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Abstract 

 
The epidermal differentiation complex (EDC) encodes co-ordinately regulated genes 

critically involved in epidermal differentiation, however knowledge of the molecular 

mechanisms involved in co-ordinating EDC gene expression is limited. 

 

Recent findings indicate p63 dependent changes in the nuclear localisation and higher-

order chromatin folding the EDC coincide with the onset of epidermal stratification during 

embryonic development. Here it is demonstrated that a direct transcription target of p63, 

the chromatin-remodelling enzyme Brg1, modulates the specific nuclear positioning of the 

EDC and transcription of differentiation-specific gene encoded at the EDC.  

 

In addition, the results of high-resolution 5C-based analyses of the spatial chromatin 

interactome at a 5.3Mb region spanning the murine EDC in epidermal keratinocytes, and 

the silenced EDC in thymocytes, are presented. Chromatin interactions at the EDC region 

in keratinocytes include long-range interactions between multiple proximal and distal 

candidate gene regulatory regions. Many candidate regulatory elements involved in 

looping chromatin interactions at the EDC region are enriched for both active (H3K4me1, 

H3K27ac) and repressive (H3K27me3) chromatin marks and are bound by Sin3a and 

RBP2 co-repressor complexes.  

 

The chromatin interactome at the EDC in epidermal progenitor cells is enriched for bound 

chromatin architectural proteins Satb1, Satb2, and the cohesin subunit Rad21. Further, a 

substantial degree of co-localisation is observed between these chromatin architectural 

proteins, transcription factors and co-factors.  

 

Findings presented here suggest that a functional chromatin interactome, mediated by Satb 

proteins and cohesin, acts in conjunction with transcriptional repressor complexes to 

facilitate co-ordinated gene expression at the EDC in epidermal progenitor cells upon 

differentiation. These results provide a foundation for further study of the mechanisms 

controlling EDC gene expression in health and disease.  
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1 Introduction 

Metazoan development requires the concerted specification of divergent lineages among a 

genetically homogenous cell population and the tightly controlled, coordinate genesis of 

cellular functional and structural diversity. During post-natal life, the maintenance of a 

fine equilibrium between proliferation and differentiation among adult stem cell 

populations preserves the integrity of many tissues. Proper spatial and temporal regulation 

of transcription is critical for the genesis of functional and cellular diversity during 

development and cellular differentiation. Changes in patterns of transcriptional activity 

are often pathogenic and a full understanding of the mechanisms that act to regulate gene 

expression is critical for the identification and targeting of factors that contribute to the 

onset of disease.  

 

In the post-genomic era, it has become clear that the regulatory potential of genomes is 

much greater than previously appreciated. Within the genome, genes are non-randomly 

arranged relative to other genes and to a large number of genomic elements potentially 

involved in the regulation of gene expression. Recent technological advances have 

enabled researchers to study not only the linear structure of the genome but also genome-

wide patterns of spatial chromatin organisation within the nucleus. Chromatin state 

dynamics, higher-order chromatin folding, and the spatial partitioning of the genome into 

distinct functional domains within the nucleus have been shown to play fundamental part 

in regulating gene expression, with important implications for our understanding of the 

evolutionary origin and function of gene clusters.  

 

Key components of the mammalian epidermal layer of the skin are encoded within three 

gene clusters, the keratin intermediate filament type I and II gene clusters and the 

epidermal differentiation complex (EDC). A highly evolutionarily conserved 

‘supercluster’, the EDC comprises genes belonging to at least three different families as 

well as a number of genes unrelated to epidermal development. Genes within these 

separate families exhibit shared patterns of spatial and temporal gene expression and 

functional interdependence, however little is known as to the function of gene clustering 

within the EDC or of the mechanisms acting to control the coordinate expression of EDC 

genes.  
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This thesis explores the role higher-order chromatin folding at the EDC plays in 

regulating transcription at the EDC and looks at what factors are involved in controlling 

spatial chromatin organisation and gene expression at the EDC. Results presented here 

suggest multiple chromatin remodelling proteins, including SWI/SNF-BRG1 chromatin 

remodelling protein complex and matrix attachment-region Special AT-rich binding 

proteins, have diverse functions in regulating functional local linear and higher-order 

chromatin structural states at the EDC.  
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1.1 The spatial hierarchy of genomic organisation  

Control of the function and maintenance of the genome can be said to occur at three 

different broadly defined levels: the linear structure of DNA and chromatin; the spatial 

and temporal organisation of nuclear processes, including DNA replication and repair, the 

control of transcription, and the post-translational control of gene expression; and the 

spatial organisation of the chromatin fibre. The compilation of a complete picture as to 

how manifold regulatory mechanisms operating at these different levels act to direct 

genome function, and the elucidation of how they combine to form a complex 

architecture of genome regulation, is one of the current fundamental questions in biology. 

 

Recent years have seen a rapid advance in our understanding of nuclear structure and 

organisation, owing to the generation and application of novel sub-nuclear imaging 

techniques. A paradigm shift in the perception of nuclear organisation has occurred. Once 

viewed as random in comparison to the organisation of factors and processes within the 

cell cytoplasm, organisation within the interphase nucleus is now known to be highly 

complex, compartmentalised, and fundamental to the cell’s orchestration of gene 

expression, genome replication and repair.  

 

A hierarchy of spatial structures, formed by the packaging and folding of chromatin 

within the nucleus, have been identified, some relatively stable, others transient. At one 

level, the chromatin fibre has been found to fold into dynamic kilo-base scale loops that 

bring gene regulatory elements involved in the regulation of transcription into 

propinquity. Larger mega- multi-mega base scale domains comprising multiple 

chromosomal interactions spatially and functionally partition the genome. On a larger 

scale still, the folding of chromosomes and the spatial localisation of nuclear bodies 

creates nuclear compartments that partition the genome within the nucleus (figure 2).  

