are present in the culture medium and 

spontaneously differentiate into muscle-like multinucleated (myotubes) cells if the medium is 

depleted of mitogens (i.e. serum; (Bischoff 1986)). The C2C12 cell line has shown genome-

wide expression profiles that are very similar to primary cell cultures in previous studies of 

differentiation (Blais et al. 2005). Additionally, C2C12 cells are less prone to spontaneous 

differentiation when compared to primary myoblasts (Asp et al. 2011). 
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Three-dimensional (3D) genome organization and gene expression are interrelated (Gorkin, 

Leung, and Ren 2014; Lettice and Hill 2005; Phillips and Corces 2009; Smallwood and Ren 

2013). Therefore, as part of the genome structure-function interrelationship, I comprehensively 

characterized the RNA expression profiles obtained from C2C12 cells at various stages of 

their differentiation into myotubes and I present the results of the RNA expression profiles 

characterization in the following chapter.  

C2C12 cells were either harvested as: 1) proliferating myoblasts (Myoblasts); 2) myotubes 

that were not treated with AraC (as such these myotubes contained myoblasts) - 

Myotubes(Day3); or 3) myotubes which were treated with AraC (myoblasts were largely 

depleted from these myotube cultures; Myotubes(Day7+AraC)(Figure 3-1).  

AraC is a cytidine analogue, which upon transportation in the cell, is successfully incorporated 

into newly synthesized DNA (Cohen 1977; Gray et al. 1972; Pallavicini 1984) by the 

replicative or base excision repair polymerases (Garcia-Diaz et al. 2010; Prakasha Gowda et 

al. 2010). The incorporation of AraC into DNA leads to the termination of the DNA 

elongation process, DNA fragmentation (Mikita and Beardsley 1988), and eventually cell 

death. It is widely considered that AraC affects predominately growing cells. As such, AraC is 

widely applied as a myoblast removing agent in myotubes cultures (Bischoff 1986; Cohen 

1977; Gray et al. 1972; Hinterberger and Barald 1990; Kawesa, Vanstone, and Tsilfidis 2015; 

Pallavicini 1984; Ricotti et al. 2011; Thelen, Simonides, and van Hardeveld 1997) without the 

complete knowledge of AraC effects on the myotubes cell biology. By using AraC 

supplementation to a myotubes cultures, this study aimed to 1) obtain population of myotubes 

deprived from myoblasts which would ultimately give rise to a more synchronous myotube 

expression profile and 2) to characterize the AraC effects, if any, on myotubes gene expression 

profile by comparing the transcriptomes of AraC treated to AraC untreated myotubes cultures.  
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.  

 

Figure 3-1 Experimental design 

Muscle progenitor cell (Myoblasts) were differentiated into Myotubes(Day3). This cell population was 

predominately comprised of terminally differentiated myotubes although there were some myoblasts present. 

Treatment of the Myotubes(Day3) with AraC was undertaken to eliminate myoblasts present in the myotube 

cultures - Myotubes(Day7+AraC).  
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3.2 Results 

3.2.1 Morphological characterization 

C2C12 cells acquired features consistent with muscle differentiation in the progression of cell 

culturing (Figure 3-2). This was evident from the presence of areas that immunostained 

positively for sarcomeric myosin and mitochondria in the myotubes cultures at Day3 and Day7 

following the medium switch. The AraC action to eliminate proliferating myoblasts from the 

myotubes cultures was manifested by the presence of cell-free patches between the myotubes 

in Myotubes(Day7+AraC) culture dishes (Figure 3-2). 

For determination of the percentage of differentiation, the total number of DAPI stained nuclei 

located within the myosin positive cell body were counted from nine randomly preselected 

fields of view. Counts were performed in triplicate for each condition. The data presented is an 

average between pairs of the biological replicates for each of the three conditions (Figure 

3-3). 

 While the total number of nuclei counted within and outside the myosin positive cell body 

(herein refereed as total number of nuclei) decreased gradually over the course of myogenic 

progression (Figure 3-3A), the number of nuclei located within the myosin positive cell body 

(herein referred as percentage of differentiation) increased gradually (Figure 3-3B). Compared 

with the confluent cells not treated with DM, where the total number of nuclei was 2704, the 

number of nuclei within the myotubes at the Day7 in DM markedly decreased reaching 1303. 

On another hand, myotube formation determined as percentage of differentiation was 

noticeably enhanced during myogenic progression reaching 76.16% at Day7. One-way 

ANOVA analysis confirmed that the differences in the total nuclei counts and percentage of 

differentiation are statistically significant (p<0.05) between the tested time points (Figure 

3-3), except between Day2 and Day3 for nuclei count, and between Day2 and Day3, Day5 and 

Day7 for the percentage of differentiation. The lack of significant difference between Day2 

and Day3 in the total nuclei count and between Day2 and Day3, and Day5 and Day7, in the 

percentage of differentiation may be due to the small time interval for data collection between 

these time points. Importantly, there was no significant difference in the percentage of 

differentiation between Day5 (81.66%) where myotubes reached their maximum percentage of 
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differentiation, but were not harvested at this point and Day7 (76.16%) where the percentage 

of differentiation decreases slightly and the myotubes were harvested. 

 

Figure 3-2 Myoblasts were successfully differentiated into Myotubes. 

The AraC treatment resulted in the removal of the myoblasts from the terminally differentiated 

Myotubes(Day7+AraC) which is apparent from the presence of cell-free patches in AraC treated cultures in 

Myotubes(Day7+AraC). Double immunostained images of cells harvested at different stages of myogenic 

progression. Cells were immunostained for myosin (green), nuclei (blue) and mitochondria (red).  
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Total RNA was extracted from Myoblasts, Myotubes(Day3) and Myotubes(Day7+AraC) and 

sequenced to determine differences in the whole transcriptome expression profiles. High 

throughput sequencing data from Myoblasts, Myotubes(Day3) and Myotubes(Day7+AraC) 

generated between 7,669,926 and 7,972,981 100bp paired reads for the individual replicates 

(Table 3-1). 92% of the reads mapped concordantly as a pair to the mouse reference genome 

that was consistent with the sequenced libraries being of high quality. Similarly, the RIN 

number (RNA integrity number) of the libraries was between 9.45 and 10. 

 

Figure 3-3 Determination of the total nuclei and % of differentiation in the course of cell 

culture. 

The total number of nuclei decreased during the course of myogenic progression (A), while the percentage of 

differentiation gradually increased (B). For determination of the percentage of differentiation the total number of 

DAPI stained nuclei were counted and the percentage of total nuclei located within myosin positive cell body was 

determined. The counts for total nuclei count and percentage of differentiation were performed from nine random 

preselected sites in triplicates for each condition. Total nuclei count and % differentiation are plotted as Mean ± 

SEM as averaged from the two biological replicates. Letters on the error bars indicate the significant differences 

as determined by one-way ANOVA analysis (p < 0.05). 
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Differentially expressed genes were determined using Cuffdiff (see Methods section 2.1.7) and 

are represented in FPKM values (Fragments Per Kilobase of transcript per Million mapped 

reads). 

To determine the global level of reproducibility for the different transcripts between biological 

replicates, the level of correlation of the FPKM values for all genes was tested. The FPKM 

values for all biological replicates were highly correlated with R
2
 values between 0.97 and 

0.98 (Figure 3-4). 

 

 

Table 3-1 Alignment summary of RNA-seq reads onto the mouse transcriptome (UCSC-

mm10.gtf transcriptome file). 

 

 

 

 

 

 

 

 

Cell 

Type 

Replicate Total reads 

(pairs) 

Aligned 

reads 

(pairs) 

Concordant 

pair 

alignment 

rate (%) 

Multiple 

alignment 

rate (%) 

Discordant 

alignment 

rate (%) 

RIN 

Myoblasts R1 7,669,926 7,152,323 92.9% 4.5% 0.4% 10 

R2 7,770,336 7,191,114 92.2% 4.8% 0.4% 10 

Myotubes 

Day3 

R1 7,958,568 7,398,964 92.6% 5.2% 0.4% 9.65 

R2 7,972,981 7,427,092 92.8% 5.4% 0.3% 9.55 

Myotubes 

Day7+AraC 

R1 7,934,999 7,372,219 92.6% 5.9% 0.4% 9.45 

R2 7,931,381 7,364,568 92.5% 5.6% 0.4% 9.55 
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3.2.2 Muscle molecular markers 

To confirm that myogenic differentiation was taking place at the molecular level in the in vitro 

model, the patterns of variation in expression (measured in FPKM values) were analysed for 

three gene groups related to muscle development: 1) myogenic regulatory factors 

(MRFs)(Myf5, Myf6, Myod1, Myog); 2) muscle specific genes (Acta1, Myh2, Myh3, Myh4, 

Myh13); and 3) genes known to be involved in cell cycle arrest (Cdkn1a, Cdkn1c, E2f1, Rb1). 

I analysed and compared the observed patterns of variation in the chosen genes transcription 

levels from my data set (hereafter the test data set) with those observed in Trapnell et al. 

(herein so called reference data set)(Trapnell et al. 2010). In the reference experiment, C2C12 

Myoblasts were differentiated into Myotubes under similar conditions to those conducted in 

the present study, but with some differences in culture collection points (Trapnell et al. 2010). 

For example, Trapnell et al. collected their Myoblasts at Day1 after plating in contrast to Day3 

in the test experiment. Similarly, Trapnell et al. collected Myotubes at Day2.5 after medium 

switch, while I collected myotubes at Day3. Finally, Trapnell et al. did not supplement their 

myotubes with AraC at any time in their experiment.  

MRFs were expressed in both the reference and test experiments (Figure 3-5). There was 

marked up-regulation in Myog expression, which is responsible for terminal muscle 

differentiation and cannot be replaced by other factors (Cao et al. 2006; Rajan et al. 2012; 

Rawls et al. 1995; Venuti et al. 1995), in the myotube cultures. Despite indications that Myod1 

and Myf5 are predominately expressed in undifferentiated cells (Smith et al. 1994; Smith et al. 

1993; Weintraub 1993), the expression of these genes persisted during all culture stages in 

both the test and the reference experiments. Importantly, the pattern of transcriptional 

variation (i.e. the direction of change relative to the previous condition within the myogenic 

progression) of the MRF genes was shared between the test and reference experiments (Figure 

3-5). However, there were some differences in the significance of the changes between 

conditions (as reported by Cufflinks, significant difference indicates FDR corrected p-value 

<0.05). For example, the transcript levels of Myf5 were not significantly different between 

Myotubes(Day3) and Myotubes(Day7+AraC) in the test data set, whereas they were 

significantly different between the Myotubes(Day2.5) and Myotubes(Day7) in the reference 

experiment (Figure 3-5). Conversely, while Myf5 transcript levels were significantly different 
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between Myoblasts and Myotubes(Day3) in the test data set, they were not significantly 

different between Myoblasts and Myotubes(Day2.5) in the reference data (Figure 3-5). The 

transcript levels of Myf6 increased with the progression of differentiation in both experiments 

consistent with previous studies (Hinits et al. 2007), however while in the test experiment the 

changes in transcript levels were significantly different between all conditions, in the reference 

experiment they were only different between Myotubes(Day2.5) and Myotubes(Day7) (Figure 

3-5). Myod1 transcript levels were not significantly different between Myoblasts and 

Myotubes(Day2.5) in the reference data but were significantly different between Myoblasts, 

Myotubes(Day3) and Myotubes(Day7+AraC) in the test experiment. Importantly, the pattern 

of transcript level variation for Myog which is important and irreplaceable transcription factor 

for terminal differentiation (Cao et al. 2006; Rajan et al. 2012; Rawls et al. 1995; Venuti et al. 

1995) was identical for both compared experiments (Figure 3-5). 

 

Figure 3-4 Transcript levels, measured as FPKM values, were highly correlated between 

biological replicates. 

Transcript levels were plotted as scatterplots for replicates 1 and 2: A) Myoblasts - R
2
=0.98; B) Myotubes(Day3) 

- R
2
=0,97; C) Myotubes(Day7+AraC) - R

2
=0.97 (p<0.001 for all conditions). R1 (Replicate 1) and R2 (Replicate 

2) of the corresponding conditions.  

 

The expression of muscle specific genes (Acta1, Myh2, Myh3 and Myh4) was induced upon 

muscle differentiation (Figure 3-6). Actins and Myosins (Herman 1993; Weiss and Leinwand 

1996) are stably expressed only in terminally differentiated cells. Similar to MRF genes, the 

pattern of transcription variation in muscle specific genes was shared between my data and 



                                                                     Transcriptome changes during muscle development 

 

91 

  

that of Trapnell et al. (Figure 3-6). However, there were some differences in the transcript 

level variations. Specifically, while the transcript levels of Acta1 are induced markedly during 

myogenic progression in both experiments, the transcript level changes were significantly 

different between Myotubes(Day2.5) and Myotubes(Day7) in Trapnell et al. data but were not 

significantly different between Myotubes(Day3) and Myotubes(Day7+AraC) in my data set 

(Figure 3-6). No expression was detected for Myh13 gene in either experiment under any 

condition, consistent with previous data confirming expression of this gene exclusively in the 

extraocular muscles (Jung et al. 1998; Spencer & Porter 2005; Wieczorek et al. 1985) (Figure 

3-6). 

There were no significant differences in Myh2 transcript levels, which were very low, between 

conditions in the reference experiment (Figure 3-6). Myh2 transcript levels increased 

gradually with the progression of differentiation in the test experiment and the transcript levels 

were significantly different between all three conditions in the test experiment (Figure 3-6). 

Myh2 as well as Myh1 and Myh4 are a fast myosin isoforms which gradually replace Myh3 

(embryonic) and Myh8 (neonatal) isoforms as developmental proceeds (Weiss and Leinwand 

1996). The lack of expression of Myh2 in the Trapnell et al. experiment may be a result of up-

regulation of some of the other fast Myh isoforms, which could ultimately bring the total 

amount fast Myh isoforms in the reference experiment to the levels observed in the test 

experiment. Myh3 and Myh4 transcript levels were significantly different from one another for 

the three conditions in the test and the reference experiments (Figure 3-6).  

Cell cycle arrest genes (i.e Cdkn1a (p21), Cdkn1c(p57) and Rb1) were upregulated during the 

progression of differentiation which is consistent with cell cycle withdrawal (Shen et al. 2003) 

(Figure 3-7). The expression of the E2f1 gene decreased following the commencement of 

differentiation, which is consistent with the role that this protein plays in the regulation of G1 

cell cycle progression (Sherr 1994). 

The Cdkn1a, E2f1 and Rb1 genes did not show significant differences between 

Myotubes(Day3) and Myotubes(Day7+AraC) in my dataset. Additionally transcript levels of 

Cdkn1a, Cdkn1c, E2f1 were significantly different between Myotubes(Day2.5) and 

Myotubes(Day7) in the reference experiment, while they were not different between 

Myotubes(Day3) and Myotubes(Day7+AraC) in the test experiment (Figure 3-7). 
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Figure 3-5 Transcript levels of muscle regulatory factors 

All MRFs were expressed in the test (A) and the reference (B) experiment with marked up-regulation of 

myogenin and therefore confirms successful muscle phenotype acquisition. The data are shown as the mean ± SE 

of the FPKM values. The error bars represent the standard errors. Different letters on the error bars indicate the 

significantly different expressed genes (FDR corrected p < 0.05) between conditions for the respective 

experiments.   
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Figure 3-6 Transcript levels of muscle specific genes 

Muscle specific genes are distinctly up-regulated (Acta1, Myh3 and Myh4) in both test (A) and reference 

(B) experiments. Myh13 which is expressed only in extraocular muscle and not skeletal muscle, is not 

induced during the progression of myogenic differentiation. Transcript levels (log10(FPKM+1)) are 

shown as the mean ± SE. Error bars represent the standard error. Different letters on the error bars 

indicate the significantly different expressed genes (FDR corrected p < 0.05) between conditions for the 

respective experiment. 
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Figure 3-7 Transcript levels of the cell cycle withdrawal genes 

Transcript levels of cell cycle withdrawal related genes followed the expected pattern of changes with the up-

regulation of Cdkn1a, Cdkn1c and Rb1 and down-regulation of E2f1 in the test (A) and the reference (B) 

experiments. The data are shown as the mean ± SE. The error bars show the ranges of standard errors. 

Different letters on the error bars indicate the significantly different expressed genes (FDR corrected p < 0.05) 

between conditions for the respective experiment. 
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3.2.3 Gene Ontology and pathway analysis 

Gene Ontology (GO) analyses identified 6143 differentially expressed genes (FDR (False 

discovery rate) corrected p<0.05) between Myotubes(Day7+AraC) and Myoblasts. 5476 genes 

were significantly differentially expressed when Myotubes(Day3) were compared to 

Myoblasts. 2126 genes were significantly differentially expressed when 

Myotubes(Day7+AraC) were compared to Myotubes(Day3) (Supplemetary; S6). The numbers 

of up-regulated and down-regulated genes contained in the differentially expressed gene sets 

occurred in relatively equal proportions (Table 3-2). 

I performed a GO analysis on the top 10% of differentially expressed up-regulated genes 

between pairs of conditions (for list of genes see Supplementary; S7). This GO analysis 

revealed significant enrichment for GO terms related to muscle functions and muscle 

development when either Myotubes(Day7+AraC) or Myotubes(Day3) were compared to 

Myoblasts (Table 3-3 and Table 3-4, respectively)(for GO lists see Supplementary; S8). By 

contrast, a GO analysis on the 10% most down-regulated genes were enriched for GO terms 

related to cell cycle and cell cycle regulation (Table 3-3 and Table 3-4, respectively).  

Interestingly, when Myotubes(Day7+AraC) were compared to Myotubes(Day3), the most 

significantly upregulated genes (i.e. top 10%) were enriched for GO terms related to platelet-

derived growth factor, response to stimulus and response to cytokines (Table 3-5). KEGG 

pathway screening (Kanehisa and Goto 2000) revealed significant enrichment for genes in the 

Cytosolic-DNA sensing pathway (p=0.049) due to the presence of the Dai (Zbp1), Csp1 and 

Irf7 genes within the upregulated gene set (Figure 3-8). The set of the 10% most significantly 

down-regulated genes was enriched for GO terms related to developmental process when 

Myotubes(Day7+AraC) were compared to Myotubes(Day3) (Table 3-5).  
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Table 3-2 The number of significantly differentially expressed genes varied between the 

conditions (FDR corrected p<0.05). 

 

  

Compared cell types Significantly 

differentially expressed 

genes 

Up-

regulated 

Down-

regulated 

Myotubes(Day3) vs Myoblasts 5476 2700 2776 

Myotubes(Day7+AraC) vs Myotubes(Day3) 2126 1040 1086 

Myotubes(Day7+AraC) vs Myoblasts 6143 2989 3154 
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Table 3-3 The ten top ranked GO term finder results for the 10% of most significantly 

up-regulated and down-regulated genes for the Myotubes(Day3) vs Myoblasts 

comparison (P values are corrected by Bonferroni correction). 

 

 

 

Myotubes(Day3) vs Myoblasts 

 Gene Ontology term % of genes from 

total 

Corrected P value 
U

p
-r

e
g

u
la

te
d

 (
2

6
6

) 

 

muscle system process 17.70 2.15E-35 

muscle contraction 16.20 3.09E-35 

striated muscle cell differentiation 13.90 8.75E-27 

striated muscle contraction 10.90 2.69E-26 

myofibril assembly 7.90 1.02E-24 

muscle cell development 11.30 1.47E-24 

striated muscle cell development 10.90 1.79E-24 

muscle structure development 18.00 4.06E-24 

muscle cell differentiation 14.30 4.01E-22 

skeletal muscle contraction 5.30 2.32E-16 

    

D
o

w
n

-r
e
g

u
la

te
d

 (
2

7
7

) 

cell cycle 50.40 2.55E-93 

cell cycle process 43.20 7.65E-86 

mitotic cell cycle process 36.30 6.12E-83 

mitotic cell cycle 36.70 6.79E-77 

nuclear division 31.30 4.06E-74 

organelle fission 32.00 9.33E-74 

mitotic nuclear division 28.40 1.64E-72 

cell division 29.90 5.38E-61 

chromosome segregation 20.50 2.42E-53 

single-organism organelle organization 41.70 6.54E-42 
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Myotubes(Day7+AraC) vs Myoblasts 
U

p
-r

e
g

u
la

te
d

 (
2

9
3

) 

Gene Ontology term % of genes from 

 total 

Corrected P value 

 

muscle contraction 15.00 1.12E-34 

muscle system process 16.40 1.37E-34 

muscle structure development 18.80 6.54E-29 

striated muscle cell differentiation 13.30 1.25E-27 

striated muscle contraction 10.20 1.76E-26 

striated muscle cell development 10.60 5.87E-26 

muscle cell development 10.90 6.12E-26 

myofibril assembly 7.50 1.32E-25 

muscle cell differentiation 13.70 1.21E-22 

muscle tissue development 13.70 1.56E-21 

 

   

D
o

w
n

-r
e
g

u
la

te
d

 (
3

1
5
) 

cell cycle 36.20 4.91E-56 

mitotic cell cycle process 25.70 4.52E-52 

cell cycle process 30.50 2.01E-51 

mitotic cell cycle 26.30 1.27E-48 

mitotic nuclear division 20.00 1.91E-46 

nuclear division 21.90 3.15E-46 

organelle fission 22.20 4.97E-45 

cell division 21.90 3.41E-40 

chromosome segregation 13.70 2.44E-31 

regulation of cell cycle 20.00 5.33E-27 

 

Table 3-4 The ten top ranked GO term finder results amongst the top 10% differentially 

up-regulated and down-regulated genes between Myotubes(Day7+AraC) vs Myoblasts (P 

values are corrected by Bonferroni correction). 
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Myotubes(Day7+AraC) vs Myotubes(Day3) 

 Gene Ontology term % of genes from 

 total 

Corrected P value 

U
p

-r
e
g

u
la

te
d

(1
0

4
) 

platelet-derived growth factor 

production 

2.90% 9.85E-05 

regulation of platelet-derived 

growth factor production 

2.90% 9.85E-05 

regulation of response to stimulus 30.50% 0.00348 

response to cytokine 11.40% 0.00535 

response to type I interferon 3.80% 0.00674 

    

D
o

w
n

-r
e
g

u
la

te
d

(1
0

8
) 

developmental process 54.10% 3.01E-09 

single-organism developmental 

process 

53.20% 8.21E-09 

single-organism process 86.20% 1.27E-08 

cellular developmental process 43.10% 5.98E-08 

anatomical structure development 47.70% 3.08E-07 

single-multicellular organism 

process 

51.40% 3.33E-07 

cell differentiation 40.40% 3.54E-07 

single-organism cellular process 78.00% 2.46E-06 

regulation of developmental 

process 

29.40% 3.50E-06 

cell migration 20.20% 9.66E-06 

Table 3-5 The ten top ranked GO term finder results amongst the top 10% 

differentially up-regulated and down-regulated genes between 

Myotubes(Day7+AraC) vs Myotubes(Day3)(P values are corrected by Bonferroni 

correction). 
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Figure 3-8 Cartoon depicting the Cytosolic DNA-sensing pathway that was enriched (p=0.049) within the gene set containing the 

top 10% of significantly up-regulated genes for the Myotubes(Day7+AraC) vs Myotubes(Day3) comparison. 

The genes were queried against KEGG pathways (Kanehisa and Goto 2000). Genes marked with red stars are the overlapping genes between the queried subset 

and the genes involved in the pathway. 
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3.3 Discussion  

The development of C2C12 cells from myoblasts to myotubes is associated with programmed 

transcriptional changes (Bentzinger et al. 2012; Brand-Saberi 2002; Bryson-Richardson and 

Currie 2008; Shen et al. 2003; Tripathi et al. 2014). Here I undertook RNA-seq to characterise 

the transcriptome changes that occurred in C2C12 cells that were differentiating in the 

presence or absence of AraC. These analyses enabled me to 1) confirm that differentiation had 

occurred as predicted, for subsequent HiC analysis (see Chapter 4); and 2) to identify the 

cytosolic DNA sensing pathway response that is occurring upon AraC treatment during 

development.  

RNA quality is critical for the production of reliable and reproducible results in RNA-seq 

studies (Sims et al. 2014). The high quality of the RNA that I obtained and sequenced was 

supported by three measures. Firstly, the high RIN numbers of the extracted RNA (between 

9.45 and 10). As mentioned earlier, the RIN number ranges from 1-10 (poor-excellent) and is 

numerical assessment of the integrity of RNA. Secondly, I obtained a high percentage of 

sequencing reads that mapped to the reference transcriptome (~92%) with no mismatches 

allowed. This demonstrates high quality of the sequenced RNA. Thirdly, there was a very high 

correlation between the transcripts of the biological replicates (R
2
:0.97-0.98) for all samples. 

This indicates very high degree of reproducibility of the measured gene transcript levels 

between biological replicates. Collectively, these measures are consistent with the idea that the 

experimental conditions and procedures were conducted in a very well controlled manner. 

Various transcription factors such as MRFs (Myod1, Myf5, Myf6 and myogenin), muscle 

specific genes (Acta1, Myh2, Myh3 and Myh4) and cell cycle arrest genes (Cdkn1a, Cdkn1c, 

Rb1) are known to change their expression during myogenic progression (Bentzinger et al. 

2012; Brand-Saberi 2002; Bryson-Richardson and Currie 2008). Overall, 12 of 13 muscle 

specific molecular markers underwent the predicted expression level changes during myogenic 

progression, as previously observed (Trapnell et al. 2010). The only difference observed was 

for the Rb1 gene. Rb1 is known to be upregulated during myogenic progression which is in 

line with the growth-suppressive and apoptosis-protective properties of this protein (De Falco 
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et al. 2006; Wang et al. 1997; Weinberg 1999). While this gene was upregulated when 

Myotubes(Day7+Arac) were compared to Myotubes(Day3) cells in the test experiment, the 

transcript levels of these genes were downregulated between the corresponding conditions in 

the reference experiment (Trapnell et al. 2010). The exact reason for the downregulation of 

this gene in the reference experiment remains unknown. While the pattern of transcript level 

variations was largely conserved between the test and the reference experiment, four genes 

(i.e. Myh2, Acta1, Cdkn1a, and E2f1) were significantly up-regulated when Myotubes(Day7) 

were compared to Myotubes(Day2.5) in the reference experiment (Trapnell et al. 2010). These 

genes were seen to change their expression in the corresponding conditions in the reference 

experiment accordingly, but the change was not significant (Trapnell et al. 2010). It is possible 

that this variation in significance between reference and the test experiment is due to 

inequality of the sequencing depth of the test and the reference (Trapnell et al. 2010) 

experiments. Specifically, there was ~2 and ~5 fold higher sequencing depth for 

Myotubes(Day2.5) and Myotubes(Day7) in the reference experiment compared to 

Myotubes(Day3) and Myotubes(Day7+AraC) in the test experiment. The higher sequencing 

depth in the reference experiment could have possibly captured significant differences in 

otherwise not so considerably different transcript levels (Sims et al. 2014). Overall, the 

transcript level of the muscle specific molecular markers in the test experiment correspond 

well to the transcript levels of an independent reference experiment (Figure 3-5, Figure 3-6, 

Figure 3-7) which confirms successful differentiation of C2C12 into myotubes in the test 

experiment on the level of these molecular markers. 

Transcript changes on global scale have been previously shown to occur during muscle cell 

differentiation (Shen et al. 2003; Tripathi et al. 2014). Similarly, the analyses of the transcript 

level changes on global scale in the test experiment revealed patterns of successful 

differentiation of C2C12 cells into myotubes. Specifically, when the top 10% up-regulated and 

bottom 10% down-regulated genes of the two myotubes conditions were compared to 

Myoblasts the GO enrichment search revealed terms associated with muscle functions/muscle 

development or cell cycle/cell cycle regulation, respectively (Table 3-3 and Table 3-4). These 

results are consistent with the myogenic progression and cell cycle arrest in the myotubes and 

cell proliferation in the myoblasts. 
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The effects of the AraC treatment on the transcriptome of terminally differentiated muscle 

cells have not been studied previously. Comparison of the transcriptome between 

Myotubes(Day7+AraC) and Myotubes(Day3) enables identification of the AraC effects on the 

global transcript levels of terminally differentiated muscle cells. The bottom 10% of down-

regulated differentially expressed genes were enriched for GO terms related to “cellular 

development and differentiation” when Myotubes(Day7+AraC) were compared to 

Myotubes(Day3). The AraC treated myotubes are comprised predominantly of terminally 

differentiated muscle cells due to cytotoxic activity of AraC on the myoblasts present in these 

cultures. No further development/differentiation would be expected in terminally 

differentiated cells and the genes logically responsible for these processes would be 

downregulated. The gene set (top 10%) of up-regulated genes from the 

Myotubes(Day7+AraC) - Myotubes(Day3) comparison were enriched for several GO terms 

related: to platelet-derived growth factor; response to stimulus; response to cytokines; 

response to type I interferon. The identities of the GO terms related to this gene set are all 

directly or indirectly related to “cytokines”. In fact, the GO enrichment terms found by 

comparing Myotubes(Day7) to Myotubes(Day3) in the Trapnell’s data are substantially 

different. The bottom 10% of down-regulated differentially expressed genes in this 

comparison were enriched for GO related to “cell cycle”, “nuclear division”, “chromosome 

segregation” (p<0.001 for all terms) (Supplementary; S7, S8). The top 10% of upregulated 

differentially expressed genes were enriched for “muscle system process”, “positive regulation 

on myotube differentiation”, “developmental process” (Supplementary; S7, S8). The latter is 

in the support of the idea that the described transcriptome changes are a result of AraC 

treatment and not merely a consequence of the prolonged cell culturing with differentiation 

media in the Myotubes(Day7+AraC) - Myotubes(Day3) comparison in the test experiment.  

Collectively, the global transcript changes of AraC treated myotube cultures reveal a 

population of cells comprised predominately of terminally differentiated cells as well as the 

presence of “inflammation” as indicated by the upregulation of genes related to cytokines in 

the AraC treated myotubes. Such AraC induced inflammation on myotube cultures is a new 

effect of the AraC treatment, which to my knowledge has not been previously reported in the 

literature. 
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Interrogating the KEGG pathways revealed enrichment for the Cytosolic-DNA sensing 

pathway (p=0.049) when Myotubes(Day7+AraC) were compared to Myotubes(Day3), as 

represented by the Dai (Zbp1), Csp1 and Irf7 genes (Figure 3-8) which were found to be 

upregulated when Myotubes(Day7+AraC) were compared to Myotubes(Day3).  

Cytosolic-DNA sensing pathway, as inferred by the name, indicates presence of dsDNA in the 

cell cytosol. The Cytosolic-DNA sensing pathway may be induced by various sources of 

dsDNA (Figure 3-8) 1) the presence of bacteria 2) the presence of virus 3) host DNA damage 

(Figure 3-8). I did not monitor the presence of any of these potential stimuli before or during 

the AraC treatment, but there are appeared to be no significant/visible bacterial or viral 

infection in the cell cultures. AraC is known to cause DNA damage upon incorporation into 

DNA during DNA replication or repair (Garcia-Diaz et al. 2010; Mikita and Beardsley 1988; 

Prakasha Gowda et al. 2010). As such, dsDNA is most likely sourced by the cells present in 

the culture. There are two types of cells in the AraC treated myotube cultures – 1) myoblasts 

undergoing cell death 2) terminally differentiated myotubes.  

The small numbers of myoblasts present in the AraC treated myotubes undergo DNA damage 

during DNA replication which is followed by cell death. As such myoblasts in the AraC 

treated myotube cultures can be a potential source of both dsDNA and cytokines. However, 

great care was taken to remove all floating myoblasts present in the AraC treated myotubes 

prior to myotube harvesting which diminished the possibility of the source for the response 

that I observed to be of myoblasts origin. 

 Other sources of dsDNA could be the AraC treated myotubes which may have undergone 

AraC induced DNA damage during DNA repair. Another factor which may have had a 

contributory role in such a scenario is the known decreased efficiency of terminally 

differentiated myotubes to repair double strand breaks compared to muscle progenitor cells 

(Vahidi Ferdousi et al. 2014). Therefore, combined factors of increased damage and reduced 

repair could have contributed for the induction of the “inflammatory” response in the 

terminally differentiated myotubes. I did not monitor the presence of DSBs directly but it is 

known that increased instances of double strand breaks in mammalian cells are associated with 

the upregulation of genes encoded for proteins involved in the recognition of the double strand 

breaks (DSBs) such as Ku70 and Ku80 (Lees-Miller and Meek 2003). Interestingly, the 
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transcript levels of Ku70 (Xrcc6) were upregulated in Myotubes(Day7+AraC)(FPKM=30.1) 

when compared to Myotubes(Day3) (FPKM=22.22). Finally, the dsDNA may have been 

sourced by the “dying” myoblasts, which upon treatment with AraC, may have released their 

DNA content into the culture media. This DNA may have further migrated into the myotubes 

and acted as a stimulus for the induction of the Cytosolic DNA sensing pathway in the 

myotubes. This is similar to the recently reported obesity-induced DNA release from 

adipocytes which causes chromic inflammatory response in adipose tissue (Nishimoto et al. 

2016). Measurement of the free DNA in the cell media was not undertaken during cell 

culturing and treatment with AraC. 

The stimulus and the identity of the physical source of the free dsDNA, could not be implicitly 

confirmed due to lack of measurement of these factors. Yet, despite the lack of exact 

knowledge on the stimuli, some of the cellular outcomes associated with Cytosolic-DNA 

sensing pathway induction (Figure 3-8) include production of “Pre-inflammatory cytokines”, 

“Type Interferons” and ”Pre-inflammatory cytokines and chemokines” (Figure 3-8). A further 

possible outcome of Cytosolic DNA-sensing pathway is pyroptosis (Figure 3-8). Pyroptosis is 

caspase 1(Casp1) - dependent cell death and is accompanied by inflammation (Bergsbaken, 

Fink, and Cookson 2009). The fate of the cell is determined by the strength of the type of the 

stimuli and it does not always result in cell death despite the fact that Casp1 may be 

upregulated (Bergsbaken et al. 2009). Collectively, treatment of myotube cultures with AraC 

results in the induction of cytosolic DNA sensing pathway, which could ultimately lead to 

release of inflammatory signals “cytokines” or cell death, accompanied with inflammation 

(pyroptosis).  

Taken together, the results from this chapter show that the patterns of changes on the global 

transcript levels and on the level of specific muscle molecular markers are consistent with 

successful differentiation of C2C12 cells into myotubes in both treated and untreated AraC 

myotube cultures. Furthermore, treatment of terminally differentiated myotube with AraC 

results in activation of Cytoslic DNA pathway which results in either release of cytokines 

or/and cell death accompanied with inflammation (pyroptosis). The current study is the first 

one to my knowledge to demonstrate such effects as a result of AraC treatment on the 

transcriptome of terminally differentiated myotubes. 
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Chapter 4. Linkages between 3D genome organization and 

transcriptome during muscle cell development 

4.1 Introduction 

Genome organization and nuclear function are interrelated, but the patterns that govern the 

interrelationship are not yet fully elucidated. There are several common principles in the 

spatial organization of mammalian genomes (Dixon et al. 2012; Suhas S.P. Rao et al. 2014). 

For example it is now known that chromosomes occupy preferred positions in the nuclear 

space, also known as chromosome territories (Cremer et al. 2006; Cremer and Cremer 2010). 

Additionally chromosomal sub-regions fold into domains known as TADs (Dixon et al. 2012, 

2015; Lieberman-Aiden et al. 2009; Suhas S.P. Rao et al. 2014; Sexton et al. 2012). A main 

characteristic of TADs is that they are enriched for intra-domain interactions and depleted of 

inter-domain interactions (Dixon et al. 2012, 2015; Lieberman-Aiden et al. 2009; Suhas S.P. 

Rao et al. 2014; Sexton et al. 2012). Contiguous TADs fall into either A or B compartments, 

which are megabases sized nuclear domains related to genomic function, that are enriched in 

active or repressed chromatin states, respectively (Lieberman-Aiden et al. 2009). Chromatin 

interactions are thought to be one of the main players in establishing and maintaining the 

genome organization in the nucleus from yeast (R. S. Grand et al. 2014; Pichugina et al. 2016; 

Rodley et al. 2009) to mammals (De and Michor 2011; Gheldof et al. 2010; Naumova et al. 

2012; Suhas S.P. Rao et al. 2014; Smallwood and Ren 2013). The formation of particular 

interactions in response to the presence or absence of cell type specific TFs has been 

previously reported for variety of mammalian cells (De Belle et al. 1998; Fraser et al. 2015; 

Jing et al. 2008; Song et al. 2007). I hypothesized that changes in global genome organization 

would occur during muscle development alongside the extensive transcriptional changes that 

occur during myogenesis (Bentzinger et al. 2012; Brand-Saberi 2002; Bryson-Richardson and 

Currie 2008).  

In Chapter 3 I comprehensively characterized the changes in transcription that were observed 

during differentiation of mouse myoblasts into myotubes in the absence or the presence of 

AraC. Analyses of the transcript levels of muscle specific molecular markers and of global 
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transcript levels confirmed the presence of muscle specific phenotypes for Myotubes(Day3) 

and Myotubes(Day7+AraC) cell populations. Critically, treatment with AraC in 

Myotubes(Day7+AraC) resulted in the upregulation of “cytokine” genes, particularly the 

cytosol DNA sensing pathway. The possible outcomes of the upregulation of the Cytosolic 

DNA pathway include release of various cytokines from the cells, or pyroptosis - known also 

as a caspase 1(Casp1) - dependent cell death accompanied by inflammation (Bergsbaken et al. 

2009). 

In this chapter, I provide a genome-wide view of the global changes of 3D genome 

organization in cells undergoing muscle cell differentiation in the presence or absence of 

AraC. I link the observed changes to the global transcription changes. Specifically, I 

characterized the A and B compartment switches of 400kbp genomic regions, the boundaries 

of TADs, significant interactions and how these interactions are enriched for particular 

epigenetic features.  
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4.2 Results 

To study the 3D organization in myoblasts and myotubes cell populations treated or not with 

AraC, I captured genome wide interactions for each of these three conditions in two biological 

replicates using the “diluted” HiC method. Between 188 x 10
6
 and 292 x 10

6
 paired 150 bp 

reads were sequenced per library. Sequenced reads were mapped to the mouse reference 

genome (mm10) using HiCUP pipeline (Wingett et al. 2015) as indicated in Methods section 

(see 2.1.5.1).  

The HiCUP pipeline generates a summary statistics report (QC reports) at each stage of the 

data processing (QC reports of the HiC libraries are moved to the end of this chapter for 

simplicity in reading starts on page 133). Upon removal of reads which mapped to multiple 

sites onto the reference genome or reads which failed to map, majority of the reads (more than 

59 % mapped to the reference genome successfully as valid pairs in all HiC libraries . This 

indicates that the DNA sequencing was undertaken to a high standard.  

Another advantage of the HiCUP program is that it identifies and filters out potential artefacts 

including: 1) “same circularized fragments” – DNA fragments which after digestion with 

restriction enzyme ligate to themselves and are linearized by sonication; 2) “same fragment 

dangling ends “– di-tag which map to the same restriction fragment and at least one end 

overlaps the restriction site; 3) “same fragment internal” – similar to the same dangling ends 

but neither of the reads in the pair overlaps the restriction site; 4) “re-ligation fragments”- di-

tags map to adjacent restriction fragments; 5) “wrong size” – calculated di-tag length is not 

within the limits set by the size-selection step; and 7) “contiguous” – the di-tag represents 

continuous DNA spanning several restriction fragments. 

Three types of artefacts were identified in the current HiC libraries: 1) “same fragment 

dangling ends”; 2) “same fragment internal”; and 3) “re-ligation fragments”. The leading 

percentage of the artefacts was found for “same fragment internal” (between 7.9% for 

Myotubes(Day3) Replicate 1 (Figure 4-10,B) to 20.2% for Myotubes(Day7+AraC) Replicate1 

(Figure 4-12,B), followed by “same fragment-dangling ends” and “re-ligation”, which 

individually were present at <4% in the different libraries. “Same fragment internal”, which 

was the most frequent artefact, suggests the presence of di-tags which map to the same 
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restriction fragment but neither of the reads overlap restriction site. Reasons for the presence 

of this type of artefacts could be: 1) suboptimal conditions during cross-linking; 2) suboptimal 

conditions during biotin incorporation. These potential errors suggest that the HiC protocol 

could have benefitted from additional optimization of these steps. Nonetheless there is always 

a degree of suboptimality in the preparation of the HiC libraries that accompany proximity 

ligation (O’Sullivan et al. 2013). Despite the presence of some artefacts, the percentage of di-

tags, which were valid after filtering, was > 73% for all HiC libraries (see QC reports at the 

end of this chapter starts on page 135). Such high percentage of remaining di-tags after the 

removal of the common artefacts indicated that the prepared libraries are of high quality 

regarding this quality parameter. 

Following artefacts evaluation and removal, HiCUP removes the identical di-tags created 

during the PCR amplification of the HiC libraries. Between 39% (Myotubes(Day7+AraC) 

Replicate 2) (Figure 4-13,C) and 72.4% (Myotybes(Day3) Replicate2) (Figure 4-11,C) were 

identified as unique di-tags. The percentage of unique di-tags is usually expected to be much 

higher (98-99%) (Mifsud et al. 2015; Nagano et al. 2013; Wingett et al. 2015). These results 

indicated the inclusion of too many PCR cycles during the HiC library amplification step 

(Belton et al. 2012). Despite the high percentage of duplicated di-tags, another parameter for 

quality, namely the distribution of distances between the individual tags that pass the de-

duplication step was consistent with high quality libraries (Table 4-1). The leading group of 

di-tags originated from the same chromosome > 10kbp apart (between 47.9% 

(Myotubes(Day7+AraC) Replicate 2) (Figure 4-13,C) and 67.9%(Myoblasts Replicate 1 and 

Replicate 2)) (Figure 4-8,C and Figure 4-9,C), followed by fragments originating from 

different chromosomes (between 50.2% Myotubes(Day7+AraC) Replicate 2 (Figure 4-13,C) 

and 29% Myoblasts Replicate 1 and Replicate2) (Figure 4-8,C and Figure 4-9,C).  

Overall, three of the four HiCUP statistics parameters 1) reads alignment, 2) percentage of 

artefacts, 3) distribution of distances between individual tags are consistent with high quality 

HiC libraries. The only exception to this trend is the high number of duplicated di-tags 

identified during the libraries processing. The latter does not technically affect the quality of 

the HiC libraries since the duplicated di-tags are removed from the libraries during the de-

duplication step, but it does affect the libraries quantitatively - as removal of the di-tags during 
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the de-duplication step results in a decrease in the total number of unique di-tags which were 

retained (between 19 and 45 million for the different replicates). This leads to a need to limit 

the resolution of the subsequent data analyses. The chosen resolution was set to 400kbp for 

most of the data analyses, which is much larger than the size of the average gene in the mouse 

genome (~62 kb). This meant that the 3D organization changes, which were observed, could 

not be attributed to individual genes but rather to larger genomic blocks. By comparison, it has 

been suggested that ~ 300 million mapped reads are needed to achieve 10kb resolution 

analysis for the human genome (Suhas S.P. Rao et al. 2014). 