 Architecture of the chromatin fibre  1.1.1

About two metres of DNA are packaged into chromatin– a compact complex of DNA and 

protein – within the eukaryotic nucleus, which is typically around 5-6μm in diameter. At 
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the most basic level of organisation, the DNA molecule is organised into nucleosomes 

connected by short stretches of linker DNA. Each nucleosome is ~10nm in diameter and 

consists of 1.7 turns of DNA (147bp of DNA) wound around an octameric histone core. 

~75% of each histone core consists of two copies of four core histones: H2A, H2B, H3, 

and H4. N- and C-terminal histone tails extrude from nucleosomes and are involved in 

multiple functional intermolecular interactions (Kornberg, 1977; McGhee and Felsenfeld, 

1980).  

 

In vitro in solutions of physiological ionic strength, a further level of organisation 

identified is the 30nm fibre, which compacts DNA 30-40 fold more as nucleosomes 

interdigitate (Dorigo et al., 2004; Grigoryev et al., 2009; Widom and Klug, 1985; 

Williams et al., 1986; Woodcock et al., 1984; Woodcock and Ghosh, 2010; Wu et al., 

2007). However, whether the 30nm-fibre is a feature of chromatin organisation within the 

confines of a typical eukaryotic nucleus in vivo is a long-standing and controversial 

question (Court et al., 2011; Markaki et al., 2010; Pederson, 2012; Scheffer et al., 2011; 

Umbarger et al., 2011; Woodcock and Ghosh, 2010). DNA bound architectural proteins 

such as cohesin (Peters et al., 2008) and CTCF (Phillips and Corces, 2009), binding by 

long non-coding RNA (Ng et al., 2007) and components of the transcriptional machinery 

(Lodish, 2012) as well attachment of the chromatin fibre to nuclear scaffold proteins 

(Chattopadhyay and Pavithra, 2007; Heng et al., 2004) are all factors that influence the 

further, higher level, packaging of chromatin in vivo. 

 

Statistical modelling based upon chromatin interaction frequency data acquired using the 

chromosome conformation capture (3C) derivative technique Hi-C suggests that 

chromatin within the nucleus is folded into dense fractal globules. This structure forms 

spontaneously within the constraints imposed by the degree to which the chromatin fibre 

is compacted within the limiting space of the nucleus. Importantly, while being a highly 

dense, organised structure, the fractal globule model permits rapid unfolding and 

translocation of any one region of chromatin, thereby enabling interaction with 

components of the transcriptional machinery and regulatory interactions between 

proximal and distally located regulatory elements and functional sub-nuclear 

compartments involved in the regulation of gene expression (Lieberman-Aiden et al., 

2009; Mirny, 2011).  
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 Chromosome territories and inter-chromatin lacunae  1.1.2

Within the nucleus, DNA is organised into separate chromosome territories (CT) 

occupying demarcated areas within the nucleus. The arrangement of CT within nuclei has 

been mapped extensively using multi-colour fluorescence in situ hybridisation (FISH) to 

label or ‘paint’ individual chromosome territories (Bolzer et al., 2005; Cremer and 

Cremer, 2010; Lichter et al., 1988; Pinkel et al., 1988) and the architecture of CT and the 

nuclear environment between CT studied in detail using microscopy based super-

resolution imaging techniques, (Baddeley et al., 2010; Cseresnyes et al., 2009; Markaki et 

al., 2010; Schermelleh et al., 2008) (figure 1 and figure 2). Data generated by the 

application of the 3C-derivate technique, Hi-C, (figure 2) to the study of 3D genome 

organisation show cis interactions predominate within the nucleus and corroborate 

evidence from the study of CT using fluorescence microscopy based approaches 

(Lieberman-Aiden et al., 2009; Zhang et al., 2012). 

 

The arrangement of CT in mouse and human nuclei is non-random and their organisation 

within the nucleus has been shown to depend upon size, replication timing, GC content, 

and gene-density (Croft et al., 1999; Tanabe et al., 2002). Small and gene-dense 

chromosomes preferentially interact with one another and cluster together towards the 

nuclear centre while larger, less gene-dense, chromosomes tend to co-localise towards the 

nuclear periphery(Boyle et al., 2001; Lieberman-Aiden et al., 2009; Sengupta et al., 2008; 

Tanabe et al., 2002; Zhang et al., 2012). The spatial organisation of intermediate sized 

chromosomes is less well defined (Zhang et al., 2012) however, and, although largely 

static due to the large size of chromosomes, translocation of CT has been shown to 

coincide with changes in cell state (Bridger et al., 2000; Croft et al., 1999; Meaburn et al., 

2007; Meaburn et al., 2008; Mehta et al., 2010), leading to cell-cell variations in the 

position of CT.  

 

Dynamic intermingling of territories is connected with the establishment of interactions 

between loci located on different chromosomes and with active transcription (Branco and 

Pombo, 2006; Lieberman-Aiden et al., 2009; Zhang et al., 2012). Transcription foci (see 

page 13) characterised by a high concentration of serine 2-phosporylated RNAPII 

(elongating RNAPII) have been shown to co-habit regions of CT intermingling (Branco 
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and Pombo, 2006; Kumaran et al., 2008). Interchromatin lacunas or ‘channels’ separate 

CT and narrower lacunas also intersperse CT between chromatin domains – defined 

regions of condensed chromatin within CT that form structures ~100kb - ~1Mb in size 

characterised by a gene dense outer-layer enriched in ribonucleoprotein complexes called 

perichromatin fibrils. Channels issue from nuclear pore complexes and emanate 

throughout the nucleus. Macromolecular nuclear bodies, including speckles, Cajal bodies, 

paraspeckles, and promyelocytic (PML) bodies, occupy interchromatin channels 400nm 

or more wide. Between chromatin domains and lacunas are regions of decondensed 

chromatin rich in histone marks typical of active chromatin, nascent DNA and RNA 

transcripts and RNAPII called perichromatin regions (Cremer and Cremer, 2010; Markaki 

et al., 2010) (figure 1 and figure 2).  
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Figure 1 Architecture of the nucleus (A) three-dimensional structured illumination 

microscopy (3D-SIM) image showing the nucleus and (inset) the nuclear periphery, 

nuclear pore complexes (NPC) (red), nuclear lamina (green), and chromatin surface 

(blue). Reproduced from Schermelleh et al, 2008 (Schermelleh et al., 2008) with the 

permission of the American Association for the Advancement of Science. Super 

resolution imaging shows that lacunae between condensed chromatin domains emanate 

from NPC. (B) Super-resolution imaging of special nuclear organisation using 3D-SIM 

(Markaki et al., 2010) showing de-condensed regions of chromatin adjacent condensed 

domains, intermingling between domains, and the distribution of enrichment for RNAPII 

signals (red and green). Adapted from Baker et al (Baker, 2011) with the permission of 

Macmillan Publishers Ltd.  

 The genome is compartmentalised according to function by the spatial 1.1.3

organisation of genes and chromatin within the nucleus 
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Within CT, and throughout the interphase nucleus, the positioning of genes at shared sub-

nuclear compartments and genome-wide networks of chromosomal interactions 

functionally partition the genome. With the exception of a handful of genes, most genes 

are only transiently expressed and patterns of nuclear gene positioning and global patterns 

of chromosomal interactions reflect fluctuating levels of transcriptional activity (de Wit 

and de Laat, 2012; Dekker et al., 2013; Egecioglu and Brickner, 2011). Changes in 

transcriptional activity are associated with changes in chromatin mobility (Chuang et al., 

2006) and with higher-order chromatin remodelling and the dynamic association of genes 

with visible sub-nuclear structures (Chambeyron and Bickmore, 2004; Chambeyron et al., 

2005; Harmon and Sedat, 2005; Morey et al., 2007; Volpi et al., 2000; Williams et al., 

2002).  

 

High-resolution analysis of genome-wide patterns of association between loci in human 

and in mouse cells using the 3C-based technique Hi-C indicates regions of ‘open’ and 

regions of ‘closed’ chromatin are separated by folding of the chromatin fibre within 

chromosomes into separate cell-specific multi-mega base scale sub-chromosomal 

compartments. Called A and B compartments (see figure 2), these regions, which are 

~5Mb in size, compartmentalise CT according to markers transcriptional status such as 

enrichment for regions of DNA hypersensitivity, gene density, GC content, replication 

timing and covalent histone modifications. While A compartments correlate with markers 

of active transcription, B compartments appear to comprise a primarily a repressive 

transcriptional environment (Dixon et al., 2012; Lieberman-Aiden et al., 2009; Zhang et 

al., 2012). The organisation of these compartments has been shown to depend upon a 

combination of sequence and chromatin state characteristics upon and comprises the 

sustained establishment of chromosomal interactions upon the basis of shared features 

(Dekker et al., 2013; Imakaev et al., 2012).  

 

Transcription foci – or factories – have been observed to act as hubs around which 

chromatin is organised, with multiple genes co-localised at, and in dynamic association 

with, shared factories (Osborne et al., 2004; Osborne et al., 2007; Schoenfelder et al., 

2010a). The term transcription factory was coined in the early 1990s to describe relatively 

immobile and stable foci of active extra-nucleolar transcription, 40-85nm in diameter 

(Chakalova et al., 2005; Chakalova and Fraser, 2010; Cook, 2010; Ghamari et al., 2013; 
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Iborra et al., 1996; Misteli, 2007; Papantonis and Cook, 2011; Razin et al., 2011; 

Sutherland and Bickmore, 2009). In erythroid nuclei in particular, in which there are 

relatively few transcription factories (100-300 foci) (Osborne et al., 2004), transcription 

factors have been shown to play an important part in facilitating the clustering of co-

regulated genes. In erythroid cells, EKLF is required for the co-association of EKLF 

target genes at transcription factories in erythroid cells (Schoenfelder et al., 2010b).  

 

Frequent enrichment for SC-35 splicing speckles within the vicinity of transcription 

factories suggests transcription factories may advantageously located within sub-nuclear 

compartments enriched for splicing factors and active RNA splicing. Speckles are highly 

active dynamic nuclear bodies enriched in pre-mRNA splicing factors implicated in 

facilitating the transcription of highly active genes (Hall et al., 2006). They have also 

themselves been suggested to be associated with the clustering and physical association of 

genes within regions active chromatin, although speckles are not extant in all cell types 

(Brown et al., 2008b; Brown et al., 2006; Shopland et al., 2003; Szczerbal and Bridger, 

2010; Takizawa et al., 2008a).  

 

Loci transcribed by RNAPII are also found to co-localise at the nuclear periphery and 

within proximity with nucleoli. The eukaryotic nucleus is separated from the cell by the 

nuclear envelope – a lipid bilayer impenetrable save for nuclear pore complexes (NPCs), 

which act as gateways and selectively controlling traffic across the nuclear envelope (NE) 

(Dingwall and Laskey, 1992). The nuclear lamina (NL) lines the interior membrane of the 

NE and components of the nuclear lamina associate with hundreds of 0.1-10Mb regions 

of chromatin called lamina-associated domains (LADs), which are characterised by a low 

gene density and transcriptional repression (Goldman et al., 2002; Guelen et al., 2008).  

 

Changes in genome-nuclear lamina interactions are associated with tissue-specific 

changes in gene activity (Harmon and Sedat, 2005; Kind and van Steensel, 2010; Peric-

Hupkes et al., 2010). Genes up-regulated during development have been shown to locate 

away from the nuclear periphery and towards the nuclear interior when active (Hewitt et 

al., 2004; Kosak et al., 2002; Lee et al., 2006a; Ragoczy et al., 2006; Williams et al., 

2006; Yao et al., 2011; Zink et al., 2004) and the activation of gene expression is linked 

with the disassociation of LADs from the NL whereas gene silencing is associated with 
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the formation of new LADs (Peric-Hupkes et al., 2010). Artificial tethering of loci to the 

nuclear lamina has been shown to result in the silencing of genes targeted to the nuclear 

periphery and also adjacent genes (Reddy et al., 2008). The internalisation of genes not 

physically connected with the NL upon transcriptional activation has also been observed 

(Chambeyron and Bickmore, 2004; Chambeyron et al., 2005; Takizawa et al., 2008a). 