 

 

 

Following the identification of the valid unique di-tags (using the HiCUP pipeline); the di-tags 

were fed into HOMER (Heinz et al. 2011) for additional filtering based on their proximity to 

HindIII restriction sites (A’AGCTT). Subsequent to this, the valid di-tag pairs were used to 

generate interaction matrices, identify A and B compartments, and identify significant 

interactions. 

 Myoblasts 

R1 

Myoblasts 

R2 

Myotubes 

(Day3) R1 

Myotubes 

(Day3) R2 

Myotubes 

(Day7+AraC) 

R1 

Myotubes 

(Day7+AraC) 

R2 

Unique Di-

tags 

25,995,746 33,890,861 32,591,999 45,780,474 19,024,490 30,112,670 

Cis-close 

(< 10Kbp) 

704,203 939,883 958,984 1,138,959 489,673 545,520 

Cis-far 

(> 10Kbp) 

17,661,476 23,026,756 19,689,128 27,643,216 10,381,323 14,437,841 

Trans 7,630,067 9,924,222 11,943,887 16,998,299 8,153,494 15,129,309 

 

Table 4-1 HiCUP summary report of total number of valid unique di-tags and the 

distribution of genome distances which separate the individual reads (tags) from the di-

tags.  
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 Interaction matrices were generated for each replicate at 500kbp resolution. There was a high 

degree of correlation (r) between the interaction matrices for replicates of the same condition 

at 500kbp resolution (Myoblasts – 0.8, Myotubes(Day3) - 0.93 and Myotubes(Day7+AraC) - 

0.90) (Table 4-2) indicating the high level of reproducibility of the HiC data. Considering the 

high correlation between biological replicates for each condition and the relatively low 

number of valid unique di-tags for each of the individual replicates, HiC libraries for the 

biological replicates were pooled together. The total number of valid di-tags in the pooled 

libraries was as follows: Myoblasts- 36,390,904; Myotubes(Day3) - 46,407,229; 

Myotubes(Day7+AraC) – 29,634,069. The interaction matrices of the three conditions of 

pooled biological replicates were also highly correlated as measured by r values (Myoblasts – 

Myotubes(Day3)-0.83; Myoblasts - Myotubes(Day7+AraC) – 0.78; Myotubes(Day3) – 

Myotubes(Day7+AraC) – 0.93, (r values), Pearson correlation). 

 

 Myoblasts 

R1 

Myoblasts 

R2 

Myotubes 

(Day3) R1 

Myotubes 

(Day3) R2 

Myotubes 

(Day7+AraC) 

R1 

Myotubes 

(Day7+AraC) 

R2 

Myoblasts 

R1 

1 0.8 0.75 0.75 0.72 0.75 

Myoblasts 

R2 

0.8 1 0.79 0.79 0.75 0.74 

Myotubes  

(Day3) R1 

0.75 0.79 1 0.93 0.88 0.89 

Myotubes 

(Day3) R2 

0.75 0.79 0.93 1 0.89 0.9 

Myotubes 

(Day7+AraC) 

R1 

0.72 0.75 0.88 0.89 1 0.9 

Myotubes 

(Day7+AraC) 

R2 

0.75 0.74 0.89 0.9 0.9 1 

 

Table 4-2 Interaction matrices on 500kb resolution are highly correlated at the level of 

biological replicates within and between conditions. 
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4.2.1 A/B compartment switches corresponded to transcript level changes  

The identification of A and B compartments is a standard procedure for the analysis of HiC 

data and represents the application of a principal component analyses of the interaction 

matrices (Chandra et al. 2015; Criscione et al. 2016; Dixon et al. 2015; Fraser et al. 2015; 

Lieberman-Aiden et al. 2009; Suhas S.P. Rao et al. 2014). A and B compartments have been 

previously shown to correspond relatively well to active and inactive genomic regions 

(Lieberman-Aiden et al. 2009; Ryba et al. 2010). Genomic regions which have positive values 

for the first principal component (PC1) represent the A (active) compartment and genomic 

regions which have negative PC1 values represent the B (inactive) compartment (Lieberman-

Aiden et al. 2009). One outstanding question of genome structure during cell differentiation is 

the degree of plasticity of the A and B compartments during development. One way to 

evaluate the level of plasticity is to estimate the percentage of 400kbp bins that change their 

compartment residence between conditions relative to the total number of 400kbp bins. These 

analyses revealed that 25% of the genome changed their compartment residence in at least one 

of the three conditions (Figure 4-1,B) (Supplementary; folder - AtoBswitches). 
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Figure 4-1 A and B compartment switches between conditions. 

PC1 values for the three conditions (chr7) were plotted on the UCSC genome for chr 7 (A). 25% of the genome 

changed compartment status in at least one of the conditions (B) Comparisons are done only for bins which have 

detectable PC1 values in the three conditions (6284 bins in total).  

 

Another more precise strategy for identification of regions which change their compartment 

status between conditions involves the characterization of the interaction profiles of the 

genomic regions (Heinz et al. 2011). If a region is interacting with similar partners in two 

different conditions, this region will have a positive correlation value (i.e. >0) when the region 

between the two conditions is compared. Conversely, if a region is interacting with different 

partners in the two conditions the region will have a negative correlation value (i.e. <0). 

Regions with negative correlation of their interaction profiles in pairwise condition 

comparisons are further referred to as negatively correlated regions. There were 55 400kbp 

genomic regions (bins) which were negatively correlated when Myotubes(Day3) were 

compared to Myoblasts, 121 400kbp regions when Myotubes(Day7+AraC) were compared to 
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Myoblasts and finally 10 400kbp regions when Myotubes(Day7+AraC) were compared to 

Myotubes(Day3) (for coordinates of the negatively correlated regions between conditions see 

Supplementary;S9). 

Following the identification of the negatively correlated regions, the transcription start sites 

(TSS) falling within the boundaries of these regions were identified (see 2.1.5.4). TSS were 

further divided into two groups based on the direction of the change of the PC1 values of the 

regions (+/-500bp) immediately surrounding the TSS. The two groups were represented by: 1) 

TSS having their PC1 values reduced from one condition to the next; and 2) TSS which had 

their PC1 values increased from one condition to the next. The transcript levels of the 

corresponding to the TSS genes were subsequently pooled out from the transcription data 

(Appendix; Script 7). This type of analyses allowed me to perform joint characterization of the 

interaction profile changes, PC1 values changes and transcription changes between conditions.  

During the differentiation from Myoblasts to Myotubes(Day3) the PC1 values of 199 TSS 

reduced (Figure 4-2,A-left). These TSS overlapped with 90 genes from the transcriptome data 

(Figure 4-2,A-right). The observed decrease in PC1 values of the 199 TSS corresponded to 

an overall decrease in the transcript levels of the 90 genes in the switch from Myoblasts to 

Myotubes(Day3) (Figure 4-2,B-left). By contrast, 112 TSS showed increases in their PC1 

values during the differentiation from Myoblasts to Myotubes(Day3) and these increases 

correlated with an overall increase in the transcript levels of the set of 59 genes that were 

identified to overlap with the 112 TSS from the transcriptome data (Figure 4-2,B). The 

observed changes in PC1 values of the TSS and the transcript levels of their corresponding 

gene in the switch from Myoblasts to Myotubes(Day3) were statistically significant (=<0.01, 

Wilcoxon test). (Figure 4-2)(For full list of coordinates and identities of TSS and genes for 

this comparison see Supplementary; S10). A GO analysis indicated that the group of eleven 

genes which exhibited a reduction in the PC1 and transcript levels was enriched for terms 

associated with “nucleosome assembly” and “chromatin assembly” (p<0.01; Table 4-3). 

Notably, with the exception of Cebpg (Chr7:35046422-35056573), the remainder of all ten 

genes encoded histone proteins and are located within the same 400kbp region on chr 

13:23,600,000-24,000,000. 
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Figure 4-2 Distribution of PC1 values of TSS (+/-500bp regions) which reside 

within the coordinates of negatively correlated regions in terms of interaction 

profiles when Myoblasts were compared to Myotubes(Day3) and the transcript 

levels of their corresponding genes are plotted. 

TSS which had their PC1 value decreased (A-left) and TSS which had their PC1 values increased (B-left) 

are used for the individual plots. Transcript levels of genes corresponding to the TSS are pulled out form 

the transcriptome data and plotted in parallel (A-right, B-right).  (P values by Wilcoxon test). Outliers are 

not plotted. 



                                Linkages between genome structure and function during muscle development

  

 

116 

  

 

During the developmental switch from Myoblasts to Myotubes(Day7+AraC) there were 300 

TSS that exhibited reduced PC1 values (Figure 4-3,A-left). These TSS overlapped with 152 

genes identified from the transcriptome data to reduce their average transcript levels (Figure 

4-3,A-right). By contrast, 282 TSS had their PC1 values increased (Figure 4-3,B-left) and 

these TSS overlapped with 143 genes that were identified as showing increase in their 

transcript levels from the transcriptome data (Figure 4-3,B-right). As observed for the 

Myoblast – Myotubes(Day3) differentiation, the direction of changes in the PC1 values and 

transcript levels were corresponding and statistically significant (<0.01) (Wilcoxon test; 

Figure 4-3)(For full list of coordinates and identities of TSS and genes for this comparison see 

Supplementary; S11).GO analyses of the genes that had reduced PC1 values upon 

differentiation from Myoblasts to Myotubes(Day7+AraC) identified an enrichment for terms 

that included “sulfur compound biosynthetic process” (p< 0.01) and “organ and development” 

(p<0.01), “organ morphogenesis” (p<0.05), “system development” (p<0.05) (Table 4-4). 

Similarly, GO analysis of the genes for which the PC1 values increased was enriched for terms 

Gene Ontology term Cluster 

frequency 
Corrected P-

value 
Genes annotated to the term 

nucleosome 

organization 

11 of 90 

genes, 12.2% 
7.53E-10 Hist1h2bb, Hist1h2bc, Hist1h1e, Hist1h4b, 

Hist1h1c, Hist1h4c, Cebpg, Hist1h2be, Hist1h3c, 

Hist1h4a, Hist1h1a 

chromatin assembly or 

disassembly 

11 of 90 

genes, 12.2% 
2.14E-09 Hist1h2bb, Hist1h2bc, Hist1h1e, Hist1h4b, 

Hist1h1c, Hist1h4c, Cebpg, Hist1h2be, Hist1h3c, 

Hist1h4a, Hist1h1a 

nucleosome assembly 10 of 90 

genes, 11.1% 
2.66E-09 Hist1h2bb, Hist1h2bc, Hist1h1e, Hist1h4b, 

Hist1h1c, Hist1h4c, Hist1h2be, Hist1h3c, 

Hist1h4a, Hist1h1a 

chromatin assembly 10 of 90 

genes, 11.1% 
1.13E-08 Hist1h2bb, Hist1h2bc, Hist1h1e, Hist1h4b, 

Hist1h1c, Hist1h4c, Hist1h2be, Hist1h3c, 

Hist1h4a, Hist1h1a 

protein-DNA complex 

subunit organization 
11 of 90 

genes, 12.2% 
4.57E-08 Hist1h2bb, Hist1h2bc, Hist1h1e, Hist1h4b, 

Hist1h1c, Hist1h4c, Cebpg, Hist1h2be, Hist1h3c, 

Hist1h4a, Hist1h1a 

 

Table 4-3 GO terms enriched amongst the genes corresponded to TSS having their PC1 

values and transcript levels decreased during the switch from Myoblasts to 

Myotubes(Day3). 
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related to pyroptosis (p<0.01) (Table 4-5). Notably, the genes found in the pyroptosis GO 

enriched term are encoded as a multigene family contained within 400kbp region located on 

chr13:100,000,000-100,400,000 in the mouse genome.  

 

 

Figure 4-3 Distribution of PC1 values of TSS (+/-500bp regions) which reside within 

the coordinates of negatively correlated regions in terms of interaction profiles when 

Myoblasts were compared to Myotubes(Day7+AraC) and the transcript levels of their 

corresponding genes are plotted. 

TSS which had their PC1 value decreased (A-left) and TSS which had their PC1 values increased (B-left) are 

used for the individual plots. Transcript levels of genes corresponding to the TSS are pulled out form the 

transcriptome data and plotted in parallel (A-right, B-right). (P values by Wilcoxon test). Outliers are not 

plotted. 
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During the developmental switch from Myoubes(Day3) to Myotubes(Day7+AraC) only 24 

TSS exhibited increased PC1 values (Figure 4-4-left). These 41 TSS overlapped with 24 

genes from the transcriptome data (Figure 4-4-right). Interestingly, the overall transcript 

levels of these 24 genes was reduced in the transition from Myoubes(Day3) to 

Myotubes(Day7+AraC) but this reduction was not statistically significant (p=0.37) (Wilcoxon 

test) (Figure 4-4-right). Yet, the changes in the PC1 values of the TSS were statistically 

significant (p<0.01) (Figure 4-4-left). Again similar to the switch Myoblasts to 

Myotubes(Day7+AraC) there was GO enrichment amongst the 24 genes associated with 

pyroptosis (p<0.01)(Table 4-6)(For list of TSS and genes see Supplementary; S12).  

Gene Ontology term Cluster frequency Corrected P-value 

sulfur compound biosynthetic process 8 of 152 genes, 5.3% 0.00017 

positive regulation of cellular process 52 of 152 genes, 34.2% 0.00627 

animal organ development 40 of 152 genes, 26.3% 0.00828 

organ morphogenesis 19 of 152 genes, 12.5% 0.01574 

cell migration 21 of 152 genes, 13.8% 0.01586 

positive regulation of biological process 55 of 152 genes, 36.2% 0.01691 

locomotion 24 of 152 genes, 15.8% 0.02863 

regulation of cell migration 15 of 152 genes, 9.9% 0.03831 

system development 47 of 152 genes, 30.9% 0.03917 

Table 4-4 GO terms enriched amongst the genes corresponded to TSS 

having their PC1 values and transcript levels decreased during the 

switch from Myoblasts to Myotubes(Day7+AraC). 

Gene Ontology 

term 
Cluster frequency Corrected P-value Genes annotated to 

the term 
pyroptosis 3 of 143 genes, 2.1% 0.00914 Naip5, Naip2, Naip6 

Table 4-5 GO terms enriched amongst the genes corresponded to TSS 

having their PC1 values increased during the switch from Myoblasts to 

Myotubes(Day7+AraC). 
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Gene Ontology term Cluster 

frequency 

Corrected P-

value 

Genes annotated to the term 

Pyroptosis 3 of 24 genes, 

12.5% 

8.61E-06 Naip5, Naip2, Naip6 

detection of bacterium 3 of 24 genes, 

12.5% 

8.56E-05 Naip5, Naip2, Naip6 

detection of other organism 3 of 24 genes, 

12.5% 

8.56E-05 Naip5, Naip2, Naip6 

detection of external biotic 

stimulus 

3 of 24 genes, 

12.5% 

0.00023 Naip5, Naip2, Naip6 

detection of biotic stimulus 3 of 24 genes, 

12.5% 

0.0003 Naip5, Naip2, Naip6 

Table 4-6 GO terms enriched amongst the genes corresponded to TSS having their 

PC1 values increases during the switch from Myotubes(Day3) to 

Myotubes(Day7+AraC). 

Figure 4-4 Distribution of PC1 values of TSS (+/-500bp regions) which reside within 

the coordinates of negatively correlated regions in terms of interaction profiles when 

Myotubes(Day3) were compared to Myotubes(Day7+AraC) and the transcript levels 

of their corresponding genes are plotted. 

There were only TSS which had their PC1 value increased (A-left) in this comparison. Transcript levels of 

genes corresponding to the TSS are pulled out form the transcriptome data and plotted in parallel (A-right). (P 

values by Wilcoxon test). Outliers are not plotted.  
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4.2.2 The top 10% most upregulated and downregulated genes during differentiation 

reside in the A compartment under all three conditions  

Differentially expressed genes which identified in pairwise comparisons as falling within the 

top 10% most upregulated and downregulated genes (for GO terms associated with these gene 

groups see section 3.2.3) in the transcriptomic analysis were not represented in the negatively 

correlated genomic regions. This suggested that the genomic regions encoding these genes do 

not change their interacting partners most significantly between the different conditions. Yet 

the pattern of change in the compartments (e.g. PC1 values) that contained these genes, in the 

three different conditions, remained an intriguing question. Therefore, I plotted histograms of 

the PC1 values spanning 5kb regions upstream and downstream from the center positions of 

the differentially expressed genes for Myoblasts, Myotubes(Day3) and 

Myotubes(Day7+AraC) (Figure 4-5). The genomic regions flanking the 10% most 

upregulated and most downregulated genes, for all pairwise comparisons, were found to have 

positive PC1 values in all three conditions (Figure 4-5). This suggests that the most 

upregulated and downregulated genes reside within A compartment during differentiation of 

muscle cells. 
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Figure 4-5 PC1 values across the 10% most upregulated and downregulated 

genes. Upregulated and downregulated genes were identified by pairwise 

comparisons of the transcriptome data (Chapter 3). 

The average PC1 enrichment per 100bp bin for the total number of genes in the groups is plotted +/- 500 

kbp of the middle position of the gene coordinates. The genomic regions encompassing the upregulated 

and downregulated genes, for all pairwise comparisons, have positive PC1 values (e.g. reside in A 

compartment) in all three conditions. 
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TADs were identified using the Armatus algorithm (Filippova et al. 2014). Armatus identifies 

conserved topological domains across different resolutions. Approximately 60% percent of the 

TADS were found to be shared in pairwise comparisons of the three conditions (Figure 4-6). 

This is consistent with the high percentage of TADs preservation found previously between 

different mammalian cell types (Dixon et al. 2012), during mammalian cell differentiation 

(Fraser et al. 2015), and during mammalian cell senescence (Chandra et al. 2015; Criscione et 

al. 2016). 

Significant interactions were identified at 400kb resolution using a background model 

generated by HOMER (see section 2.1.5.7). Only interactions which had a p value <0.001 and 

a fdr =< 0.1 were considered for further analyses. Of note, the most interactions that passed 

the filtering criteria for significance were found in Myotubes(Day3) (i.e. 56268 interactions) 

(Figure 4-6). A possible reason for the increased number of significant interactions in 

Myotubes(Day3), compared to the other two conditions, is the higher number of valid di-tags 

present in the original HiC libraries relative to the other two conditions (Table 4-1)(For 

coordinates of the domains and significant interactions see Supplementary; folder 

Domains_and_intreactions). 
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Figure 4-6 Distributions of shared and unique interactions and TADs across the three 

conditions. 

The number of TADs that were specific or shared between the three conditions was identified using armatus 

(Filippova et al. 2014) (A). Shared and conserved significant interactions (p value < 0.001, fdr <0.1) were 

identified using HOMER (B). 
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4.2.3 Muscle specific genes are associated with other muscle specific genes and with 

distinct epigenetic marks upon muscle differentiation 

TADs enriched for muscle lineage specific genes were previously shown to associate in the 

nucleus upon differentiation of human myoblasts into myotubes (Neems et al. 2016). This led 

me to hypothesize that muscle specific genes themselves may associate upon muscle 

differentiation. To test this hypothesis I used HOMER to evaluate feature enrichment at the 

interaction endpoints of the 10% most upregulated genes during the Myoblasts-

Myotubes(Day3) differentiation. This group of genes was used because it was enriched for GO 

terms related to muscle specific functions (e.g. muscle specific genes). The genomic 

coordinates of the muscle specific genes are provided as a feature to the program, which 

means that HOMER tests directly if these genes are connected by significant interactions in 

the different conditions. The 10% most downregulated genes (genes responsible for cell cycle 

progression) during the Myoblasts-Myotubes(Day3) differentiation were also screened for 

enrichment. As predicted, the muscle specific genes increased their association with other 

muscle specific genes though the formation of significant interactions during the progression 

of differentiation (Figure 4-7; enrichment ratio; Myoblasts - 0.53; Myotubes(Day3)–0.72; 

Myotubes(Day7+AraC)–0.83; P<0.001 in all three conditions). Conversely the association of 

cell cycle specific genes gradually decreased but remained statistically significant (Figure 4-7; 

enrichment ratio; Myoblasts - 0.49; Myotubes(Day3)–0.43; Myotubes(Day7+AraC)–0.37; 

P<0.001 in all three conditions). Interestingly, in Myoblasts, the cell cycle specific genes were 

found to associate the most with muscle specific genes (enrichment ratio 0.8; p<0.001).  

Remodelling of the epigenetic landscape has been previously shown to accompany 

myogenesis (Asp et al. 2011). Specifically, Asp et al. identified genome-wide epigenetic 

changes during myogenesis that were consistent with the genes that were upregulated in 

terminally differentiate myotubes having their chromatin marked with histone marks that 

included H3K4me2, H3K4me3, H3K27me3 and PolII. Notably, while some of these marks 

were present on these loci even when the cells were myoblasts; the strength of the signals for 

these chromatin modifications increased with the progression of differentiation towards 

terminally differentiated myotubes (Asp et al. 2011). In order to understand the relationship 
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between the chromatin marks, significant chromosomal interactions, muscle specific genes 

and cell cycle specific genes; I performed an enrichment evaluation of all these features with 

respect to the interaction end points in all three conditions (Figure 4-7)(Supplementary; S13). 

Overall, the muscle specific genes showed the highest level of enrichment for associations 

with genomic regions marked by all tested epigenetic features in all conditions (Figure 4-7). 

This is not surprising because the muscle specific genes themselves have been shown to 

harbour these epigenetic features (i.e. H3K4me2, H3K4me3, H3K27me3 and PolII) in both 

myoblasts and myotubes (Asp et al. 2011). Regions with similar epigenetic marks have been 

previously shown to cluster in the mammalian nucleus (Dixon et al. 2012; Gilbert et al. 2005; 

Lieberman-Aiden et al. 2009; Nora et al. 2012).  

It was surprising that cell cycle specific genes were also highly enriched for associations with 

genomic regions harbouring active chromatin histone marks (i.e. H3K4me2, H3K4me3) in all 

three conditions (Figure 4-7). Cell cycle specific genes are downregulated in Myotubes 

(Day3) and Myotubes(Day7+AraC) (Abrahams et al. 1994; Zhang et al. 1999) and their 

downregulation is critical for muscle development. Therefore, the reason for the associations 

of the cell cycle specific genes with regions harbouring active histone marks remains 

unknown. However this association may explain to some extent the membership of these 

genes to the A compartment in both Myotubes (Day3) and Myotubes(Day7+AraC) (Figure 

4-5).  

Interactions that involved associations between PolII and all other tested epigenetic marks or 

gene groups decreased in both Myotubes populations relative to Myoblasts (Figure 4-7). This 

is consistent with the general reduction of PolII (Polr2a) expression in 

Myotubes(Day3)(FPKM=32.8359) and Myotubes(Day7+AraC)(FPKM=31.8615) when 

compared to Myoblasts(FPKM=66.7834). It is possible that most of the polymerase positive 

sites in the differentiated Myotube populations actually contain RNA polymerase II in a poised 

state where Ser5, but not Ser2 is phosphorylated. It has been previously shown that 

transcription factories in a poised state are associated with genes which are repressed by the 

PcG Polycomb Group Proteins complexes in mouse ESC (Brookes et al. 2012). As such, the 

poised factories have a different nuclear localization relative to the active RNA polymerase II 

transcription factories (Brookes et al. 2012). The depletion of significant interactions might 
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therefore reflect the separation of the bound with RNA pol II in poised state genomic sites 

from active chromatin marks in the differentiated muscle cells. The factors which might be 

involved to facilitate in the separation of genomic region harbouring peaks for RNA polII in 

poised state from genomic regions harbouring active histone marks through significant 

interactions in muscle cells are currently not know.  
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Figure 4-7 Pairwise feature enrichment at the ends of the significant interactions in Myoblasts, Myotubes(Day3) and Myotubes(Day7+AraC). 

The top 10% and bottom 10% differentially expressed genes from the Myotubes(Day3)-Myoblasts comparison (referred in the text as muscle specific and cell cycle specific genes,  

respectively) were tested for enrichment in their associations with epigenetic marks for Pol II, H3K4me2, H3K4me3, H3K27me3 through significant interactions in all three conditions. The 

enrichment is normalized to the expected number of associations through significant interactions calculated by HOMER and the corresponding P value is outputted calculated by Wilcoxon 

signed-rank test).  (P<0.001 ***, P<0.01 **, P<0.05*).Red-enriched; Blue-depleted. 
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4.2.4 Discussion 

In this chapter I employed HiC genome-wide interaction maps to capture the global changes of 

3D organization in C2C12 cells undergoing differentiation in the presence or absence of AraC. 

Then, I linked these changes to the changes in the transcriptome that were described in 

Chapter 3. My results demonstrate that Myoblasts, Myotubes(Day3) and 

Myotubes(Day7+AraC) were found to be highly correlated at the level of interaction matrices. 

Yet 25% of the genome exhibited condition specific local variations in the compartments that 

they resided in in at least one of the three conditions. Interestingly, the 10% most upregulated 

and downregulated differentially expressed genes, identified in pairwise comparisons, were 

found to reside in the A compartment in all three conditions. Muscle specific genes were 

found to associate with other muscle specific genes upon muscle differentiation. Myotubes 

treated with AraC exhibited changes to the transcript levels and 3D genome organization of 

sets of genes that were all involved in the same biological process – pyroptosis. Pyroptosis 

was identified as one of the possible outcomes of the AraC treatment in the myotubes treated 

with AraC. 

The direction of change of the A and B compartments for groups of genes that showed 

different interaction profiles during development corresponded largely to the direction of 

changes of the transcript levels. Yet there was a higher plasticity in A and B compartments 

relative to the plasticity of the transcript levels in the corresponding genes. This is in line with 

previous genome wide studies regarding compartment plasticity and gene expression changes 

during differentiation of mammalian stem cells where the degree of plasticity in A and B 

compartments was reported to be higher relative to the degree in plasticity in transcript level of 

the corresponding genes (Dixon et al. 2015; Hugo et al. 2016). These results suggest that the 

change in compartments might not in all cases reflect the immediate gene expression state.  

Notably, the regions which had their PC1 value reduced in the switch from Myoblasts to 

Myotubes(Day3) were annotated as being associated with “nucleosome assembly”. With the 

exception of one gene (Cebpg), the remainder of the genes included in the GO categories 

encoded histones and resided within one 400kbp bin on chr 13 (for the list of histone genes see 

Table 4-3). As such, the GO enrichment is resulting predominately from the genes encoded 

from this single bin. Histones are organized in multigene complexes in mammalian genomes 
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(Marzluff et al. 2002) and this 400kbp bin contains 10 replication dependent histone genes of 

total 45 histone genes present in ~2Mb Hist1 cluster on the mouse chr13. Generally, the 

expression of replication dependent histones comprising the histone core (H2A, H2B, H3 and 

H4) is downregulated upon cell differentiation (Ewen 2000; Marzluff et al. 2002) as the main 

“consumer” of histones is newly synthesized DNA (Ewen 2000). Upon cell differentiation, 

myotubes withdraw from the cell cycle (Shen et al. 2003) and the replication of the 

chromosomes is halted. The overall levels of histone expression I observed are decerased 

consistent with the withdrawal of the differentiated cells from the cell cycle (Rattray and 

Müller 2012). It is possible that the observed decrease in the interactions of the histone gene 

cluster (chr13:23,600,000-24,000,000) during the switch from dividing myoblasts to 

differentiated myotubes may contribute to, or be a consequence of, the changes in the histone 

expression levels at this histone cluster (chr13:23,600,000-24,000,000). In fact it has been 

suggested that the co-regulation of the 2Mb multigene histone cluster could be achieved 

through formation of chromosomal interactions with defined transcription factories in mouse 

and human cells (Li et al. 2012). While I have no evidence of changes to histone gene 

clustering, the observed change in interaction profile at the histone locus (chr13:23,600,000-

24,000,000) is likely to be important for histone gene expression regulation during muscle 

differentiation.  

Strikingly, changes to the nuclear architecture of a genomic region encoding for genes 

involved in pyroptosis (Naip5, Naip2, Naip6) which were encoded by one 400kbp bin 

(chr13:100,000,000-100,400,000) correlated with transcriptional changes (i.e. upregulation) of 

genes also involved in pyroptosis (Zbp1, Csp1 and Irf7) in the AraC treated myotubes. As 

such, in my study I observe a direct response of the genome structure and transcription to 

external stimuli – namely the AraC drug treatment. Numerous studies have shown a link 

between the alterations of the nuclear architecture to external stimuli. For example it has been 

previously observed that thalidomide, a drug which has anti-myeloma activity, alters 

chromatin supra-organisation in drug-resistant myeloma cells (Nie et al. 2010) although the 

exact mechanism mediating the alteration was not identified (Nie et al. 2010). Another study 

performed in rye cells showed that upon high-temperature stress, there was marked rDNA 

chromatin decondensation and significantly increase in ribosomal gene expression which was 

coupled with nucleoli enlargement (Tomás et al. 2013). In cultured hippocampal neurons 
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bursts of action potential cause remodelling of the nucleus to obtain ‘unfoldings’ which are 

thought to improve the cellular response to calcium signalling (Wittmann et al. 2009). The 

changes were concomitant with the histone H3 phosphorylation on serine 10 (Wittmann et al. 

2009). A possible outcome of the overlapping responses in 3D organization and transcription 

could be increased cell adaptation to the changed environmental cues. Such an adaptive 

response to changes in environmental conditions is consistent with the observed nucleoli 

enlargement in ray cells accompanied with the increase expression of ribosomal genes in heat. 

This cell response is speculated to compensate for the higher overall transcription rate which is 

required under the stress conditions in these cells (Tomás et al. 2013). The joint action of 

induced “pyroptosis” genes detected by the transcriptome changes coupled with the potential 

activation of the genes from Naip cluster, in case the stimuli persists, could lead to the 

generation of more efficient response on dealing with the potentially “harmful” “pyroptosis” 

stimuli. Conversely, the increase in the interaction profile of the “Naip” cluster might have 

contributed by an unknown mechanism to the upregulation of the transcript levels of Zbp1, 

Csp1 and Irf7 genes. The Naip genes also reside within a single 400kbp bin on 

chr13:100,000,000-100,400,000, similar to the histone genes. It is therefore possible that 

similar to histone genes in the “histone” cluster, the pyroptosis genes in the “Naip” cluster 

could be co-regulated through the formation of interactions in the same transcription factory. 

The observations that the 10% most downregulated expressed genes, which are associated 

with cell cycle progression, were located in the A compartment may be biologically important. 

Moreover, the cell cycle specific genes were found to interact with genomic regions 

harbouring peaks for histone marks peculiar for active chromatin such as H3K4me2 and 

H3K4me3. One possible explanation for these observations is that the terminal differentiation 

of muscle cells is relatively easily reversible (Hjiantoniou et al. 2008; Mastroyiannopoulos et 

al. 2012). Specifically, it has been shown that downregulation of only myogenin in terminally 

differentiated C2C12 cells rescues the cell cycle and eventually results in a shift from the 

multinucleated phenotype of the myotubes to mononucleated myoblasts, which are capable of 

cell division (Mastroyiannopoulos et al. 2012). Similarly, overexpression of another single 

gene (i.e. Twist) in terminally differentiated muscle cells has been shown to cause de-

differentiation and rescue the cell cycle (Hjiantoniou et al. 2008). As such, it appears that a 

very fine balance within the expression program separates the differentiation and de-
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differentiation state in muscle cells. The residence of the cell cycle specific genes in the “A” 

compartment may therefore reflect the “readiness” of the cell cycle specific genes to be 

activated upon the presence of the right transcription cues. 

Muscle specific genes were found to associate with cell cycle specific genes through 

significant interactions the most in Myoblasts. The reason for this association remains 

unknown but it is possible that the association between muscle specific genes and cell cycle 

specific genes acts as a form of “crosstalk” between the cell cycle specific genes and muscle 

specific genes. Furthermore the concomitant expression of these two groups of genes is 

generally reciprocal (Abrahams et al. 1994; Zhang et al. 1999) and the “crosstalk” in term of 

interactions may contribute to such reciprocity. Conversely muscle specific genes may occupy 

a nuclear location close to already recruited transcription machinery, (cell cycle specific genes 

are highly expressed in myoblasts), which could contribute to increased efficiency of muscle 

specific genes transcription once the stimuli for their upregulation is present (e.g. expression 

of MRFs). This is similar to the active re-location of Myc and Fos genes to pre-assembled 

transcription factories upon induction of mouse B cells (Osborne et al. 2007).  

Muscle specific genes increased their interactions with other muscle specific genes upon 

muscle differentiation. Clustering of cell type specific genes has been reported previously in 

embryonic and differentiated mammalian cells (Schoenfelder, Sexton, et al. 2010; de Wit et al. 

2013). In mouse embryonic stem cells it was demonstrated that the pluripotency condition is 

based on clustering of ES cell specific genes around pluripotency transcription factors such as 

Nanog, Sox2 and Oct4 (de Wit et al. 2013). Similarly, clustering of active erythroid specific 

genes regulated by Klf1 transcription factor around the erythroid specific Klf1 foci has been 

observed (Schoenfelder, Sexton, et al. 2010). In this instance, approximately 40% of the Klf1 

co-associated with active PolII (Schoenfelder, Sexton, et al. 2010). As such, the association of 

muscle specific genes upon muscle differentiation might be mediated by some of the abundant 

muscle specific TF which in turn might facilitate the transcriptional co-regulation of these 

genes. Another possibility is that muscle specific genes may cluster around common 

transcription factories (Papantonis and Cook 2011; Rieder et al. 2012) without the mediatory 

effect of the muscle specific transcription factors.  
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In conclusion, extensive switches of A and B compartments occur during the differentiation of 

myoblasts into myotubes in the presence or absence of AraC. Interestingly, the 10% most 

upregulated and downregulated genes do not change compartments upon differentiation. 

However, there is a coupled response between both nuclear structure and gene transcript levels 

to an external stimulus, namely the AraC treatment of Myotubes.  
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Figure 4-8 QC report generated after processing of the Myoblasts Replicate 1 HiC 

library.  

64.1% (A) of the reads mapped as a valid pair to reference genome, 80.8% (B) of the mapped reads passed the 

filtering step and 25.9 million reads (C) remained after the de-duplication. 
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Figure 4-9 QC report generated after processing of the Myoblasts Replicate 2 HiC 

library. 

61.8% (A) of the reads mapped as a valid pair to reference genome, 83.1% (B) of the mapped reads passed the 

filtering step. 33.8 million reads (C) remained after the de-duplication. 
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Figure 4-10 QC report generated after processing of the Myotubes(Day3) Replicate 1 

HiC library. 

59.4% (A) of the reads mapped as a valid pair to reference genome, 88.9% (B) of the mapped reads passed the 

filtering step. 32.5 million reads (C) remained after the de-duplication.   
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Figure 4-11 QC report generated after processing of the Myotubes(Day3) Replicate 2 

HiC library. 

60.4% (A) of the reads mapped as a valid pair to reference genome, 88% (B) of the mapped reads passed the 

filtering step. 45.78 million reads (C) remained after the de-duplication. 
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Figure 4-12 QC report generated after processing of the Myotubes(Day7+AraC) 

Replicate 1 HiC library. 

62.5% (A) of the reads mapped as a valid pair to reference genome, 73% (B) of the mapped reads passed the 

filtering step. 19 million reads (C) remained after the de-duplication. 
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Figure 4-13 QC report generated after processing of the 

Myotubes(Day7+AraC) Replicate 2 HiC library. 

62.9% (A) of the reads mapped as a valid pair to reference genome, 78% (B) of the mapped reads 

passed the filtering step. 30 million reads (C) remained after the de-duplication 
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Chapter 5. Interactions between mitochondrial and nuclear 

DNA in mammalian cells are non-random 

5.1 Introduction 

It is widely understood that different mammalian cell types maintain diverse numbers of 

mitochondria due to differences in their energetic requirements. This is attributed to the central 

role that mitochondria play in cell metabolism and energy production via oxidative 

phosphorylation. However, mitochondria are also known to be involved in cellular processes 

that are not directly related to metabolic energy generation including cellular differentiation, 

the control of cell growth and cell death (Duchen 2004).  

Mitochondria contain their own genomes. Unlike the metazoan nuclear genome, the 

mitochondrial genome is only ~16 kb (human and mouse) and is present in multiple copies 

within the mitochondrial organelles in each cell. Moreover, the ratio of mitochondrial:nuclear 

genomes depends on the cell type (Clay Montier et al. 2009). Mitochondrial and nuclear 

functions are highly interdependent in a reciprocal manner (Horan, Gemmell, and Wolff 

2013). This is reflected in the fact that while the mitochondrial encoded genes are essential for 

mitochondrial function, more than 1000 proteins required for mitochondrial function are 

encoded in the nucleus (Andersson et al. 2003). Therefore, the assembly of functional 

mitochondria requires coordinated expression of genes within both the nuclear and 

mitochondrial organelles. Consequently, a mechanism to co-ordinate and control the 

expression of the nuclear and mitochondrial encoded genes must exist (Butow and Avadhani 

2004; Poyton and McEwen 1996) to facilitate constant communication between mitochondria 

and nuclei.  

The mitochondrial genome has dramatically reduced in size over the course of its evolution as 

an endosymbiont. In fact, functional transfer of the majority of (~98%) of mitochondrial genes 

required for mitochondrial functions into the nucleus has occurred over the past 1.5 billion 

years (Bock and Timmis 2008; J. J. N. Timmis et al. 2004). The ongoing nature of this transfer 

is reflected in the finding that the nuclear chromosomes of a wide range of eukaryotic species 

contain nuclear mitochondrial sequences (NUMTs) that are homologous to contemporary 
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mitochondrial DNA (mtDNA) sequences (Hazkani-Covo et al. 2010). Transfer of mtDNA into 

the nucleus and nuclear chromosomes has been measured in germ-line and somatic cells in 

many mammals, with rates between 5.1-5.6 x 10
-6 

per cell/per generation in the germ-line 

(Bensasson et al. 2003; Ju et al. 2015; Ricchetti et al. 2004) and 2 x 10
-4

per cell/per generation 

in somatic cells (Ju et al. 2015). The transfer of mtDNA in somatic cells is not just 

intracellular and recent work has described instances where mtDNA and intact functional 

mitochondria are transferred between cells (Ahmad et al. 2014; Falchi et al. 2012; Liu et al. 

2014; Spees et al. 2006; Tan et al. 2015). Therefore, it remains possible that both intracellular 

and intercellular mtDNA transfer is involved in biological functions that are not yet fully 

described. 

De novo mtDNA insertions into the genome in germ-line cells are established as resulting in 

either neutral or harmful polymorphisms (Hazkani-Covo et al. 2010). However, the genetic, 

functional and phenotypic outcomes associated with mtDNA insertions into the nuclear 

chromosomes of somatic cells are less defined. Despite this, mtDNA transfer rates into nuclear 

chromosomes are known to be dynamic and alter with differentiation (Schneider et al. 2014), 

age (Caro et al. 2010) or cancer progression (Ju et al. 2015). 

The formation of NUMTs requires that mtDNA associate directly with the chromosomes. 

Therefore, once the mtDNA has transferred into the nucleus, and before it is inserted into the 

nuclear chromosomes, it must interact with the nuclear DNA (mito-nDNA interactions). 

Genome Conformation Capture (GCC) has been used previously to capture specific mito-

nDNA interactions occurring within nuclei of the budding (Rodley et al. 2009) and fission 

yeasts (R S Grand et al. 2014). Collectively, the formation of the mito-nDNA interactions 

appears to be dynamic and dependent upon the energetic state in budding yeast (Rodley et al. 

2009, 2012) and cell cycle stage in fission yeast (R S Grand et al. 2014). Finally, the mito-

nDNA interactions in budding yeast are functional (Cheng and Ivessa 2010; Spees et al. 2006) 

and associated with the regulation of the interacting nuclear gene’s transcript levels (Cheng 

and Ivessa 2010; Rodley et al. 2012; Spees et al. 2006) .  

High-resolution Chromosome Conformation Capture (HiC) techniques regularly capture mito-

nDNA interactions within mammalian nuclei (Dixon et al. 2012; Suhas S.P. Rao et al. 2014). 

However, the mito-nDNA interactions that are captured by HiC are routinely considered as 
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random artefacts. The central argument for the classification of mito-nDNA interactions as 

being random centres on the fact that mtDNA and nuclear chromosomes reside in different 

organelles. As such, it is assumed to be highly unlikely that mtDNA migrates through multiple 

membranes to interact specifically with nuclear DNA (Dixon et al. 2012). Rather, mito-nDNA 

interactions are assumed to form as a result of chromatin diffusion, random collisions and 

ligation between the numerous mtDNA and nuclear restriction fragments during the ligation 

step of the HiC protocol. However, comprehensive statistical evaluation of the randomness of 

mito-nDNA interactions captured by HiC experiments has been lacking and it has been 

assumed that the observed differences in mito-nDNA interactions captured by the in situ and 

diluted HiC preparations confirm the randomness of these interactions (Suhas S.P. Rao et al. 

2014).  

Here, I have evaluated mtDNA interactions captured: 1) by HiC in six human cell lines; and 2) 

by 4C in mouse cortical astrocytes. I show that mito-nDNA interactions are statistically 

significant and shared between multiple replicates. 

5.2  Results 

5.2.1 Captured nuclear-mtDNA interactions are non-random in human cell lines 

O’Sullivan group previously identified non-random distributions of nuclear-mtDNA 

interactions in Baker’s (Rodley et al. 2009, 2012) and fission yeast (R S Grand et al. 2014). 

Therefore, I undertook a screen to determine if the nuclear-mtDNA interactions captured in 

biological and technical replicates of HiC library preparations of GM12878 (Human B-

lymphoblastoids), IMR90 (Human Lung Fibroblasts), K562 (Human Erythroleukemia), 

KBM7 (Near Haploid Human Myelogenous Leukemia), NHEK (Normal Human Epidermal 

Keratinocytes) and HUVEC (Human Umbilical Vein Endothelial) cell lines were random 

(Suhas S.P. Rao et al. 2014).  