Movement towards the nuclear interior has been linked to the association of genes at 

functional nuclear sub-compartments associated with transcription and the processing of 

transcripts, including shared transcription factories (Xu and Cook, 2008) nuclear speckles 

(Brown et al., 2008b), PML, and Cajal bodies (Meister et al., 2010) (see figure 2). The 

latter are conglomerations of multiple different proteins that are implicated in modulating 

a variety of key processes, including gene expression and senescence (Lallemand-

Breitenbach and de The, 2010; Machyna et al., 2013).  

 

It should be noted however that there is considerable variation in the relationship between 

the radial position and activity among individual genes (Deniaud and Bickmore, 2009; 

Ferrai et al., 2010; Kosak et al., 2002; Takizawa et al., 2008b). Individual genes exhibit a 

differential response to artificial tethering to the nuclear lamina (Egecioglu and Brickner, 

2011; Takizawa et al., 2008b) and, as the distribution of complexes involved in the 

regulation of chromatin folding and transcriptional regulation is not confined to the 

nuclear interior (Ferrai et al., 2010), an internal nuclear position is not per se required for 

transcription. Active genes and chromatin marks characteristic of transcriptionally active 

regions of chromatin have been observed at the nuclear periphery (Egecioglu and 

Brickner, 2011; Takizawa et al., 2008b) and NPC are enriched for euchromatin and active 

genes (Brown et al., 2008a; Capelson et al., 2010). The nuclear periphery must therefore 

be considered to be involved in the spatial organization of both active and inactive 

regions of the genome. 

 

When silenced, loci transcribed by RNAPII have also been shown to localise within 

nucleolus-associated domains (NADs) comprising loci transcribed by RNAPI, RNAPIII, 

and satellite DNA – arrays of tandem repeats – that are of a size similar to that of LADs 

(Nemeth et al., 2010). Partial overlap exists between the patterns of chromatin association 

with LADs and with NADs and both types of domain are re-formed following cell 

division (Nemeth et al., 2010; van Koningsbruggen et al., 2010). In Drosophila, inactive 
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loci have also been shown to co-associate at shared polycomb bodies - foci identified 

using 4C (Bantignies et al., 2011; Choi et al., 2011) and 6C (Tiwari et al., 2008a) that are 

enriched for polycomb proteins and repressive histone mark H3K27me3. PcG dependent 

networks of long-range interactions in cis and in trans have been identified in mammalian 

cells as well as in Drosophila (Bantignies et al., 2011; Choi et al., 2011; Hodgson and 

Brock, 2011; Pirrotta and Li, 2012; Simon and Kingston, 2009; Tiwari et al., 2008a; 

Tiwari et al., 2008b), although empirical evidence supporting a functional role for PcG 

mediated long-range chromatin interactions remains limited, particularly as regards their 

import in mammalian cells.  

 Topological chromatin domains  1.1.4

While multi-mega base scale sub-chromosomal compartments have so far only been 

identified in human and in mouse cells, the application of Hi-C and 5C techniques to the 

study of genome architecture has identified that folding of the chromatin fibre forms 

domains of a smaller size that partition the genome according to function in a manner that 

is conserved across species (Dixon et al., 2012; Nora et al., 2012; Sexton et al., 2012). 

The size of these domains, which are referred to as topologically associating domains 

(TAD) (see figure 2), ranges from tens to thousands of kilo bases in mice and humans, 

although the median size range is a few hundred-kilo bases. The organisation of the 

genome in to TADs in multiple human and mouse cell types appears to be conserved and 

while the organisation of A and B compartments reflects cell-cell variation in patters of 

transcriptional activity this does not appear to be the case with TAD. Moreover, while 

adjacent A and B domains are characterised by contracting states of transcriptional 

activity, this is not necessarily the case with TAD. On a similar scale, clustering of long-

range interactions between enhancers and promoters, and between different gene 

promoters, has been shown to form three-dimensional chromatin domains (Bau et al., 

2011; Li et al., 2012a; Shen et al., 2012) that appear to be involved in facilitating active 

transcription and in coordinating the transcriptional regulation of multiple genes, and 

perhaps also of enhancers encoding long-non coding RNAs.  
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Loci located within individual TADs preferentially interact, whereas interaction between 

loci located within separate domains is infrequent. As such individual TAD appear as 

largely discrete structures demarcated by a ‘boundary’ region (Dixon et al., 2012). These 

‘boundaries’ between TADs appear to be conserved between different cell types across 

mammalian species and, in mammalian cells, correlate with regions of enrichment for 

histone modifications associated with heterochromatin (H3K27me3 and H3K9me2) and 

for insulator binding sites and bound architectural protein CTCF (Dixon et al., 2012; Nora 

et al., 2012). CTCF binding sites are highly prevalent throughout the genome (Phillips 

and Corces, 2009) and most CTCF bound sites are located within TADs, however CTCF 

is posited to act both as an insulator and a mediator of long-range chromatin interactions 

in conjunction with additional proteins, and in particular cohesin (Merkenschlager and 

Odom, 2013). TAD boundaries in Drosophila melanogaster cells are enriched for 

insulator protein binding, but also for DNase hypersensitivity (Sexton et al., 2012). In 

Drosophila, TAD boundaries are enriched for binding by mitotic spindle protein 

Chromator, which acts as an insulator protein and is enriched for at CTCF binding sites. 

CTCF binding sites in Drosophila are also enriched for additional Drosophila specific 

insulator proteins (Sexton et al., 2012; Van Bortle et al., 2012).  