I chose to screen for shared nuclear partners interacting with mtDNA in both biological (i.e. 

cells originating from different passages that were not cross-linked together) and technical 

replicates (i.e. cells were cross-linked together, split, and the in situ HiC protocol was 

performed on independent aliquots). The choice to undertake screening for significant mito-

nDNA interactions simultaneously in both technical and biological replicates was based on: 1) 
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the nuclear interaction data generated using in situ HiC method was highly correlated between 

biological and technical replicates in the original HiC libraries (Suhas S.P. Rao et al. 2014); 

and 2) the ligation step of the HiC protocol, throughout which formation of supposedly 

random mito-nDNA interactions would occur, was performed separately for each replicate 

(biological or technical; (Figure 5-1,A,B) and therefore the chances of generating random 

mito-nDNA interactions remains stable as long as the HiC libraries are prepared from similar 

cell numbers with similar sequencing depth.  

Captured mito-nDNA interactions were extracted from the *_merged_nodups.txt.gz files 

(Suhas S.P. Rao et al. 2014) and filtered to include only those interactions where sequences for 

both the mitochondrial and nuclear DNA partners were positioned ≤450 bp from the closest 

MboI restriction site. I counted the nuclear loci captured interacting with mtDNA in each  

replicate (Figure 5-1,D; Supplementary; S1) and determined the number of shared interactions 

between pairs of replicates (i.e. the same nuclear locus was captured interacting with mtDNA 

in pairs of replicates for all replicates of these cell lines). Based on the number of shared 

interactions between pairs of replicates, the probability for finding that many or more nuclear 

loci by chance was determined (p<0.001, Fisher’s exact test with Bonferroni correction) 

(Table 5-1). The very small probabilities resulting of the Fisher’s exact test application for 

finding that many or more shared nuclear loci between independently prepared technical and 

biological replicate pairs by chance is consistent with the captured mito-nDNA interactions 

being non-random.  

I identified five nuclear loci that were captured interacting with mtDNA in all replicates and 

cell lines (Supplementary; S2). Two and three of these nuclear loci are located at the 

centromeric regions of chr1 and chr6, respectively (Figure 5-2,A). This is consistent with 

previous observations of mtDNA localizing with centromeric regions in metaphase bone 

marrow rat cells obtained from young and old animals (Caro et al. 2010). However, the 

repetitive nature of the centromeric regions precludes the alignment program positioning the 

captured sequences at the specific centromere from which they originated on the reference 

genome. Therefore, it remains likely that the mito-nDNA interactions are formed with 

centromeric regions from more than these two chromosomes.   
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Table 5-1 Fisher’s exact test was performed to evaluate the probability for that many or 

more nuclear loci interacting with mtDNA to be found shared between pairs of replicates 

by random chance. 

 

Cell Line Compared replicates Types of replicates p value (Fisher’s 

exact test) 

K562 HiC069 (R1) vs 

(HiC071-HiC074) (R3) 

Biological ~ 0 

HiC070 (R2) vs 

(HiC071-HiC074) (R3) 

Biological ~ 0 

HiC069 (R1) vs HiC070 (R3) Technical ~ 0 

KBM7 HiC075 (R1) vs HiC078 (R2) Biological 1.54E
-48

 

NHEK HiC065 (R1) vs HiC066 (R2) Technical ~ 0 

HiC066 (R2) vs HiC067 (R3) Technical 9.59E
-161

 

HiC065 (R1) vs HiC067 (R3) Technical 2.24E
-166

 

HUVEC HiC080 (R1) vs HiC081 (R2) Technical 2.54E
-122

 

HiC081 (R2) vs HiC082 (R3) Technical 8.75E
-159

 

HiC080 (R1) vs HiC082 (R3) Technical 1.39E
-255

 

IMR90 HiC050 (R1) vs HiC051 (R2) Technical 3.62E
-09

 

HiC055 (R3) vs HiC056 (R4) Technical 2.82E
-206

 

HiC050 (R1) vs HiC055 (R3) Biological 1.01E
-19

 

HiC050 (R1) vs HiC056 (R4) Biological 2.29E
-28

 

HiC051 (R2) vs HiC055 (R3) Biological 2.36E
-33

 

HiC051 (R2) vs HiC056 (R4) Biological 2.52E
-30

 

GM12878 HiC003 (R1) vs HiC020 (R2) Biological 1.03E
-40

 

HiC003 (R1) vs HiC022 (R3) Biological 5.57E
-58

 

HiC003 (R1) vs HiC025 (R4) Biological 2.05E
-60

 

HiC003 (R1) vs HiC027 (R5) Biological 1.14E
-132

 

HiC020 (R2) vs HiC022 (R3) Biological 3.07E
-14

 

HiC020 (R2) vs HiC025 (R4) Biological 9.55E
-18

 

HiC020 (R2) vs HiC027 (R5) Biological 1.46E
-23

 

HiC022 (R3) vs HiC025 (R4) Biological 3.67E
-32

 

HiC022 (R3) vs HiC027 (R5) Biological 2.96E
-57

 

HiC025 (R4) vs HiC027 (R5) Biological 2.36E
-73
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Figure 5-1 Mito-nDNA interactions from multiple HiC libraries of six human cell lines 

were analysed. 

Comparison between technical and biological replicates was possible, since the ligation step, during which the 

supposedly random mito-nDNA interactions are formed, is carried out in separate aliquots (Suhas S.P. Rao et al. 

2014)(A,B). Multiple HiC libraries (biological and technical replicates) having relatively similar sequencing 

depth for a cell line (Mean ± SEM; ranging from 1.55 x 10
8
 (KBM7) - 3.1 x 10

8
 (K562)) were screened for the 

presence of mito-nDNA interactions (C). The mean number of captured mito-nDNA interactions for all replicates 

of a cell line ranged between 0.64 x 10
5 

(KBM7) to 2.22 x 10
5
 (K562) (D). The mean ± SEM was plotted. The 

number of nuclear loci captured interacting with mtDNA that were shared between all replicates of each cell line 

ranged between 6 (GM12878) - 9.3 x 10
2
 (KBM7) and decreased with the increasing number of replicates (E). 
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I determined if there was any enrichment for GO terms within the nuclear loci that were 

captured interacting with the mtDNA in all replicates (hereafter the shared nuclear loci) for 

each of the six human cell lines (Figure 5-1,E). There was GO enrichment for the shared 

nuclear loci within the KBM7 and K562 cell lines which were enriched for locomotory 

behaviour (p=0.00235) and protein phosphorylation (p= 0.0316), respectively. It remains 

unclear why these particular GO terms are enriched in these specific cell lines.  

The nuclear encoded BCR and ABL1 genes, that are fused by a recurrent translocation to form 

the Philadelphia chromosome (t9:22; q34:q11) interacted stably (present in all replicates) with 

mtDNA in the K562 and KBM7 cell lines (Figure 5-2,B). Seven MboI restriction fragments 

from across the ABL1 locus and six that crossed the BCR locus were captured interacting with 

mtDNA in K562. Only a single MboI restriction fragment from each of the BCR and ABL1 

genes interacted with mtDNA in the KBM7 cell line. Both K562 and KBM7 are positive for 

the BCR:ABL translocation (Andersson et al. 1987; Grosveld et al. 1986). By contrast, the 

BCR and ABL1 genes in the other cell lines (NHEK, HUVEC, IMR90 and GM12878) were 

not captured interacting with the mtDNA. The finding that mtDNA interacts with genes that 

have undergone genome rearrangement is consistent with the observation that mtDNA inserts 

at sites of DSBs (double strand breaks) in yeast (Cheng and Ivessa 2012; Ricchetti et al. 1999) 

and at chromosomal rearrangements sites in human cancer cells (Ju et al. 2015), thus, 

implicating NUMTs in the formation of mito-nDNA interactions. Interestingly, the restriction 

fragments in K562 that were captured interacting with the mtDNA did not originate from the 

regions immediately adjacent to the translocation in K562 for which the exact nuclear 

coordinates are known (Engreitz et al. 2012) (ABL1; chr9:133560179-133610179 and BCR; 

chr22:23620000-23670000, converted from hg18 to hg19 using liftOver tool from UCSC 

(https://genome.ucsc.edu/cgi-bin/hgLiftOver)), but were ≥ 30 kb (ABL1, downstream of the 

translocation point) and ≥ 12 kb (BCR, upstream of the translocation point) apart. Thus, at 

least a subset of the mito-nDNA interactions that were captured involves NUMTs. 
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Figure 5-2 Common for all human cell lines (A) and some of the cell type specific (B) 

mito-nDNA interactions 

 Mito DNA was captured to interact with nuclear regions near the centromeres on chr1 and chr6 in all replicates 

and cell lines (A). In cell lines KBM7 and K562 which are positive for the Philadelphia chromosome 

(translocation between chr 22 and chr 9) mtDNA was found to interact with the genes which are involved in the 

translocation (ABL1 and BCR) but these interactions were absent from all other tested human cell lines in which 

the translocation is absent (B). 
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If the interactions between mitochondrial and nuclear chromosomes were random, one would 

expect an even distribution of the interactions across the mitochondrial genome. I analysed if 

this was the case for the mitochondrial partners of the shared nuclear loci in each cell line 

(Figure 5-1,E). I counted the number of interactions that each mitochondrial restriction 

fragment was involved in for each particular replicate of the cell lines and then redistributed 

the counts amongst four equally sized bins spanning the mitochondrial genome to account for 

differences in length of the mitochondrial restriction fragments (Figure 5-3,A,B; 

Supplementary; S4). Interactions were present in all bins across the mitochondrial genome. 

However, the distribution of the captured interactions across the mitochondrial genome was 

uneven (p=1.156
-10

; two way ANOVA, unbalanced) for the individual cell lines and replicates 

(Figure 5-3). The region spanning the ND6, CYB, D loop, 12S, and 16S mitochondrial genes 

(Bin4 - 14.5 - 2.1 kbp) formed a high number of interactions relative to the rest of the bins in 

all replicates and cell lines. This is consistent with previous observations where mitochondrial 

regions spanning the D-loop (14-0.5 kbp) were found to be enriched in somatic mitochondrial 

DNA transfer events that resulted in nuclear mitochondrial insertions within human genomes 

from cancerous cells (Ju et al. 2015). Finally, the total number of the interactions across the 

four bins correlated positively with the total number of mito-nDNA interactions captured for 

the individual replicates (Supplementary; S4) and negatively with total number of replicates in 

a cell line. 
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Figure 5-3 The mitochondrial restriction fragments captured interacting with nuclear 

loci were unevenly distributed across the mitochondrial genome. 

Captured mito-nDNA interactions that were shared between all replicates of a cell line were identified, filtered, 

and mapped onto four equally sized mitochondrial genome bins. Data for all replicates for each cell line is shown. 

The differences in counts between bins was statistically significant (p=1.156
-10

; unbalanced two way ANOVA; 

Methods 2.3). MboI restriction enzyme sites are indicated by vertical lines. 
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5.2.2 Specific mito-nDNA interactions are captured in mouse astrocytes 

Mitochondria can account for up to 30% of the cell mass in cells with high energy demands 

(e.g. brain and muscle cells) (Schaper, Meiser, and Stämmler 1985). During brain 

development in metazoans, mitochondrial function increases as the metabolic rates increase by 

three to seven fold (Nehlig et al. 1988; Pysh 1970). However, the mitochondrial mass and 

amount of mtDNA have been shown to have developmental effects that are independent of 

their metabolic function (Vayssière et al. 1992). Therefore, I predicted that mito-nDNA 

interactions could be formed and contribute to the development of brain cells.  

To test this prediction I used 4C to capture interactions between mouse mitochondrial genes 

(ND1, ND2, CO1, CO2, ATPase8, ATPase 6) and nuclear chromosomes in primary mouse 

cortical astrocytes derived from animals in their first two days of postnatal life (Figure 5-4,A). 

In contrast to HiC, 4C provides an in-depth analysis between the bait region(s) of interest 

(mitochondrial baits) and the rest of the genome. As such, 4C enables detailed screening of the 

patterns of mito-nDNA interactions within the primary mouse cortical astrocytes. To reduce 

the chances of identifying false positive mito-nDNA interactions we prepared a digested, but 

not ligated library. This enabled the identification of non-specific products that were likely 

caused by mis-priming during the PCR amplification step of the procedure. I also reduced the 

signal due to the PCR amplification of the sequences adjacent to the bait fragment, which are 

expected to interact, by including blocker primers in the PCR reactions that were on the 4C 

libraries. The blocker primers are modified with three carbons on their 5’ and 3’ ends and are 

designed to anneal to the sequences adjacent to the baits. The capping of the blocker primers 

with carbons blocks polymerase activity and prevents amplification through the sequences to 

which they are annealed (Karkare and Bhatnagar 2006; Vestheim and Jarman 2008). 

 Significant mito-nDNA interactions were captured between the mitochondrial 4C baits and 

nuclear loci within the mouse cortical astrocytes (Table 5-2) and (Supplementary; S5). 
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Figure 5-4 Mouse mitochondrial DNA interacts with nuclear loci in cortical astrocytes 

Five 4C baits spanning six mouse mitochondrial genes (ND1, ND2, CO1, CO2, ATPase8 and ATPase 6) were 

identified in silico. 4C PCR primers and blockers were designed using primer3 to enable amplification of the 

captured interacting sequences (Koressaar and Remm 2007; Untergasser et al. 2012) (A). Baits 1, 2 and 5 formed 

interactions with nuclear loci, that were spread across the mouse chromosomes. The Y chromosome was 

excluded from the analysis as the sex of the mice was unknown. Only four NUMTs were located < 1MB from the 

nuclear loci that were captured interacting with the mitochondrial baits (B). Bait 1, 2 and 5 interacted frequently 

with a region on chr17 (between 39,842,997 and 39,848,829), annotated as a 45S rDNA subsequence 

(uc012ath.2) in the UCSC mouse genome assembly (mm10) (C). 
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Table 5-2 Baits 1, 2 and 5 formed 66, 10 and 36 significant (FDR <2%) interactions with 

nuclear loci, respectively. The length of the mitochondrial 4C baits correlates with the 

number of captured nuclear interactions. 

 

The nuclear loci that were captured interacting with baits 1, 2, and 5 were spread across the 

mouse chromosomes (Figure 5-4,B). The cumulative number of captured interactions for baits 

1, 2 and 5 did not correlate with the length of the nuclear chromosomes, the number of genes 

on the chromosomes, or the number of NUMTs on the chromosomes (Figure 5-5. Baits 3 and 

4 were not captured interacting with any nuclear loci under the conditions that we used. Bait 1 

was captured interacting with the most nuclear loci and there appears to be correlation 

between bait length and the number of interacting loci (Figure 5-5) and (Table 5-2).    

Seventy-five of the nuclear loci (66%) that were captured interacting with the mitochondrial 

baits in mouse astrocytes were entirely within or partially overlapping gene coding regions 

(i.e. regions with feature type = “gene” in the genbank file; Supplementary; S5). By contrast, 

only 50% of the MspI fragments from the in silico digested mouse genome overlap gene 

coding regions. The observed overlap with coding regions was statistically significant (p = 

0.00028, two-tailed, population proportion test).  

I did not identify any individual nuclear MspI restriction fragments that were captured 

simultaneously interacting with baits 1, 2 and 5. However, baits 1, 2 and 5 were all captured 

interacting with a region on chr17:39842997-39848829. It is interesting to note that the current 

ensemble annotation does not contain rDNA sequences, but the UCSC genome assembly 

(mm10 mouse genome) refers to this chromosomal region as encoding a 45S pre-ribosomal 

RNA (uc012ath.2)(Figure 5-4,C). There were also several captured interactions that were 

shared between two of the baits. Firstly, a restriction fragment that overlaps Cmss1 and Filip1l 

at chr16:57391516-57391537 was identified as interacting with baits 1 and 5. Baits 1 and 2 

mtCO1 Baits Bait 1 Bait 2 Bait 3 Bait 4 Bait 5 

# of interacting nuclear MspI restriction fragments  

(nuclear loci) 

66 10 0 0 36 

Length of mt Baits (bp) 2325 387 162 114 2012 
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were also captured interacting with a shared restriction fragment located at chr17:39845350-

39845538 upstream of the 18S rDNA pseudogene (chr17:39846353–39848201). These results 

are consistent with observations of frequent interactions between the mitochondrial genome 

and ribosomal genes in the budding yeast, S. cerevisiae (Rodley et al. 2009, 2012).  
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Figure 5-5 Correlation between the number of mito-nDNA interactions and different 

characteristics of the mouse chromosomes. 

Cumulative number of mito-nDNA interactions is not correlated with the size of the nuclear chromosomes (A), 

the number of genes on the chromosomes (B), or the number of NUMTs on the chromosomes (C). However, 

there appears to be a correlation between the size of the baits (bp) and the number of mito-nDNA interactions 

(D).  
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There are 1158 nuclear encoded mitochondrial genes within a total pool of ~20629 genes in 

the mouse nuclear genome (Pagliarini et al. 2008). These 1158 nuclear encoded mitochondrial 

genes constitute 99.8% of the genes required for mitochondrial function (J. J. N. Timmis et al. 

2004). I identified eight nuclear encoded mitochondrial genes (Abhd11, MrpS38, Taco1, Eci2, 

Mocs1, Atp5g2, Cpt1b, Trmt11) (MitoCarta 2.0) (Pagliarini et al. 2008) overlapping or less 

than 2000 bp from the nuclear loci captured interacting with the mitochondrial baits. However, 

in contrast to earlier observations in yeast (Rodley et al. 2009, 2012), a proportion test 

revealed no enrichment for nuclear encoded mitochondrial genes within the nuclear regions 

captured interacting with mitochondrial baits 1, 2, and 5 (p = 0.48, two-tailed, population 

proportion test).  
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Gene ontology analysis did not identify any enrichment for the nuclear genes that overlapped 

the restriction fragments that were captured interacting with the mouse mitochondrial baits 

used in this study. Similarly, there was no enrichment observed for genes that were within 

2000 bp of the intergenic restriction fragments that were captured interacting with the mtDNA.  

It is possible that the formation of interactions between DNA sequences involves the 

formation of a DNA:protein:DNA complex mediated by DNA binding protein(s) (Gómez-

Díaz and Corces 2014; Matthews 1992). Therefore, I used MEME (Bailey et al. 2015) to 

determine if the DNA sequences captured interacting with the mouse mtDNA contained 

overrepresented motifs for any DNA binding proteins. MEME identified one motif that was 

present in 28 captured sequences and had a significant E-value (1.1 x 10
-3

; Table 1). 

According to Tomtom (Gupta et al. 2007), this motif is a recognised binding site for Zfp281 

protein (Table 5-3).  

 

 

Table 5-3 Consensus sequence for significantly enriched DNA motif identified within the 

nuclear loci that were captured interacting with mouse mitochondrial DNA in cortical 

astrocytes. 

 

 

 

 

 

Motif logo enriched in 

MEME 

Number of 

sequences 

containing the 

motif 

Motif 

E-value 

(MEME) 

First 

match in 

Tomtom 

Tomtom 

Match 

E-value 

Tomtom 

database 

 

28 1.1 x 10 
-3

  Zfp281_

primary 

2.94 x 10 
-5

 uniprobe_ 

mouse.meme 
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5.3 Discussion 

I report here the proximity-ligation (i.e. HiC) mediated detection of statistically significant 

mito-nDNA interactions in six human cell lines. These captured interactions are non-random 

(p<0.01) and are formed in multiple biological and technical replicates of in situ HiC libraries. 

Crucially, in situ HiC libraries facilitate the generation of denser chromosome contact maps 

and reduce the random convection of chromatin relative to the diluted HiC libraries (Suhas 

S.P. Rao et al. 2014). In depth, sequencing of mito-nDNA interactions, captured by 4C, 

confirms that statistically significant mito-nDNA interactions are also present in mouse 

cortical astrocytes. 

The most frequently captured interactions between mtDNA and nuclear loci in the 4C and HiC 

data occur with repetitive DNA sequences that include the 18S rDNA in mouse cortical 

astrocytes and centromeric regions in the six human cell lines. Quantitative analyses have 

previously linked mtDNA copy number to regulatory roles in both yeast (Blank et al. 2008) 

and mammalian cell cycles (Antico Arciuch et al. 2012). Therefore, while it is commonly 

argued that interactions between repetitive DNA sequences have a higher probability of being 

captured in the proximity ligation experiments (Cagliero et al. 2013; Yaffe and Tanay 2011), 

this increased statistical probability does not diminish the potential biological significance of 

such interactions (Cagliero et al. 2013). This observation is consistent with earlier results that 

have shown mitochondrial DNA is stably colocalized in the centromere regions of rat 

chromosomes in bone marrow cells (Caro et al. 2010) and inserted into Arabidopsis and rice 

centromeres (Michalovova, Vyskot, and Kejnovsky 2013). 

Some mtDNA regions showed a tendency to interact more frequently with nuclear loci than 

other mtDNA regions in the HiC and 4C data. I observed that the most frequently captured 

interacting mtDNA region, within the HiC data, spans the mitochondrial D-loop. This finding 

is consistent with previous studies that have demonstrated that fragments derived from the D-

loop were the mitochondrial genome region most frequently inserted into the nuclear 

chromosomes of cancer cells as a result of ongoing transfer (Ju et al. 2015).  
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Although the D-loop within the mitochondrial genome showed a higher tendency to be 

captured interacting with the nuclear genome than other regions of the mitochondrial genome, 

all regions formed interactions with nuclear loci. Again, this is consistent with previous 

findings that fragments originating from the entire mitochondrial genome are represented in 

recent human NUMTs insertions (Dayama et al. 2014). Within the 4C data, the most 

frequently captured mitochondrial fragment (bait 1) spanned the Nd1, Nd2 and CO1 genes. It 

remains uncertain which of these genes, or intervening sequences, are responsible for the 

formation/maintenance of the captured interactions. However, regions that partially 

overlapped the mtCO1 gene in budding (Rodley et al. 2012) and fission yeast (R S Grand et al. 

2014) were previously shown to form interactions with nuclear loci. Our finding that some 

regions of the mitochondrial genome are captured in mito-nDNA interactions at higher 

frequencies than others implies a degree of regulation in the selection of the mitochondrial 

partners and suggests once again that the mito-nDNA interaction formation is not a random 

process. 

In this study, I am unable to discriminate among mitochondrial partners that were: 1) directly 

derived from the mitochondrial genome; or 2) were already inserted within the nuclear 

chromosomes in the form of NUMTs. My analyses use the level of similarity between the 

sequences to preferentially isolate interactions that involve mitochondrial genome sequences – 

which evolve at a different rate to NUMTs (Leister 2005; Pakendorf and Stoneking 2005). 

However, it remains possible that a proportion of the captured mito-nDNA interactions 

involve recently formed NUMTs. I contend that such a scenario is unlikely because 

mammalian genomes are characterized by pervasive structural features including the presence 

of local chromatin interaction domains that are approximately 1Mb in size (Dixon et al. 2012; 

Nora et al. 2012). If mito-nDNA interactions were formed predominately between NUMTs 

and nuclear loci one would expect to observe strong enrichment for nuclear loci located < 1Mb 

relative to their most proximal NUMT consistent with chromatin folding properties. I do not 

observe such enrichment in the 4C data. However, I did identify mtDNA interacting with 

genes (ABL1 and BCR1) that are known to be present in a chromosomal translocation (i.e. 

Philadelphia chromosome) in K562 and KBM7 cell lines. It is possible that these interactions 

represent instances of interactions with de novo inserted NUMTs. 
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Despite this, I contend that ‘most’ mito-nDNA interactions occur between DNA that has 

recently transferred from the mitochondria into the nucleus, as was observed in S. cerevisiae 

(Rodley et al. 2012). This hypothesis is supported by observations in yeast, where the 

generation of a strain containing a deletion of the interacting mitochondrial DNA fragments 

led to total loss of characterised mito-nDNA interactions (Rodley et al. 2012). Moreover, there 

is no question that the transfer of mitochondrial DNA into the nucleus is an on-going process 

in mammalian cells as shown in mouse (Schneider et al. 2014), rat (Caro et al. 2010) and 

human cells (Ju et al. 2015). However, even in the instance that some of the captured 

interactions do occur between NUMTs and nuclear loci, the fact remains that these 

interactions occur between nuclear DNA and DNA that was historically derived from the 

mitochondria. Moreover, the robustness of these interactions, as defined by the ability to 

detect the same interaction in different biological repeats, reinforces their biological 

significance.  

I hypothesized that specific TFs and other proteins might mediate the interactions I captured 

occurring between the mitochondrial and nuclear sequences. The identification of the Zfp281 

protein-binding site within a subset of the interacting mouse nuclear DNA sequences is 

consistent with my hypothesis. The Zfp281 protein is a known repressor of genes associated 

with pluripotency (Fidalgo et al. 2011). It is therefore possible that mito-nDNA interactions in 

mouse cortical astrocytes derived from postnatal mice are formed to promote or to stabilize 

cell development in these cells. However, the fact that I did not find Zfp281 binding sites 

enriched within the mitochondrial partners indicates that the mito-nDNA interactions are 

mediated by multi-protein complexes, some components of which bind specifically to the 

mitochondrial partners or the nuclear partners. Crucially, nuclear transcription factors have 

been shown to bind to mtDNA in a broad range of mammalian cells, including mouse cells 

(Marinov et al. 2014). It remains possible that other mediator molecules, such as long 

noncoding RNA (Chu et al. 2011; Pandey et al. 2008), or even direct DNA-DNA contacts 

could also mediate the mito-nDNA interactions we identified. However, more experiments are 

needed to test this. 
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HiC and 4C have significantly different depths of interaction interrogation. While HiC is on 

principle capable of capturing all interactions between mitochondrial and nuclear loci, the 

sequencing depth is a limiting factor in the current analysis. Given that there are ~7 x 10
6
 

MboI restriction fragments within the human genome, the fact that the highest sequencing 

depth was only 310 x 10
6
 reads precludes the possibility of HiC identifying the entire set of 

interactions, which is theoretically set at (~7 x 10
6
)
2
, present in the cells. Yet, despite the 

limitations regarding the sequencing depth and differences in the number of replicates, the p 

values obtained by a Fisher’s exact test on interactions that were consistently identified 

between pairs of replicates are very small (p<0.001). Similarly, the mouse 4C data, where the 

sequencing depth is not the limiting factor, clearly identified conserved significant mito-

nDNA interactions again confirming that the captured mito-nDNA interactions are not 

random.  

I hypothesize that the interactions we identified are functional. Firstly, mito-nDNA 

interactions might be involved in the regulation of the transcriptional levels of the nuclear 

interacting genes as shown in yeast (Rodley et al. 2012). However, more experiments 

connecting the presence of mito-nDNA interactions with the transcription levels of the nuclear 

partners are required to address this possibility. Secondly, since the mitochondria and the 

nucleus are highly interrelated organelles, with most of the mitochondrial genes being encoded 

in the nucleus (Andersson et al. 2003), it is possible the mito-nDNA interactions represent a 

form of communication for the regulation of the mitochondrial functions. The most obvious 

prediction from this hypothesis is that mito-nDNA interactions form preferentially with 

nuclear encoded mitochondrial genes, as previously observed in yeast (Rodley et al. 2009, 

2012). However, I did not observe any enrichment for nuclear encoded mitochondrial genes in 

the HiC or 4C data sets. If such regulation is present in mammalian cells, it most likely occurs 

through another mechanism.   

In conclusion, I have identified cell type dependent, non-random, cross-linkable interactions 

between mtDNA fragments and nuclear loci within human and mouse cells. The apparent 

conservation of the formation of these mito-nDNA interactions, from yeast to mammalian 

cells, indicates their biological significance, although their exact biological role remains to be 

elucidated.  
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Chapter 6. Discussion 

In my thesis, I have addressed how genome structure changes during development. The first 

area I investigated was around the relationship between 3D genome organization and 

transcriptome changes during muscle development. The second aspect, which I addressed, was 

the formation of mito-nuclear DNA interactions in various mammalian cell types.  

6.1 The link between 3D genome organization and transcription changes 

during muscle cell development 

Nuclear architecture is linked to all the vital processes required for the maintenance and 

realization of the nuclear genetic information. Yet the dynamics of the genome structure-

function interrelationship during mammalian development remain poorly understood. I 

differentiated C2C12 myoblasts cells into myotubes (terminally differentiated muscle cells) in 

the presence and absence of AraC to study the changes in genome organizational and to link 

them to transcription changes during muscle development (myogenesis). The addition of AraC 

to the cell media allowed selection against growing myoblasts cells. As a result, the AraC 

treated myotubes are comprised predominately of terminally differentiated myotubes, which 

ultimately leads to the generation of a more synchronized transcriptome and nuclear 

architecture profiles in these cells relative to the myotubes which are not treated with AraC. 

Analyses of the changes of the cells’ morphology as well as the transcript pattern of the 

muscle specific and cell cycle genes confirmed successful differentiation of the myoblasts into 

myotubes for both treated and untreated with AraC cell populations. Furthermore, a 

comparison of the transcript levels of 13 selected genes to the transcript levels of the same 

genes in a reference experiment (Trapnell et al. 2010) confirmed very high reproducibility in 

the transcription data between the test and reference experiments.  

Interestingly, AraC treatment resulted in the upregulation of “cytokine” genes and more 

specifically the cytosolic DNA sensing pathway. Such an effect of AraC treatment on the 

transcriptome of the terminally differentiated mytube cells has not been reported previously in 
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the literature. Upregulation of genes encoding for different groups of cytokines is usually an 

indication of the presence of inflammation in the cells (Peake et al. 2015).  

My results demonstrate that Myoblasts, Myotubes(Day3) and Myotubes(Day7+AraC) showed 

25% condition specific local variations of the compartment residence in at least one of the 

three conditions. This is similar to previously reported changes of 36% in compartments 

during differentiation of ES into four different embryonic lineages (Dixon et al. 2015). In 

another recent study the re-programming of four different somatic cell types to iPS cells 

resulted in changes in 28% of compartments (Hugo et al. 2016). The direction change in the 

plasticity of compartments corresponds to the direction of change in transcription of the genes 

encoded by the regions that changes compartments as previously shown (Dixon et al. 2015; 

Hugo et al. 2016). Yet, the degree of compartment change is higher when compared to the 

degree of change in the transcription. A parallel can be drawn between residence in 

compartments and tethering of genes to the nuclear lamina. Tethering to the nuclear 

lamina/cell periphery have repressive effect only on a subset of genes (Finlan et al. 2008; 

Guelen et al. 2008; Kind et al. 2013; Pickersgill et al. 2006).  

Consistent with the observation that residence in compartment does not unconditionally reflect 

the transcription state of a gene; I found that the 10% most up and downregulated genes, 

identified in pairwise comparisons, reside in the A compartment in all three conditions. 

Furthermore, the 10% most downregulated genes in the two myotube populations do not only 

reside in the A compartment but also form significant interactions with genomic regions, 

which are enriched for active histone marks. I hypothesize that the residence of the cell cycle 

specific genes within the A compartment in terminally differentiated myotube cultures reflects 

the potential of these genes to be activated in case myotube differentiation is reversed. In fact, 

myotube de-differentiation is relatively easily achievable (Hjiantoniou et al. 2008; 

Mastroyiannopoulos et al. 2012), owing to the fact that the downregulation of myogenin 

(Mastroyiannopoulos et al. 2012) or upregulation of Twist (Hjiantoniou et al. 2008) can 

change terminally differentiated multinucleated myotubes into myoblasts cells capable of cell 

division. As a future direction, it would be interesting to explore other genome wide studies 

coupled with transcriptome analyses in terminally differentiated cells for compartment 

residence of their downregulated cell cycle specific genes. It is possible that the phenomenon, 

which I observe, regarding A compartment residence of cell cycle specific genes is more 
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widespread than previously thought due to the universally tight link between the cell cycle 

(e.g. cell replication) and differentiation.  

The connectivity between cell cycle specific genes and muscle specific genes is obvious at the 

level of myoblasts. High connectivity as measured by the level of significant interactions 

between these two groups of genes, the expression levels of which are generally reciprocally 

related (Abrahams et al. 1994; Zhang et al. 1999), may reflect crosstalk between them. 

However, future work is required to test this possibility.   

Muscle specific genes associate more with other muscle specific genes upon muscle 

differentiation. It is possible that cell type specific transcription factors are involved in the 

organization of the genome architecture in differentiated cells (Schoenfelder, Sexton, et al. 

2010; de Wit et al. 2013). Yet the identity of the factors that are responsible for this in muscle 

cells remains to be identified.   

Myotubes treated with AraC exhibited changes to the transcript levels and 3D genome 

organization of sets of genes that were all involved in pyroptosis. As such, I show a direct link 

between the presence of external stimuli (the AraC treatment) and coupled changes in the 

genome architecture and transcription of genes involved in responses to external stimuli. The 

mechanism that facilitates the coupled changed in transcription and genome organization is 

not known at present.   

6.1.1 Limitations  

It is important to note that the effect that I observe as a result of the AraC treatment is 

concluded based on the comparison of Myotubes(Day7+AraC) to Myotubes(Day3) (e.g. 

treated or nontreated with AraC myotube cultures, respectively). However, the prolonged time 

for cultivation of the Myotubes(Day7+AraC) rather than the AraC treatment could contribute 

to the signal I identified. In order to rule out this possibility, I compared the GO enrichment of 

the 10% most upregulated genes in my study to those upregulated in a reference experiment 

(Trapnell et al. 2010). The reference experiment was carried out using very similar conditions 

to those used in my experiment with two differences regarding this comparison: 1) the 

myotube population was harvested at Day2.5 after a medium switch (mine were harvested at 

Day3); and 2) the myotube population that was harvested at Day7 was not treated with AraC. 



                                                                                                                            Discussion 

 

163 

  

I compared the transcript levels of 13 genes, which are critical for muscle differentiation and 

cell cycle withdrawal in the test and the reference experiments. The expression levels of these 

genes were very similar between experiments. Given that Trapnell et al. did not add AraC to 

the Myotubes(Day7) cultures; I compared the 10% upregulated genes in Myotubes(Day7)-

Myotubes(Da2.5) samples to identify whether the response I observed was due to prolonged 

cultivation or AraC treatment. I did not observe enrichment related to “cytokines” in the 

reference experiment and therefore I conclude that the “cytokines” response is due to the AraC 

treatment and not differences in cultivation time. 

The resolution of the HiC analyses was another limitation of my study. This limitation was 

due to the relatively small number of total di-tags present in the HiC libraries. As such, I was 

unable to identify changes in the 3D organization of individual genes. Rather the changes are 

detectable for larger genomic blocks of 400kbp. One approach to address this limitation is to 

increase the resolution according to the total number of di-tags in the individual bins. 

However, this approach may result in the presence of too many bins, which have insufficient 

di-tags to be considered for additional analyses such as A and B compartment identification. 

Despite this, meaningful results even at 400kbp are obtainable as shown in other HiC studies 

(Hugo et al. 2016; Lieberman-Aiden et al. 2009). 

6.1.2 Future directions  

It has been previously shown, using human myogenesis as a model, that specific TADs are 

enriched for muscle lineage genes and these TADs change their subnuclear and 

intrachromosomal territory structure during the process of myogenesis (Neems et al. 2016). It 

is possible that such muscle lineage gene enriched TADs are present amongst the TADs that I 

have identified in the mouse cells during muscle differentiation. Screening for the presence of 

such TADs and the change of their spatial position during myogenesis using FISH is an 

interesting future experiment that should be undertaken.  

Internal TAD organization and how it changes during muscle cell differentiation should also 

be determined. Interactions within and between TADs should be compared and changes 

between the three conditions characterised. More specifically domain score can be determined 

as previously described .(Chandra et al. 2015; Dixon et al. 2015; Hugo et al. 2016). This 
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would evaluate the relationship between the interactions within a domain relative to all cis 

interactions (intradomain+interdomain) that this domain forms with the rest of the genome. As 

such, one could calculate the interconnectivity of the domains in the three conditions and then 

compare them. Higher interconnectivity has been previously linked to higher expression levels 

of the genes residing within the domain (Dixon et al. 2015; Hugo et al. 2016). This is 

particularly interesting as particular domains are enriched for muscle specific genes in human 

myotube cells (Neems et al. 2016). Interconnectivity has been also reported to change during 

cell reprogramming and cell differentiation (Dixon et al. 2015; Hugo et al. 2016). 

The association of muscle specific genes in the terminally differentiated myotubes may imply 

co-regulation of these genes by specific TFs. PE-SCAn (de Wit et al. 2013) could be used to 

combine the HiC data and ChiP-seq data analyses to assess the spatial clustering of the 

genome around specific TFs. One potent TF that is likely to play a genome organizing 

function in terminally differentiated myotubes is myogenin. The expression of this protein has 

been shown to be critical for the maintenance of the terminally differentiated cells 

(Mastroyiannopoulos et al. 2012). Myogenin silencing in terminally differentiated cells may 

affect the ability of the cells to retain important information for the maintenance of genome 

structures that are necessary for cell differentiation. For example, the clustering of muscle 

specific genes around muscle specific transcription factors could be one of the reasons for the 

loss of myotube phenotypes in cells that do not express myogenin. 

CTCF plays a critical role in muscle differentiation (Bruneau 2011). More specifically it has 

been shown that CTCF promotes myogenesis by functionally interacting with MRFs (Bruneau 

2011). The next question would be what is the role of CTCF, if any, for establishing/silencing 

important cell type specific interactions during myogenesis. To address this question, CTCF 

ChiP-seq data needs to be analysed in combination with global interaction data. 
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6.2 Mito-nDNA interactions in mammalian cells are non-random  

The mitochondria and nucleus are highly interrelated organelles (Horan et al. 2013). Based on 

previous studies in fission (R S Grand et al. 2014) and budding yeast (Rodley et al. 2009, 

2012) which have shown formation of specific interactions between mitochondrial and nuclear 

DNA (e.g. mito-nDNA interactions) in these cells, and the fact that evidence occurs that the 

transfer of mtDNA into the nucleus is still on-going in mammalian cells (Caro et al. 2010; Ju 

et al. 2015; Schneider et al. 2014) I undertook a screening for the presence mito-nDNA 

interactions in mammalian cells. 

I identified the presence of significant mito-nDNA interaction in publicly available HiC data 

for six human cell lines (Suhas S.P. Rao et al. 2014). The mito-nDNA interactions that I 

identified are cell type specific and formed in multiple biological and technical replicates of 

the in situ HiC libraries. The importance of these finding comes from the fact that in situ HiC 

libraries generate denser chromosome contact maps and reduce the random convection of 

chromatin relative to the diluted HiC libraries (Suhas S.P. Rao et al. 2014). Furthermore, I also 

identified non-random mito-nDNA interactions using in depth sequencing (i.e. 4C) in primary 

mouse cortical astrocytes. 

MtDNA shows frequent interactions with repetitive nuclear sequences such as the rDNA in 

mouse astrocytes and centromeres in the human cell lines. This observation is consistent with 

previous studies that have shown mitochondrial DNA is stably colocalized in the centromere 

regions of rat chromosomes in bone marrow cells (Caro et al. 2010) and inserted into 

Arabidopsis and rice centromeres (Michalovova et al. 2013). MitoDNA was found to interact 

with rDNA sequences most frequently in the budding yeast (Rodley et al. 2009, 2012).  

If the mito-nDNA interactions were random, no specificity whatsoever would be expected in 

the identity of mitochondrial sequences that form interactions with the nuclear loci. I show that 

the mitochondrial D-loop in the six human cell lines preferably forms mito-nDNA interactions 

relative to the rest of the mitochondrial genome. Within the 4C data, the most frequently 

captured mitochondrial fragment (bait 1) spanned the Nd1, Nd2 and CO1 genes. It remains 

uncertain which of these genes, or intervening sequences, are responsible for the 

formation/maintenance of the captured interactions. However, regions that partially 



                                                                                                                            Discussion 

 

166 

  

overlapped the mtCO1 gene in budding (Rodley et al. 2012a) and fission yeast (R S Grand et 

al. 2014) were previously shown to form interactions with nuclear loci. 

6.2.1 Limitations 

Due to the fact that the proximity ligation methods capture interactions within a population of 

cells confirmation of the mito-nDNA interactions with microscopy techniques in individual 

cells should be performed. For this purpose mtDNA and nuclear DNA sequences which show 

interactions can be amplified and labelled with fluorophores, or biotin, hybridized to the cells 

and visualized and quantified using a microscope that is capable of exciting the dye/antibody 

(Caro et al. 2010; Schneider et al. 2014).  

Sequencing depth is a limitation for the identification of mito-nDNA interactions because 

ideally (~7 x 10
6
)
2
 sequencing reads are needed to capture all significant interactions in a HiC 

library prepared with MboI restriction enzyme, for example. With the future development of 

the high throughput sequencing technologies, it is expected that the cost for sequencing will 

decrease making higher coverage and better detection feasible. Additionally, mito-nDNA 

interaction identification could be achieved at relatively low cost using capture HiC (Mifsud et 

al. 2015). For this purpose, a biotinylated RNA bait library of the targeted mitochondrial 

restriction fragments has to be generated. This RNA tag library then has to be hybridized to 

the HiC library and the resulting hybrids can be further sequenced. Thus, the sequenced library 

will be specifically enriched for the mito-nDNA interactions. To deplete for interactions, 

which are uninformative (e.g. interaction within the mitochondrial genome) one could separate 

the nuclear and mitochondrial fractions using sucrose gradient centrifugation (Dimauro et al. 

2012). Importantly, once prepared, the mitochondrial biotinylated RNA baits can be used 

repeatedly for enrichment of the mito-nDNA interactions in HiC libraries derived from any 

cell type as long it is obtained from the same organism. 

In my study I was unable to distinguish between mito-nDNA interactions that have a 

mitochondrial partner DNA derived from mitochondria or which employ nuclear encoded 

NUMTs as a “mitochondrial” partner. One way to distinguish between the mitochondrially 

derived sequences and NUMTs is the generation of cells that lack mtDNA (rho 0 cells). If the 

mito-nDNA interactions persist in the rho 0 cells it would mean that the mito-nDNA 
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interactions are formed between elements present within the nucleus (e.g. NUMTs-nuclear 

interactions), if the interactions are lost in rho 0 cells that would mean that they involve 

mitochondrially derived DNA sequences. The generation of rho 0 cells is achievable through 

two main techniques. First, cell cultures can be treated with low doses of ethidium bromide for 

a period of 4 to 6 weeks (Hashiguchi 2009). Ethidium bromide interferes with mtDNA 

replication and slowly depletes the mitoDNA from the mitochondria, therefore only nuclear 

DNA is retained. The disadvantage of this technique is the potential mutagenic effect that 

ethidium bromide may have on the nuclear genes. The second and safer technique for the 

generation of rho 0 cells is based on restriction endonuclease targeted to the matrix of 

mitochondria that allows the destruction of all endogenous mtDNA without any known 

consequences for the nuclear genome (Kukat et al. 2008). Cells are transfected with a vector 

equipped with a mitochondrial targeted sequence fused to an endonuclease gene (Kukat et al. 