 

In mammalian embryonic stem cell and neural progenitor cell populations, conserved 

chromatin interactions spanning tens to hundreds of kilo-base pairs within TAD that are 

enriched for bound CTCF and cohesin comprise constant sub-domains within TAD 

(Phillips-Cremins et al., 2013). In the absence of CTCF and the cohesin sub-unit Smc1, 

the collapse of selected conserved interactions has been shown, suggesting binding by 

CTCF and cohesin may act to establish and/or stabilise conserved sub-domains within 

TAD. Data also suggest TAD contain a hierarchy of cell-type specific sub-domains 

enriched for promoter-enhancer interactions characterised by enrichment for bound tissue 

specific transcription factors. In embryonic stem cells, the topology of these sub-domains 

reflects cell-type specific differences in gene expression and has also been shown to 

correlate, to a certain degree, with enrichment for varying combinations CTCF, cohesin 

and mediator protein sub-unit and transcription factor binding at regions throughout the 

genome. In addition, it has been shown that the knockdown of the cohesin Smc1 or 

mediator Med12 subunits results in aberrant patterns of lineage-specific gene expression 

in embryonic stem cells (Phillips-Cremins et al., 2013). 
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 Chromatin looping and long-range gene regulation  1.1.5

Looping of the chromatin fibre within the nucleus brings regulatory genomic elements, 

including gene promoters, enhancer elements, and insulator motifs, which may be located 

large distances apart within the linear genome sequence, into spatial proximity (Fraser 

and Bickmore, 2007). This juxtaposition of distal and proximal gene regulatory elements 

plays a key role in the regulation of transcription. Long-range chromosomal interactions 

between gene regulatory elements involved in promoting transcription have been 

identified for numerous loci in multiple models (Apostolou and Thanos, 2008; Fullwood 

et al., 2009; Hu et al., 2008; Liu and Garrard, 2005; Lomvardas et al., 2006; Noordermeer 

et al., 2011; Osborne et al., 2004; Osborne et al., 2007; Schoenfelder et al., 2010a; 

Simonis et al., 2006; Spilianakis and Flavell, 2004; Spilianakis et al., 2005) and a 

growing area of interest is the identification of pathogenic chromatin conformation 

signatures and the identification of disease associated regulatory element variants and 

changes in the genomic distribution of epigenetic marks that are associated with long-

range transcriptional regulation (Crutchley et al., 2010; Gondor, 2013; Petrov et al., 

2006).  

 

Much of what is understood regarding long-range gene regulation and chromatin looping 

derives from study of the mouse globin genes in erythroid cells. The appropinquity of co-

ordinately regulated genes with the β-globin LCR, which acts as a long-range enhancer of 

transcription, involves binding by transcription factors, including EKLF, GATA-1, and 

the LDB1 complex, to regulatory elements (Drissen et al., 2004; Jing et al., 2008; 

Schoenfelder et al., 2010b; Vakoc et al., 2005). In addition, CTCF is required for 

association of the LCR with active globin genes in cis (Noordermeer et al., 2011; Osborne 

et al., 2004; Palstra et al., 2008). Evidence presented by Noordermeer et al suggests the β-

globin LCR acts as a long-distance enhancer of transcription in cis and also in trans, 

preferentially associating with globin genes regulated by shared transcription factors 

EKLF and GATA1 within a restricted nuclear sub-volume (Noordermeer et al., 2011). 

Interestingly, targeting LDB1 to the β-globin promoter has been shown to result in the up-

regulation of β-globin expression that is dependent upon interaction with the β-globin 

LCR but not GATA-1 (Deng et al., 2012).  
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AT-rich binding protein SATB1 is implicated in the control of tissue-specific and cell-

specific gene expression patterns via the establishment of specific (state dependent) loop 

structures that mediate interactions among cis-acting DNA regulatory motifs, the 

mediation of regional patterns of histone modification, and the recruitment of 

transcription factors, and chromatin modifiers, including the ATP-dependent chromatin-

assembly factor (ACF), imitation switch (ISWI) chromatin remodelling proteins, and 

HDACs. Loss of SATB1 activity results profound changes in the spatial organisation of 

the chromatin fibre into distinct loop structures and widespread changes in gene 

expression (Cai et al., 2003; Cai et al., 2006; Galande et al., 2007; Han et al., 2008; 

Kumar et al., 2007; Yasui et al., 2002). The non-random distribution of SATB1 and PML 

proteins at matrix attachment regions (MARs) throughout the MHCI locus suggests a 

SATB1 acts as both a regulator of chromatin conformation and as structural component 

involved in tethering the chromatin fibre to PML bodies at matrix attachment regions 

(MARs) (Kumar et al., 2007).  
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Figure 2 Spatial organization of the genome in a mammalian (mouse) nucleus (A) In 

eukaryotic nuclei, the nuclear space is divided into non-randomly arranged chromosome 

territories. Chromosome 3 and the territory corresponding to chromosome 3 are shown in 

red. In green, chromosome 18 and its corresponding territory are also shown. Also visible 

are regions of condensed and relatively de-condensed regions of DAPI stained DNA 

(grey) within and between CT and nucleoli (N). (B) A schematic showing a region of the 



16 

nucleus shown in A at higher resolution. A continuum of preferential chromosomal 

interactions forms A (yellow) and B (purple) compartments that partition chromosomes 

into regions of largely active (euchromatin, EC) or inactive chromatin (heterochromatin, 

HC), respectively. (C) A detailed hypothetical representation of chromatin domains 

visualized using Hi-C and the surrounding nuclear landscape. The schematic shows the 

spatial organization of factors within the nucleus into foci or nuclear bodies (pink circles), 

including splicing speckles (SP). Clusters of chromatin interactions associated with the 

co-localisation of multiple loci at foci within the perichromatin region (PR) are shown in 

green in (C) and also in (I). RNA is shown in orange. (D) Hi-C chromatin interaction 

matrix showing interactions between and within all chromosomes in the mouse genome. 