2008). In this way, the endonuclease is delivered safely to the mitochondrial organelle where it 

“digests” only the mitochondrial DNA. This technique is available as a commercial kit (Kukat 

et al. 2008). NUMT sequences could also be removed using CRISPR/Cas9 and Targeted 

Genome Editing (Biolabs 2007) to determine if there is any effect on the transcription 

regulation. Even if the subsets of mito-nDNA interactions are formed between NUMTs and 

nuclear loci it is still possible for these interactions to be functional.  

6.2.2 Future directions 

In the past decade, there were a high number of genome wide studies performed to unravel the 

principles of the genome organization in mammalian cells (Beagan et al. 2016; Dixon et al. 

2012, 2015; Fraser et al. 2015; Hugo et al. 2016; Suhas S.P. Rao et al. 2014). However, in 

these studies, the mito-nDNA interactions were not thoroughly characterised, because they 

were considered an experimental artefact. I have shown in my thesis that mammalian mito-

nDNA interactions are non-random. Therefore, it would be worthwhile to characterize mito-

nDNA interactions in as many genome wide studies as possible, where these interactions were 

not originally considered, because they can provide valuable information on: 1) novel 

pathways of the regulation of the nuclear genes; and 2) the presence of previously 

uncharacterized de novo NUMTs insertions. 
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It is important to address the relationship between the mitochondrial dynamics and the transfer 

of mitoDNA into the nucleus. Experiments in which the mitochondrial dynamics are 

artificially altered can be conducted. One could also screen for the presence of any changes in 

the rates of mtDNA transfer into the nucleus and possible changes in the number and identity 

of the mito-nDNA interactions. For example, very simple experiments for alterations of 

mitochondrial morphology (e.g. increase in the rate of mitochondrial fragmentation) could be 

achieved through cultivation of mammalian cells in hyperglycaemic conditions (Yu, 

Robotham, and Yoon 2006). One could conduct such an experiment and screen for changes in 

the identity and number of mito-nDNA interactions in cells treated and not treated with 

glucose. Alternatively, artificial upregulation or downregulation of genes which are involved 

in the fusion and fission events between mitochondrial organelles could also be used as a tool 

to change the morphology and potentially the flow of mitoDNA from the mitochondria into 

the nucleus (Yu et al. 2006).  

What is the function of mito-nDNA interactions in mammalian cells? Considering the current 

knowledge on the formation of mito-nDNA interactions and de novo insertions in budding 

(Cheng and Ivessa 2012; Ricchetti et al. 1999; Rodley et al. 2009, 2012; Shafer et al. 1999; 

Thorsness and Fox 1990, 1993) and fission yeast (R S Grand et al. 2014), as well as in 

mammalian cells (Ju et al. 2015), there are several possible consequences from the mito-

nuclear DNA interaction formation.  

Firstly, the formation of mito-nDNA interactions could result in alterations to the transcript 

levels of the nuclear encoded genes that are involved in the interactions. Such an effect is 

predicted based upon the reported effect of mito-nDNA interaction formation between 

mtCOX1 and MSY1 in budding yeast (Rodley et al. 2012). In this particular study, the 

generation of a strain in which the mitochondrial partner was deleted from the mitochondrial 

genome resulted in a non-detectable interaction that was coupled with the upregulation of the 

MSY1 gene (Rodley et al. 2012). Thus, the formation of COX1-MSY1 interaction had a 

repressive role for the transcriptional regulation of the MSY1 gene. However, it is possible 

that mito-nDNA interactions exert both repressive and activating roles on nuclear gene 

transcription. The formation of some of the mito-nDNA interactions could result in the 

insertion of the mtDNA into the nuclear chromosomes. In my thesis, I show that the mtDNA 

interacts with ABL1 and BCR nuclear loci in the KBM7 and K562 human cell lines. These 
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two genes (i.e. ABL1 and BCR) are known translocation partners in these cell lines. 

Therefore, it is possible that the interactions between the mtDNA and these two genes are de 

novo mtDNA insertions into the nuclear chromosome (Cheng and Ivessa 2010, 2012) (Ju et al. 

2015). It is possible that the insertion of the mtDNA into the nuclear chromosomes is a 

secondary effect of the presence of the mtDNA within the nucleus at the time of DNA 

breakage. Alternatively, the insertion of mtDNA could be an active process, particularly given 

the finding that particular proteins involved in the recognition and repair of DSBs tend to bind 

specifically the mtDNA in yeast (Cheng and Ivessa 2012). While it has been suggested that 

budding yeast mtDNA is bound specifically by DNA ligase IV (one of the proteins part of the 

NHEJ repair multiprotein complex) (Cheng and Ivessa 2012) there is no such evidence present 

for the mammalian cells. Therefore, I contend that ChiP-seq should be performed to 

interrogate mtDNA for the presence of binding sites for NHEJ proteins.  

Mito-nDNA interactions could be involved in the regulation of cell development. In support of 

this, the great majority of interactions that I identified in the six human cell lines are cell type 

specific and not shared between the different cell types. This implies a role for developmental 

regulation in the formation of these interactions. Moreover, the cortical astrocytes in which I 

identified mito-nDNA interactions were obtained from animals in their first two postnatal days 

of life, which means that these animals have developing brains. The nuclear partners involved 

in the mtDNA interactions in these cells were enriched for the Zfp281 protein DNA binding 

motif. The Zfp281 protein has been shown to bind and silence genes associated with 

pluripotency (Fidalgo et al. 2011). It is therefore possible that mito-nDNA interactions in 

mouse cortical astrocytes are formed to promote or to stabilize cell development. The rates of 

the mtDNA transfer into the nucleus have been reported to alter during cell development 

(Schneider et al. 2014). It is interesting that Schneider and colleagues observed an increased 

accumulation of mtDNA within the nucleus upon the reprogramming of mouse embryonic 

fibroblasts (MEF) into mouse ES and iPS (Schneider et al. 2014). Therefore, it would be 

interesting to mine the HiC data obtained from Hugo and colleagues, who re-programmed 

MEF cells, for the presence of mito-nDNA interactions and for changes in their pattern 

formation during reprogramming.  
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The pattern of mito-nDNA formation was dynamic during the cell cycle transitions in fission 

yeast (R S Grand et al. 2014). During mammalian cell cycle M phase the genome loses the 

structure of TADs which is detectable again at early G1 phase (Dileep et al. 2015; Naumova et 

al. 2013). Although bookmarking of mitotic chromosomes with transcription factors is 

suggested as a potential facilitator of the chromosome structure re-establishment (Kadauke and 

Blobel 2013) the exact mechanism/s is not yet known. In fission yeast, mitoDNA interacts 

with highly transcribed genes in the M phase and with early origins of replication in the G1 

phase (e.g. open genomic regions for the corresponding cell cycle phases). It is therefore 

suggested that the formation of mito-nDNA interactions in fission yeast during cell cycle 

transitions may act as a bookmarking mechanism to mark genes, which are supposed to be 

upregulated in the following stage of the cell cycle (R S Grand et al. 2014). It would be 

worthwhile to mine the HiC data reflecting changes in genome organization during cell cycle 

transitions in mammalian cells (Dileep et al. 2015; Naumova et al. 2013) and to screen for 

possible bookmarking patterns in the mito-nDNA interactions that are present. 

It is evident from my analyses and from the data for mito-nDNA interactions in budding and 

fission yeast that particular regions of the mitochondrial genome show higher tendencies to 

interact with nuclear loci than other mitochondrial DNA regions. The latter implies a degree of 

selectivity in the choice of mitochondrial partners involved in the formation of mito-nDNA 

interactions based on the mitoDNA sequence. This is particularly important considering the 

fact that the mitochondrial genome has shown a degree of heterogeneity amongst the human 

population and even between different cells (Fission and Neuronal 2007) in the same 

individual. Additionally accumulations of mutations in the mitochondrial genome are evident 

during aging and progression of neurodegenerative diseases (Lin and Beal 2006). Therefore It 

would be interesting to screen for variations in the mito-nDNA interaction pattern found in 

cells or tissues obtained from individuals exhibiting natural mitochondrial polymorphism 

(mitochondrial DNA heterogeneity) or acquired polymorphism during aging and disease. 

It is interesting to speculate about how the mitochondrial DNA is targeted to the nuclear loci. 

The mechanism could be active or passive possibly involving guiding proteins. The factors 

involved in marking origins of replication or DNA repair are good candidates for this. The 

mechanism could be investigated using a form of co-immunoprecipitation experiment but the 

exact details of this are difficult to determine 
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6.3 Final remarks 

To conclude I have shown a clear link between the 3D organization and transcription during 

muscle development. I identified extensive switches of A and B compartments during the 

differentiation of myoblasts into myotubes in the presence or absence of AraC. Critically, the 

10% most upregulated and downregulated genes do not change compartments upon 

differentiation. However, there is a coupled response between both nuclear structure and gene 

transcript levels to an external stimulus, namely the AraC treatment of Myotubes. Interestingly 

muscle specific genes tend to associate with other muscle specific genes through significant 

interactions upon cell differentiation. The mechanisms that facilitate the interrelationships are 

yet to be identified. 

Additionally I show that mito-nDNA interactions are present in mammalian cells (six human 

cell lines and mouse cortical astrocytes) and that these mito-nDNA interactions are non-

random as inferred by the fact that they are present in multiple biological and technical 

replicates. MtDNA interacts stably with repetitive sequences such as the centromere regions in 

the human cell lines and the 45SrDNA in the cortical astrocytes. Moreover, the pattern of 

formation of mito-nDNA interactions is cell type specific. What mechanisms are involved in 

the transfer of mtDNA into the nucleus and what factor/s facilitate the formation of mito-

nDNA interactions is currently unknown. Another important question, which remains to be 

answered in the future, is regarding the function of the mito-nDNA interactions in mammalian 

cells. 
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Appendix  

1. Script for identification of mitochondrial and nuclear DNA fragments 

located in close proximity to the MboI restriction sites 

#Author Camron Eckblad 

import argparse 

from multiprocessing import Lock, Process 

 

def main(args): 

 #print "Indexing chromosome fragments..." 

 fragments = open(args.fragment_fp, 'r') 

 chr_frags = {} 

 fragments.readline() 

 for line in fragments: 

  frag = line.strip().split(',') 

  chr = frag[0][:frag[0].find('G')] 

  if not chr_frags.has_key(chr): 

   chr_frags[chr] = [] 

  chr_frags[chr].append(frag[2]) 

 fragments.close() 

  

 #print "Indexing bed fragments..." 

 bed = open(args.bed_fp, 'r') 

 bed_frags = {} 

 for line in bed: 

  co = line.strip().split('\t') 

  chr = co[0][co[0].find('r')+1:] 

  if not bed_frags.has_key(chr): 

   bed_frags[chr] = [] 

  bed_frags[chr].append(line) 

 bed.close() 

   

 #bed_filtered = open(args.bed_fp[:args.bed_fp.rfind('.')] + "_filtered.test.txt", 'w') 

 threadPool = [] 

 outputLock = Lock() 

 failureLock = Lock() 

 #print "Running comparison..." 

 for key in bed_frags: 

  threadPool.append(Process(target=bedFragSearch, 

args=(bed_frags[key],chr_frags[key],chr_frags["M"],args.re_range,args.bed_fp[:args.bed_fp.rfind('.')] + 

"_filtered.txt",outputLock,args.bed_fp[:args.bed_fp.rfind('.')] + "_failures.txt",failureLock))) 

  threadPool[-1].start() 

 for proc in threadPool: 

  proc.join() 

 #print "Done." 

  

def bedFragSearch(bed,frags,mt_frags,re_range,outfp,lock,f_fp,f_lock): 



                                                                                                                                 Appendix  

 

197 

  

 i = 0 

 for line in bed: 

  co = line.strip().split('\t') 

  chr = co[0][co[0].find('r')+1:] 

  startpos = co[1] 

  mt_startpos = co[4] 

  mt_within_range = False 

  n_within_range = False 

  for mt_frag in mt_frags: 

   if int(mt_startpos) >= int(mt_frag)-re_range and int(mt_startpos) <= 

int(mt_frag)+re_range: 

    mt_within_range = True 

    break 

  if mt_within_range: 

   for frag in range(i,len(frags)): #For every start position of every fragment 

    if int(frags[frag]) < int(startpos)-re_range: #If the start position is more than 

550bp from the restriction fragment 

     continue 

    elif int(startpos) >= int(frags[frag])-re_range and int(startpos) <= 

int(frags[frag])+re_range: #If the start position of the interacting fragment is within 550 bp of the start position of 

the restriction fragment 

     lock.acquire() 

     outfile = open(outfp,'a') 

     outfile.write(line) #Keep it 

     outfile.close() 

     lock.release() 

     n_within_range = True 

     i = frag 

     prev = 1 

     while i == frag: #Iterate back through and find the last restriction 

fragment that was more than 550 bp from the current one. Set i to this value - only restriction fragments from this 

point on will be searched, due to the sorted nature of the bed file 

      if i - prev < 0: 

       i = 0 

       break 

      elif int(frags[frag-prev]) <= int(frags[frag])-re_range: 

       i = frag-prev 

      else: 

       prev += 1 

     break 

    elif int(frags[frag]) > int(startpos)+re_range: #Otherwise, if the restriction 

fragment is more than 550 bp away 

     break #Stop 

   if not n_within_range: 

    f_lock.acquire() 

    failfile = open(f_fp,'a') 

    failfile.write(line) 

    failfile.close() 

    f_lock.release() 

  else: 

   f_lock.acquire() 

   failfile = open(f_fp,'a') 

   failfile.write(line) 

   failfile.close() 

   f_lock.release() 

 

parser = argparse.ArgumentParser(description="") 

parser.add_argument("-f","--fragments",dest="fragment_fp") 
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parser.add_argument("-b","--bed",dest="bed_fp") 

parser.add_argument("-r","--range",dest="re_range",type=int) 

args = parser.parse_args() 

main(args) 

 

2. Script for identification of mitochondrial sequences in each replicate 

which are interacting with nuclear loci shared between all replicates for a 

cell line 

#Author Camron Eckblad 

import argparse 

from sets import Set 

 

def main(args): 

 shared_file = open(args.shared_fp,'r') 

 shared = Set([]) 

  

 for line in shared_file: 

  shared.add(line.strip()) 

 shared_file.close() 

  

 replicate_file = open(args.replicate_fp,'r') 

 mt_partners = open(args.shared_fp[:args.shared_fp.rfind('.')] + "_mt_partners.txt",'w') 

 for line in replicate_file: 

  pair = line.strip().split('\t') 

  np = pair[0] + '\t' + pair[1] + '\t' + pair[2] 

  if np in shared: 

   mt_partners.write(pair[3] + '\t' + pair[4] + '\t' + pair[5] + '\n') 

 replicate_file.close() 

 mt_partners.close() 

 

 

parser = argparse.ArgumentParser(description="") 

parser.add_argument("-s","--shared_fp") 

parser.add_argument("-r","--replicate_fp") 

args = parser.parse_args() 

main(args) 

 

3. Script for identification of nuclear sequences interacting with the 

mitochondrial baits and mapping them to the reference genome 

#!/usr/bin/python  

#Author Gary Greyling 

 

import os 

import sys 
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import subprocess 

import multiprocessing 

import itertools 

import pprint 

 

from argparse import ArgumentParser 

from Bio import SeqIO 

from Bio.SeqRecord import SeqRecord 

from Bio.Alphabet import IUPAC 

from Bio.Seq import Seq 

from Bio import Restriction 

from Bio.Restriction import RestrictionBatch 

from Bio.Restriction import Restriction_Dictionary 

 

# 

# Process: 

# 1. Take the input genome and build the index using bowtie2 (if required, do a check to see if it is already done) 

# 2. Take bait sequences and generate reverse compliments for each. (Note restriction site should be removed so 

that fish gets it) 

# 3. Take the input fastq files and sort according to the bait groups. 

#    3.1 trim the bait sequence from the sequence and save to fasta format 

# 4. Take each fish and align unique/strict to the reference genome 

# 5. Take the sam output files and convert to sorted bam files. 

 

_bad = {} 

 

def _sort_fish(options): 

    print options 

    if "fastq" in options[1] or "fq" in options[1]: 

        print "  + Processing %s/%s" % (options[0:2]) 

        global _bad 

        _bait = options[2] 

        _enzyme = options[3] 

        _minimum = int(options[4]) 

        #_bad = options[3] 

        fastqfile = open("%s/%s" % options[0:2], "r") 

        for record in SeqIO.parse(fastqfile, "fastq"): 

            record = record.upper() 

            print record 

            for key in _bait.keys(): 

                # See if this sequence contains one of our "bad" bait sequences. 

                print key 

                VALID_SEQUENCE = True 

                if _bad.has_key(key): 

                    for badsequence in _bad[key].keys(): 

                        if badsequence in record.seq: 

                            _bad[key][badsequence] += 1 

                            VALID_SEQUENCE = False 

 

                if VALID_SEQUENCE: 

                    for direction in  _bait[key]["bait"]: 

                        for bait_sequence in _bait[key]["bait"][direction]: 

                            if bait_sequence in record.seq: 

                                str_record = str(record.seq).strip() 

                                str_bait = str(bait_sequence).strip() 

                                # Remove restriction site from the bait sequence. 

                                bait_sequence_no_restriction_site = 

str_bait.replace(Restriction_Dictionary.rest_dict[_enzyme]['site'],"") 
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                                index = str_record.index(bait_sequence_no_restriction_site) 

                                fish = record.seq[index+len(bait_sequence_no_restriction_site):] 

                                if _minimum == 0 or len(fish) > _minimum: 

                                    print "    - %s added" % (record.id) 

                                    bait_aligned = " " * index + bait_sequence_no_restriction_site 

                                    fish_aligned = " " * (index + len(bait_sequence_no_restriction_site)) + fish 

                                    sys.stdout.write("Record Name : %s \nBait Matched: %s \nDirection   : %s \nRaw Seq     : 

%s \nBait Seq    : %s \nFish        : %s \n\n" % (record.description.replace(":","_").replace(" ","_"), key, direction, 

record.seq, bait_aligned, fish_aligned)) 

                                    sys.stdout.flush() 

                                     

                                    f = open(_bait[key]["file"],'a') 

                                    #f.write(SeqRecord(fish,id=record.id.replace(":","_"),description="").format('fasta')) 

                                    f.write(SeqRecord(fish,id=record.description.replace(":","_").replace(" 

","_"),description="").format('fasta')) 

                                    #break 

                                else: 

                                    print "    - %s discarded as its less than the minimum" % (record.id) 

 

def _map_fish(parameters): 

    args = parameters[0] 

    filename = parameters[1] 

    if ".fasta" in filename: 

        print "  + Processing %s" % filename 

        if args.bowtie == '2': 

            command = "bowtie2 -k 1 -D 20 -R 3 -N 0 -L 20 -i S,1,0.50 -p 8 -x %s -f %s/%s > %s/%s" % 

(args.genome.replace('.gbk',''), args.output, filename, args.output, filename.replace("fasta","sam")) 

        else: 

            command = "bowtie -S -v0 -k 1 %s -f %s/%s > %s/%s" % (args.genome.replace('.gbk',''), args.output, 

filename, args.output, filename.replace("fasta","sam")) 

        os.system(command) 

        command = "samtools view -bS -o %s/%s %s/%s" % (args.output, filename.replace("fasta","bam"), 

args.output, filename.replace("fasta","sam")) 

        os.system(command) 

        command = "samtools sort  %s/%s  %s/%s" % (args.output, filename.replace("fasta","bam"), args.output, 

filename.replace("fasta","sorted")) 

        os.system(command) 

        command = "samtools index %s/%s" % (args.output, filename.replace("fasta","sorted.bam")) 

        os.system(command) 

 

class Pipeline: 

    def __init__(self, args): 

        self._args = args 

        print "- Checking parameters and output folders" 

        if not os.access(self._args.output, os.F_OK): 

            print "  - Output folder does not exist, creating." 

            try: 

                os.mkdir(self._args.output) 

            except Exception, e: 

                print e 

 

 

    def index_genome(self): 

        '''Check if the genome is in genbank format and convert to FastA. Then check if the genome has already 

been 

           indexed. If not index it.''' 

        print "- Checking genome" 
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        if 'gbk' in self._args.genome: 

            if not os.access(self._args.genome.replace("gbk","fasta"), os.F_OK): 

                print "  + Converting to FastA for indexing" 

                count = SeqIO.convert(self._args.genome, "genbank", self._args.genome.replace('gbk','fasta'), "fasta") 

 

        if self._args.bowtie == '2' and not os.access("%s.1.bt2" % (self._args.genome.replace('.gbk','')), os.F_OK): 

            print "  + Building indexes required for alignment by Bowtie2" 

            command = '/usr/local/bin/bowtie2-build %s %s' % (self._args.genome.replace('gbk','fasta'), 

self._args.genome.replace('.gbk','')) 

            os.system(command) 

        elif self._args.bowtie == '1' and not os.access("%s.1.ebwt" % (self._args.genome.replace('.gbk','')), 

os.F_OK): 

            print "  + Building indexes required for alignment by Bowtie2" 

            command = '/usr/local/bin/bowtie-build %s %s' % (self._args.genome.replace('gbk','fasta'), 

self._args.genome.replace('.gbk','')) 

            os.system(command) 

        else: 

            print "  + Genome is in FastA format and is indexed." 