(E) Chromosome 18 Hi-C interaction matrix transformed using Pearson correlation to 

compare regional interaction profiles. Two domains, red and blue, characterised by 

distinct interaction profiles are visible (F) Chromosome 18 Hi-C interaction matrix of 

equivalent resolution to (E). (G) Further analysis of (E) reveals chromosomal interactions 

are partitioned into two distinct compartments, called A and B compartments. (H) Higher 

resolution interaction matrix showing a 3Mb region of (F) and the organisation of the 

chromatin fibre into two mega-base scale domains called TAD within this region. (I) 

Schematic representation of TADs 1 and 2 visible in (H). This figure is based upon data 

previously published by Zhang et al, 2012 (Zhang et al., 2012) and was reproduced from 

Gibcus and Dekker, 2013 (Gibcus and Dekker, 2013) with the permission of Elsevier B. 

V.  
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1.2 The epidermis: its structure, development and the maintenance of 

epidermal barrier function  

Adult skin is a complex protective and sensory bicompartmental organ. The outermost 

compartment, the epidermis, is a self-renewing stratified squamous epithelial sheet that 

comprises a range of integument types, including interfollicular epidermis (IFE), glabrous 

palmar and plantar skin, and regions of hair, feathers and scales. Separated from the 

dermal compartment of the skin by a basement membrane of ECM proteins and growth 

factors, the IFE functions as an essential permeability barrier preventing transcutaneous 

loss of water and electrolytes and the penetration of radiation in a terrestrial environment. 

A multiplicity of cell types reside within the IFE; the predominate cell type, 

keratinocytes, are responsible for epidermal cohesion, barrier function and renewal 

predominate; also present are bone marrow derived cells involved in immune surveillance 

and neural crest derived cells involved in pigmentation, among others (Fuchs and 

Raghavan, 2002; Nestle et al., 2009).  

 

Disruption of the balance between proliferation and differentiation within the epidermis 

can result in epidermal or pellage abnormalities and is associated with a number of human 

skin diseases, including hyperproliferative disorders such as psoriasis, and basal- and 

squamous-cell carcinomas. The use of genetic mouse models and in vitro keratinocyte 

and epidermal explant culture models has proven instrumental in identifying and studying 

the function of individual cytoarchitectural proteins, cell signalling molecules and 

transcription factors in the epidermis. However, the scope of reductionist approaches in 

studying the mechanisms necessary to balance proliferation and differentiation during 

epidermal morphogenesis and homeostasis is limited. A growing body of evidence that 

indicates interconnected gene regulatory networks operate to specify cell type, state and 

function is being generated in the wake of technological advances enabling the efficient 

analysis of the different structural and functional elements of large genomic regions and 

entire genomes. Systematic approaches to the study of transcriptional regulation in the 

epidermis implicate an array of epigenetic mechanisms in the regulation of gene 

expression within the epidermis and link alterations in nuclear shape, nuclear architecture 

and the spatial organisation of chromatin within keratinocyte nuclei with changes in the 

transcriptional sate of epidermal keratinocytes.  
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 Epidermal ontogenesis and homeostasis 1.1.6

Barrier function of the IFE is established in utero (between E8.5 and E18.5 in mice) with 

the completion of epidermal stratification and is maintained through life-long self-

renewal. Following gastrulation, cells of the surface ectoderm commit to an epidermal 

cell fate in response to an initial inductive signal and, between E8.5 and E12.5, a 

monolayer of mitotically active multipotent epidermal cells expressing cytokeratins K5 

and K14 is formed (Hardman et al., 1998). Between E12.5-E14.5 stratification of the 

developing IFE is initiated as these K5/K14 positive basal keratinocytes give rise to a 

proliferative intermediate layer characterised by apical-basal cell polarity (Koster and 

Roop, 2007; Smart, 1970). 

 

Although the exact nature of this inductive signal is not yet known, commitment of the 

surface ectoderm to epidermal differentiation coincides with an increase in levels of Wnt 

signalling, which in turn leads to the elevated expression of bone morphogenic proteins 

(BMPs) (Fuchs, 2007; Stern, 2005), and with the induction of p63 expression. A 

homologue of p53, p63 is implicated in orchestrating the transcriptional up-regulation of 

epidermal genes and markers of epidermal differentiation required for epidermal 

specification and deposition of the epidermal basement membrane (Koster et al., 2006; 

Koster et al., 2004; Koster and Roop, 2007; Medawar et al., 2008; Shalom-Feuerstein et 

al., 2011). Extensive regions of p63 deficient epithelium remain as a monolayer 

expressing ectodermal cytokeratins K8 and K18 and p63
-/-

 mice (figure 3) die perinatally 

due to dehydration resulting from lack of an epidermal barrier (Koster et al., 2004; Mills 

et al., 1999; Shalom-Feuerstein et al., 2011; Yang et al., 1999). Of note, p63 has been 

shown to regulate, and in some cases be regulated by, key signalling pathways required 

for ectodermal appendage organogenesis and epidermal development, including the 

Wnt/β-catenein and BMP pathways pathways (Bergholz and Xiao, 2012; Laurikkala et 

al., 2006).  

 

At ~E15.5, the spinous layer of the epidermis is formed (Koster and Roop, 2007; Lechler 

and Fuchs, 2005; Smart, 1970). Spinous keratinocytes remain transcriptionally active and 

produce a durable cytoskeletal matrix. Basal K5/K14 expression is succeeded by the 

copious expression of K1 and K10, forming a resilient filaments network interconnected 
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with robust desmosomal intercellular junctions. At ~E16.5, as keratinocytes enter the next 

stage of maturation, the granular layer, K1/K10 expression is reduced, lipid lamellar and 

keratohylin granules are produced, and a tough proteinaceous layer, the cornified 

envelope (CE), is formed beneath the plasma membrane (Marshall et al., 2001).  

 

The culmination of the epidermal stratification process is the formation of the corneal 

layer (Hardman et al., 1998), which occurs between E16.5 and E18.5. At this final stage 

of terminal differentiation, keratinocytes become metabolically inactive. In response to an 

influx of calcium, the cell plasma membrane is replaced as transglutaminases cross-link 

CE proteins with durable γ-glutamyl-ɛ-lysine bonds. Nuclei and organelles are degraded 

and keratinocytes become flattened forming squames filled with a dense network of 

keratins as filaggrin released from keratohylin granules promotes the aggregation of 

keratins. A matrix composed of secreted intercellular lipid becomes covalently bound to 

cross-linked CE proteins, forming a lipid encasement around corneocytes that protects 

against water loss, potentially harmful soluble environmental factors, and confers 

flexibility to the epidermal barrier (Bickenbach et al., 1995; Hardman et al., 1998; 

Marshall et al., 2001; Segre, 2003).  
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Figure 3. Stratification of the murine interfollicular epidermal barrier during 

epidermal ontogenesis occurs systematically between E8.5 and E18.5 and requires 

the expression of p63. (A) The epidermis is a stratified epithelial sheet. Between E8.5 

and E12.5 cells of the surface ectoderm undergo commitment to epidermal 

differentiation. Multipotent committed epidermal cells subsequently give rise 

systematically to the spinous, granular, and corneal supra-basal epidermal layers between 

E15.5 and E18.5. An intermediate layer forms transiently at ~E14.5 and is replaced by 

development of the spinous layer at ~E15.5. Last to form is the outermost, cornified layer, 

which waterproofs the skin. (B-C) Epidermal development is arrested at an early stage in 
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P63 null mice. Failure to form a stratified epidermis prior to birth results in perinatal 

death due to desiccation. Figure adapted from Koster and Roop (Koster and Roop, 2007).  

 

Within the adult IFE, a heterogeneous population of progenitor cells resides contiguous 

with the basement membrane. Quiescent adult epidermal stem cells strongly attach to the 

basement membrane and appear to be activated predominantly only following injury to 

the epidermis. During epidermal homeostasis, a basal population of more actively cycling 

committed progenitor cells with reduced plasticity gives rise to differentiated progeny and 

is renewed through a stochastic but population balanced pattern of cell fate specification 

among daughter cells (Blanpain and Simons, 2013; Mascre et al., 2012; Schluter et al., 

2011). Squames continually slough from the corneal layer of the IFE during adult life 

(Milstone, 2004) and in undamaged skin the corneal layer is continually replenished as 

committed progenitor cells periodically withdraw from the cell cycle, undergo 

asymmetric cell division, and give rise to differentiating basal keratinocytes. 

Differentiating basal keratinocytes subsequently execute a program of terminal 

differentiation that closely recapitulates the process of keratinocyte differentiation during 

epidermal morphogenesis and distinct transcriptional stages mark the transition of 

differentiating suprabasal keratinocytes as they give rise to the spinous, granular, and 

eventually corneal layers of the epidermis (figure 4). The basal population of committed 

progenitor cells within the epidermis appears to be maintained by a population-based 

balance of stochastic cell fate decisions (Blanpain and Simons, 2013; Mascre et al., 2012; 

Schluter et al., 2011). 

 

A combination of intrinsic cues and micro-environmental stimuli is understood to 

facilitate this process of homeostatic epidermal renewal (epidermopoiesis). Several 

cytoarchitectural proteins, components of the mitotic apparatus (Simpson et al., 2011), 

cell signalling molecules, and transcription factors (Dai and Segre, 2004; Fuchs and 

Raghavan, 2002) that play an important role in regulating the maintenance of a basal 

progenitor cell population in the epidermis and in regulating cell cycle arrest and 

commitment to differentiation have been identified. Key regulators of epidermal stem and 

progenitor cell activity and epidermopoiesis already identified include Notch and its 

ligands, and the transcription factors p63 and c-Myc (see below).  
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In the postnatal epidermis Notch and its ligands are differentially expressed and together 

regulate epidermopoiesis (Blanpain et al., 2006; Nickoloff et al., 2002; Rangarajan et al., 

2001). Delta-like 1 signalling is implicated in keratinocyte stem cell cluster cohesion and 

the initiation of differentiation in contiguous committed progenitor cells (Lowell et al., 

2000; Rangarajan et al., 2001). Notch/Jagged 1 signalling, on the other hand, has an 

apparent role in in later stages of keratinocyte maturation, including cornification, which 

appear to be regulated by NF-κB and PPAR dependent Notch/Jagged 1 signalling 

(Nickoloff et al., 2002).  

 

Notch signalling within the epidermis is modulated by cross-talk with p63, which in turn 

is regulated by Notch signalling (Nguyen et al., 2006). The expression of p63 in basal 

keratinocytes is required for epidermal stratification and has essential pleiotropic 

functions in facilitating cell survival, proliferation, cell cycle arrest and the initiation of 

differentiation in the epidermis. The ontology of gene and protein regulated by p63 in 

basal keratinocytes is diverse and includes several of the cell-cycle regulatory machinery 

(Beretta et al., 2005; McDade et al., 2011; Pellegrini et al., 2001; Testoni and Mantovani, 

2006) as well as genes and proteins associated with cell adhesion, cell signalling, and 

chromatin remodelling (see section 1.1.7) (Ferone et al., 2013; Ihrie et al., 2006; Ihrie et 

al., 2005; Kouwenhoven et al., 2010; Nguyen et al., 2006; Okuyama et al., 2007; Westfall 

et al., 2003; Wu et al., 2012).  

 

In suprabasal layers, the depletion of p63 isoform ΔNp63 (the predominate p63 isoform 

in the epidermis) is required for keratinocyte maturation (King et al., 2003; Nguyen et al., 

2006; Parsa et al., 1999). Dlx3 mediated proteosomal degradation (Di Costanzo et al., 

2009; Moretti and Costanzo, 2009; Rossi et al., 2006), C/EBP DNA binding (Lopez et al., 

2009), and Notch signalling (Nguyen et al., 2006) drive the suprabasal depletion of 

ΔNp63, thereby enabling the expression of suprabasal differentiation specific genes 

supressed by ΔNp63 in basal keratinocytes. Supra basal p63 expression is also restricted 

by the p63-specific microRNA (miR203) (Yi et al., 2008). In the absence of p63 in 

maturing keratinocytes, factors required for terminal differentiation, including ZNF750 