 

    def bad_bait_combinations(self): 

        ''' 

           Combinations: 

           forward + forward_reverse_compliment 

           forward + reverse 

           forward + reverse_reverse_compliment 

 

           reverse + reverse_reverse_compliment 

           reverse + forward 

           reverse + forward_reverse_compliment 

        ''' 

        print '- Creating bad combinations of baits' 

        global _bad 

        #self._bad = {} 

        for group, sequences in self._bait.items(): 

            #print "  + Group:",group,sequences['bait']['FWD']+sequences['bait']['REV'] 

            #self._bad[group] = {} 

            _bad[group] = {} 

            for combination in list(itertools.combinations(sequences['bait']['FWD']+sequences['bait']['REV'],2)): 

                #print "      %s%s" % ((combination[0],combination[1])) 

                #print "      %s%s" % ((combination[1],combination[0])) 

            #    #self._bad[group]["%s%s" % ((combination[0],combination[1]))] = 0 

            #    #self._bad[group]["%s%s" % ((combination[1],combination[0]))] = 0 

                _bad[group]["%s%s" % ((combination[0],combination[1]))] = 0 

                _bad[group]["%s%s" % ((combination[1],combination[0]))] = 0 

         

    def find_odd_bait(self): 

        '''fish-bait-fish''' 

        pass 

 

    def process_bait(self): 

        print "- Parsing the bait sequences and creating the reverse complements. Restriction sites will be removed 

when we are stripping the fish." 

 

        bait_file = open(self._args.bait, "r") 

        bait_parser = SeqIO.parse(bait_file, "fasta") 

        self._bait = {} 

        for bait_sequence in bait_parser: 

            name, direction = bait_sequence.name.split("_") 
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            name = name.upper() 

            direction = direction.upper() 

            #sequence = 

str(bait_sequence.seq.upper()).replace(Restriction_Dictionary.rest_dict[self._args.enzyme]['site'].upper(),"") 

            sequence = str(bait_sequence.seq.upper()) 

 

            if not self._bait.has_key(name): 

                self._bait[name] = { 

                    'file': "%s/%s.fasta" % (self._args.output, name), 

                    'bait': { 

                        'FWD': [], 

                        'REV': [] 

                    } 

                } 

            #if direction == 'REV': 

            #    self._bait[name]['bait']['REV'].append(str(Seq(sequence).reverse_complement())) 

            #else: 

            self._bait[name]['bait'][direction].append(sequence) 

            #self._bait[name]['bait']['REV' if direction == 'FWD' else 

'FWD'].append(str(Seq(sequence).reverse_complement())) 

 

 

    def sort_fish(self): 

        print "- Parsing the input files and matching to bait groups." 

        try: 

            #Get a list of files from the input folder. 

            pool = multiprocessing.Pool(20) 

            ids = pool.map(_sort_fish, [(self._args.fish, filename, self._bait, self._args.enzyme, self._args.minimum) 

for filename in os.listdir(self._args.fish)]) 

            pool.close() 

            pool.join() 

 

     #for filename in os.listdir(self._args.fish): 

     #    _sort_fish((self._args.fish, filename, self._bait, self._args.enzyme,self._args.minimum)) 

            #    break 

            print "+ Bad bait stats" 

            #print "  - Bad bait groups" 

            for key in self._bad.keys(): 

                print "    Group:",key 

                for key, value in self._bad[key].items(): 

                    print "      ",key.ljust(50),value 

        except Exception, e: 

            print e 

 

    def clean_fish(self): pass 

 

    def map_fish(self): 

        print "- Aligning the grouped sequences to the reference genome." 

        try: 

            pool = multiprocessing.Pool(20) 

            ids = pool.map(_map_fish, [(self._args,filename) for filename in os.listdir(self._args.output)]) 

            pool.close() 

            pool.join() 

        except Exception, e: 

            print e 

 

if __name__ == '__main__': 

    parser = ArgumentParser(description='4C Processing Pipeline') 
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    parser.add_argument('-g', '--genome', dest='genome', help='Genome in Genbank or FastA format.') 

    parser.add_argument('-e', '--enzyme', dest='enzyme', help='Restriction Enzyme used.') 

    parser.add_argument('-b', '--bait', dest='bait', required=True, help='Bait sequences in FastA format.') 

    parser.add_argument('-f', '--fish', dest='fish',required=True,  help='Fish sequences in FastQ format.') 

    parser.add_argument('-m', '--minimum', dest='minimum',required=True,  help='iDiscard fish smaller than this 

length. 0 to disable.') 

    parser.add_argument('-o', '--output', dest='output',required=True,  help='Output folder.') 

    parser.add_argument('-t', '--bowtie', dest='bowtie',required=True,  help='Bowtie version to use. Can be 1 or 2') 

    args = parser.parse_args() 

    pipeline = Pipeline(args) 

    pipeline.index_genome() 

    pipeline.process_bait() 

    pipeline.bad_bait_combinations() 

    pipeline.sort_fish() 

    pipeline.clean_fish() 

    pipeline.map_fish() 

4. Script for counting the number of MspI nuclear restriction fragments 

interacting with mtDNA in each replicate 
#!/usr/bin/python 

#Author Gary Greyling 

 

''' 

Created on 25/03/2013 

 

@author: Gary Greyling <gary.greyling@gmail.com> 

 

''' 

 

import argparse 

import os 

import csv 

import pysam 

import pprint 

 

from Bio import SeqIO 

from Bio.Seq import Seq 

from Bio import Restriction 

from Bio.Restriction import RestrictionBatch 

 

if __name__ == '__main__': 

    print "4C Comparison" 

    parser = argparse.ArgumentParser(description="") 

    parser.add_argument("-f","--fragments", required = True, help = "Fragmented genome in csv format.") 

    parser.add_argument("-i","--inputs", required = True, nargs='+', help = "The various inputs in sorted.bam 

format.") 

    parser.add_argument("-o","--output", required = True, help = "Output folder. File will be in csv format and 

uses the probe as name.") 

    parser.add_argument("-p","--probe", required = True, help = "Probe being compared, used for ouput 

filename") 

    args = parser.parse_args() 

         

    if not os.access(args.output, os.F_OK): 

                os.mkdir(args.output) 

 

    fields = ['accession','version','start','end'] 
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    # 

    # Align each of the inputs to the fragments. 

    # - Special conditions: 

    #   + Fragment crosses a restriction site 

    # 

    print "- Mapping inputs to fragments " 

    # Open all bam files for queries. 

    inputs = {} 

    for input in args.inputs: 

        print "  + Adding",input.split("/")[-2] 

        inputs[input.split("/")[-2]] = pysam.Samfile(input, "rb" ) 

        fields.append(input.split("/")[-2]) 

 

 

    #Create the output file and write the headers 

    print "- Creating output file." 

    output = csv.DictWriter(open("%s/%s.csv" % (args.output, args.probe),'w'), fields,  restval='0', 

extrasaction='ignore') 

    output.writeheader() 

    print "- Processing" 

    #fragments = [fragment for fragment in csv.DictReader(open(args.fragments,"r"), delimiter=",")] 

    compared = [] 

    print "  + Comparing bait and fragments: ", 

    # Use the fragment list and find all mapped 

    #for fragment in fragments: 

    for fragment in csv.DictReader(open(args.fragments,"r"), delimiter=","): 

        #print ".", 

        PRINT_FRAG = False 

        if fragment['version'] != '': 

            fragment_accession = "%s.%s" % (fragment['accession'],fragment['version']) 

        else: 

            fragment_accession = fragment['accession'] 

 

        for input_name, bamfile in inputs.items(): 

            #print fragment_accession, 

            if fragment_accession in bamfile.references: 

                #print "In bam" 

                try: 

                    counter = 0 

                    for bamread in bamfile.fetch(fragment_accession, int(fragment['start']), int(fragment['end'])): 

                        #['__class__', '__delattr__', '__doc__', '__format__', '__getattribute__', '__hash__', '__init__', 

'__new__', '__reduce__', '__reduce_ex__', '__repr__', '__setattr__', '__sizeof__', '__str__', '__subclasshook__', 

'aend', 'alen', 'aligned_pairs', 'bin', 'cigar', 'cigarstring', 'compare', 'fancy_str', 'flag', 'inferred_length', 'is_duplicate', 

'is_paired', 'is_proper_pair', 'is_qcfail', 'is_read1', 'is_read2', 'is_reverse', 'is_secondary', 'is_unmapped', 'isize', 

'mapq', 'mate_is_reverse', 'mate_is_unmapped', 'mpos', 'mrnm', 'opt', 'overlap', 'pnext', 'pos', 'positions', 'qend', 

'qlen', 'qname', 'qqual', 'qstart', 'qual', 'query', 'rlen', 'rname', 'rnext', 'seq', 'tags', 'tid', 'tlen'] 

                        #print fragment_accession, fragment['start'], fragment['end'] 

                        #print "Pos:",bamread.pos 

                        #print "aend:", bamread.aend 

                        if bamread.overlap(int(fragment['start']), int(fragment['end'])) > 6: 

                            counter += 1 

                    if counter > 0:  

                        fragment[input_name] = counter 

                        PRINT_FRAG = True 

                except Exception, e: 

                    print e 

            else: 

                print "Not in bam" 
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        if PRINT_FRAG: 

            output.writerow(fragment) 

    print "Done" 

    print "- Done" 

5. Script for identification of genes which are overlapping, upstream or 

downstream of the interacting fragments from the reference genome 
#!/usr/bin/python 

#Author Gary Greyling 

 

import os 

import sys 

import sqlite3 

 

from Bio import SeqIO 

from csv import DictReader 

from csv import DictWriter 

from argparse import ArgumentParser 

from multiprocessing import Pool 

 

class Genes: 

    def __init__(self, args): 

        self._args = args 

 self._chromosome = {} 

 

    def build_gene_index(self): 

        print "- Indexing the genes for faster lookup:", 

        if not os.access(args.genome.replace('gbk','genes'), os.F_OK): 

            self._genes_db = sqlite3.connect(self._args.genome.replace('gbk','genes')) 

            self._genes = self._genes_db.cursor() 

            self._genes.execute("CREATE TABLE genes (chromosome text, gene text, start integer, stop integer)") 

            for record in SeqIO.parse(args.genome, 'genbank'): 

                for feature in record.features: 

                    if feature.type == 'gene': 

                        if 'ENS' in feature.qualifiers['gene'][0]: # Stupid ENSEMBL 

                            try: 

                                gene_name = feature.qualifiers['locus_tag'][0] 

                            except Exception, e: 

                                gene_name = feature.qualifiers['gene'][0] 

                        else: 

                            gene_name = feature.qualifiers['gene'][0] 

                        self._genes.execute("INSERT INTO genes VALUES (?,?,?,?)", [record.id, gene_name, 

feature.location.start, feature.location.end]) 

            self._genes_db.commit() 

        else: 

            self._genes_db = sqlite3.connect(self._args.genome.replace('gbk','genes')) 

            self._genes = self._genes_db.cursor() 

 

        print "Done" 

 

    def find_genes(self): 

        print "- Finging genes on fragments:" 

        compare = DictReader(open(self._args.compare,'r')) 

        fields = compare.fieldnames 

        fields.append('upstream') 

        fields.append('overlapping') 
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        fields.append('downstream') 

        extend = DictWriter(open("%s.%s" % (self._args.compare,"genes"),'w'), fields) 

        extend.writeheader() 

        # Find all upstream,overlapping and downstream genes. 

        for record in compare: 

            if record['version']!='': 

                accession = "%s.%s" % (record['accession'], record['version']) 

            else: 

                accession = record['accession'] 

            #Upstream 

            start = int(record['start']) - int(self._args.distance) 

            stop = int(record['start']) 

            genes = [ingenes[0] for ingenes in self._genes.execute('SELECT gene, chromosome, start, stop FROM 

genes WHERE chromosome=? and ((start >= ? and start <= ?) or (stop <= ? and stop >= ?) or (start <= ? and stop 

>= ?))',[accession,start,stop,stop,start,start,stop])] 

            record['upstream'] = "|".join(genes) 

            #Overlapping 

            start = int(record['start']) 

            stop = int(record['end']) 

            genes = [ingenes[0] for ingenes in self._genes.execute('SELECT gene, chromosome, start, stop FROM 

genes WHERE chromosome=? and ((start >= ? and start <= ?) or (stop <= ? and stop >= ?) or (start <= ? and stop 

>= ?))',[accession,start,stop,stop,start,start,stop])] 

            record['overlapping'] = "|".join(genes) 

            #Downstream 

            start = int(record['end']) 

            stop = int(record['end']) + int(self._args.distance) 

            genes = [ingenes[0] for ingenes in self._genes.execute('SELECT gene, chromosome, start, stop FROM 

genes WHERE chromosome=? and ((start >= ? and start <= ?) or (stop <= ? and stop >= ?) or (start <= ? and stop 

>= ?))',[accession,start,stop,stop,start,start,stop])] 

            record['downstream'] = "|".join(genes) 

            extend.writerow(record) 

             

         

 

if __name__ == '__main__': 

    parser = ArgumentParser(description='4C Processing Pipeline - Post Compare Gene Finder') 

    parser.add_argument('-g', '--genome', dest='genome', help='Genome in Genbank format.') 

    parser.add_argument('-c', '--compare', dest='compare', help='The csv from the 4c_comparison.py output. 

Normally <something>.compare') 

    parser.add_argument('-d', '--distance', dest='distance', help='The maximum bp up and downstream to search for 

genes from a fragment.') 

    args = parser.parse_args() 

    gene = Genes(args) 

    gene.build_gene_index() 

    gene.find_genes() 

  

6. Script for identification of false discovery rate (e.g. significant 

interactions) for each of the replicates in a 4C experiment 
#!/usr/bin/python 

#Author Gary Greyling 

#------------------------------------------------------------------------------  

# Description: 

# 

# Interactions are of the form f1 interacts with f2, z times. 
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#  

# S = Number of fragments that participate in at least one interaction 

# p = 2/(S^2) (Probability)  

# N = sum(z) 

 

import argparse 

import os 

import sys 

import csv 

 

def pbinom(x,  n,  p): 

    """ 

    Compute the cumulative probability density function 

    of the binomial distribution:  P(X <= x) 

    """ 

    #print "input to pbinom:",  x,  n,  p 

    #n*log(q)+ log((n-i+1)/i)+log( p) -log(q) 

    q = 1.0 - p 

    pdf = cdf = q ** n 

    f = p/q 

    for i in range (1,  x+1): 

        pdf *= ((n -i + 1.0)/i * f) 

        cdf += pdf 

    return cdf 

 

def main(args): 

    print "FDR Calculation" 

    print "- Parameters:" 

    print "  Input: %s" % args.comparison 

    print "  Groups:" 

    groups = {} 

    N = {} 

    S = {} 

    for counter, pairs in enumerate(args.groups.split(",")): 

        groups[counter] = pairs.split('|') 

        #S[] = {} 

        for member in groups[counter]: 

            N[member] = [] 

            S[member] = set() 

        print "    %s: %s" % (counter, groups[counter])  

     

    for filename in [filename for filename in os.listdir(args.comparison) if '.csv' in filename]: 

        print "- Processing %s" % filename 

        if os.access(args.comparison+"/"+filename, os.F_OK): 

            comparison = csv.DictReader(open(args.comparison+"/"+filename,'r'), delimiter=",") 

            for record in comparison: 

                #for each group check if the members agree on interaction status 

                for groupid in groups.keys(): 

                    if all([int(record[member]) > 0 for member in groups[groupid]]): 

                        #Our biological replicates agree, this is a valid interaction so we add it to the set to determine the 

count at the end 

                        for member in groups[groupid]: 

                            S[member].add("%s.%s.%s.%s" % 

(record['accession'],record['version'],record['start'],record['end'])) 

                            N[member].append(int(record[member]))  

            sys.stderr.write("%s\n" % filename)  

            sys.stderr.write("k\t") 

            for groupid, members in groups.items(): 
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                for member in members: 

                    sys.stderr.write("%s(fdr)\tp\tn\tfp\t" % member) 

            sys.stderr.write("\n") 

 

            FDR={}             

            for k in range(0,500): 

                sys.stderr.write("%s\t" % k) 

                for groupid, members in groups.items(): 

                    for member in members: 

                        n = sum(N[member]) 

                        s = len(S[member]) 

                        l = len([m for m in N[member] if m > k]) 

                        if n > 1 and s > 0 and l > 0: 

                            p = 1.0/len(S[member]) 

                            P = pbinom(k,n,p) 

                            false_positives = n*(1-P) 

                            fdr = 1.0 / len([m for m in N[member] if m > k]) 

                            #fdr = n*(1-P)/len([m for m in N[member] if m > k]) 

                            #fdr = n*(1-P)/len([m for m in N[member] if m > k]) 

                         

                            #if fdr >= float(args.fdr): 

                            if false_positives >= float(args.fdr): 

                                FDR[member] = {'false_positives':false_positives,'fdr':fdr,'k':k} 

                                 

                            sys.stderr.write("%s\t%s\t%s\t%s\t" % (fdr,P,n,false_positives)) 

                        else: 

                            fdr = 0 

                            FDR[member] = {'fdr':0,'k':k} 

                            sys.stderr.write("%s\t%s\t%s\t%s\t" % (fdr,0,n,0)) 

                sys.stderr.write("\n")             

                sys.stderr.write("\n")             

            # Todo, use the values we just determined to output a new file with anything below k for all members of a 

group removed. 

            comparison = csv.DictReader(open(args.comparison+"/"+filename,'r'), delimiter=",") 

            comparison_fdr = csv.DictWriter(open(args.comparison+"/"+filename.replace('.csv','.fdr'),'w'), 

delimiter=",", fieldnames=comparison.fieldnames) 

            comparison_fdr.writeheader() 

            comparison_rejected = csv.DictWriter(open(args.comparison+"/"+filename.replace('.csv','.rejected'),'w'), 

delimiter=",", fieldnames=comparison.fieldnames) 

            comparison_rejected.writeheader() 

             

            for record in comparison: 

                #for each group check if the members agree on interaction status 

                newrecord = record.copy() 

                for groupid in groups.keys(): 

                    try: 

                        if all([int(record[member.replace("'","")]) > int(FDR[member.replace("'","")]['k']) for member in 

groups[groupid]]): 

                            for member in groups[groupid]: 

                                newrecord[member] = int(record[member]) 

                        else: 

                            for member in groups[groupid]: 

                                newrecord[member] = 0 

                    except KeyError, e: 

                        print "Error Key:",e 

                        print "Record   :",record 

 

                if all([int(newrecord[member]) == 0 for member in N.keys()]): 
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                    comparison_rejected.writerow(record) 

                else: 

                    comparison_fdr.writerow(newrecord) 

            # Print out some values 

            for groupid, members in groups.items(): 

                for member in members: 

                    print "   Group:%s (%s) K:%s FDR:%s" % (groupid, member, FDR[member]['k'], 

FDR[member]['fdr'])  

        else: 

            sys.stderr.write("Input file does not exist (%s) exiting." % args.comparison) 

 

if __name__ == '__main__': 

    parser = argparse.ArgumentParser(description="Calculate the false detection rate.") 

    parser.add_argument('-c','--comparison', required=True, help='The output folder the 4c_comparison.py run.') 

    parser.add_argument('-g','--groups', required=True, help='The replicates for confirmation. Format: 

member1|member2,member1|member2 ...') 

    parser.add_argument('-f','--fdr', required=True, default=2, help='False detection rate must be below this 

number for our k value to be valid.') 

 

    args = parser.parse_args() 

    main(args) 

 

7. Script for pulling out gene from the transcriptome data which 

corresponded to the genomic region having negative correlation regarding 

their interaction profiles in pairwise condition comparisons 
#Author Camron Eckblad 

import argparse 

from sets import Set 

 

def main(args): 

 same_1 = open(args.input1_fp[:args.input1_fp.rfind('.')] + "_same.txt", 'w') 

 same_2 = open(args.input2_fp[:args.input1_fp.rfind('.')] + "_same.txt", 'w') 

 unique_1 = open(args.input1_fp[:args.input1_fp.rfind('.')] + "_different.txt", 'w') 

 unique_2 = open(args.input2_fp[:args.input2_fp.rfind('.')] + "_different.txt", 'w') 

 interactions_1 = Set([]) 

 interactions_2 = Set([]) 

  

 print "Building index for file 1..."  

 file1 = open(args.input1_fp, 'r') 

 for line in file1: 

  frag = line.strip().split('\t') 

  interactions_1.add( frag[15]) 

 file1.close() 

  

 print "Building index for file 2..." 

 file2 = open(args.input2_fp, 'r') 

 for line in file2: 

  frag = line.strip().split('\t') 

  interactions_2.add( frag[2]) 

 file2.close() 

  

 print "Comparing sets..." 

 both = interactions_1.intersection(interactions_2) 
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 print "Processing file 1..." 

 file1 = open(args.input1_fp, 'r') 

 for line in file1: 

  frag = line.strip().split('\t') 

  interaction =   frag[15] 

  if interaction in both: 

   same_1.write(line) 

  else: 

   unique_1.write(line) 

 file1.close() 

  

 print "Processing file 2..." 

 file2 = open(args.input2_fp, 'r') 

 for line in file2: 

  frag = line.strip().split('\t') 

  interaction =  frag[2] 

  if interaction in both: 

   same_2.write(line) 

  else: 

   unique_2.write(line) 

 file2.close() 

  

 same_1.close() 

 same_2.close() 

 unique_1.close() 

 unique_2.close() 

     

parser = argparse.ArgumentParser(description="") 

parser.add_argument("-1","--input1",dest="input1_fp") 

parser.add_argument("-2","--input2",dest="input2_fp") 

args = parser.parse_args() 

main(args) 
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8. Prepared manuscript for submission 
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