(Sen et al., 2012) Klf genes (Li et al., 2012b; Segre et al., 1999) IKKα (Candi et al., 2006; 

Hu et al., 1999; Hu et al., 2001; Li et al., 1999) and Dlx3 (Morasso et al., 1996), are up-

regulated.  
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A downstream target of p63 (Sen et al., 2012), the proto-oncogene c-Myc plays a key role 

in balancing of proliferation and differentiation in the epidermis. Activation of c-Myc 

induces epidermal stem cells to exit the stem cell niche, initiating the proliferation and 

differentiation of stem cell progeny (Arnold and Watt, 2001; Frye et al., 2003; Frye and 

Watt, 2006). In co-operation with the co-repressor SIN3A, c-Myc directly regulates the 

expression of genes encoded within the EDC that are required for terminal differentiation 

and acts to simultaneously recruit and displace discrete clusters of transcriptional 

regulators present at EDC regulatory regions, including KLF4 and OVOL1 (recruited) 

and C/EBPα, MXI1, and SIN3A (displaced). SIN3A and c-Myc also cooperatively 

regulate the expression of genes located outside of the EDC that involved in the control of 

cell growth and proliferation. The K14-Cre mediated epidermal deletion of SIN3A alone 

results in the aberrant post-translational processing of c-Myc and increased epidermal 

proliferation (Nascimento et al., 2011).  

 

Additional factors required for normal epidermal proliferation and keratinocyte 

differentiation include basally expressed factors such as the transcriptional co-activator 

Yes-activated protein (YAP), which binds members of the transcription enhancer 

activator domain (TEAD) family of transcription factors (Schlegelmilch et al., 2011; 

Zhang et al., 2011), and basonuclin, which appears to stimulate rRNA synthesis (Tseng et 

al., 1999); suprabasally expressed factors required for terminal keratinocyte 

differentiation such as Blimp1 (Chiang et al., 2013; Magnusdottir et al., 2007; Sellheyer 

and Krahl, 2010), members of the Oct class of POU domain transcription factors 

(Andersen et al., 1997; Faus et al., 1994), basic helix-loop-helix protein ARNT (Geng et 

al., 2006) and GRHL3 (Auden et al., 2006; Mistry et al., 2012; Ting et al., 2005a; Ting et 

al., 2005b; Yu et al., 2006); and members of the AP1, AP2 and Sp1 transcription factor 

families, which are expressed both basally and in suprabasal layers (Byrne et al., 1994; 

Casatorres et al., 1994; DiSepio et al., 1995; Efimova et al., 1998; Jang et al., 2000; Jang 

et al., 1996; LaPres and Hudson, 1996; Leask et al., 1991; Sinha et al., 2000; Sinha and 

Fuchs, 2001).  
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Figure 4 Hierarchical organisation of the interfollicular epidermis. Adult stem cells, 

committed progenitors cells with reduced plasticity, and differentiated keratinocytes are 

found within the basal epidermal layer while suprabasal layers of the epidermis comprise 

solely of terminally differentiating keratinocytes. Following differentiation, keratinocytes 

disconnect from the basement membrane, stratify, and transit through distinct 

transcriptional stages as they migrate progressively towards the surface of the epidermis 

and give rise successively to layers of the suprabasal epidermal compartment. Finally, 

differentiated keratinocytes are shed from the outer surface of the corneal layer. In 

undamaged skin, adult epidermal stem cells remain largely quiescent, becoming active 

following injury to the epidermis. More actively cycling committed progenitor cells of the 

interfollicular epidermis act to maintain the integrity of the epidermis by giving rise to 

terminally differentiating daughter cells.   

 The role of epigenetic mechanisms and spatial nuclear organisation in the 1.1.7

regulation of epidermal proliferation and differentiation 

Dynamic changes in chromatin folding and chromatin state play an important role in 

regulating the survival, proliferation and differentiation of progenitor cells and their 

progeny. An array of epigenetic regulators that regulate these processes within the 
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epidermis has been identified, including regulators of histone methylation (Driskell et al., 

2012; Ezhkova et al., 2011; Ezhkova et al., 2009; Luis et al., 2011; Mejetta et al., 2011; 

Sen et al., 2008) and acetylation (LeBoeuf et al., 2010; Nascimento et al., 2011), 

regulators of DNA methylation (Sen et al., 2010), and factors involved in chromatin 

remodelling (Bao et al., 2013; Fessing et al., 2011; Indra et al., 2005; Kashiwagi et al., 

2007; Mulder et al., 2012). Evidence from the large-scale RNA interference based 

analysis of the function of epigenetic regulators in epidermal progenitor cells suggests 

heterogeneous groups of factors, which are involved in diverse epigenetic mechanisms of 

transcriptional regulation, operate to regulate the expression of genes involved in either 

promoting progenitor cell renewal or differentiation, including a number of genes known 

to be regulated by p63 (Mulder et al., 2012).  

 

P63 binds a genome-wide array of targets in keratinocytes (Kouwenhoven et al., 2010). In 

addition, a significant number of chromatin factors, including histone methyltransferases 

EZH1 and EZH2, several Polycomb complex components, and chromatin remodellers, 

including CHD4, BRG1, and SATB1, exhibit altered expression patterns within the 

epidermis of P63
-/- 

mice. (Fessing et al., 2011). Findings suggest that key epigenetic and 

genetic regulatory pathways within the epidermis interconnect, however knowledge of the 

epigenetic mechanisms controlling and coordinating cell fate specification and 

differentiation during the morphogenesis and homeostasis of the skin, and not least the 

IFE, remains highly limited (Botchkarev et al., 2012; Cangkrama et al., 2013).  

1.1.7.1 The role of DNA methylation in regulating epidermal proliferation and 

differentiation  

DNA methylation occurs post-replication and in vertebrates primarily results in the 

modification of CpG dinucleotides. CpG methylation is predominantly maintained by 

maintenance DNA methyltransferase termed DNA (cytosine-5)-methyltransferase 1 

(DNMT1), which is recruited to the replication fork during cell division. The SRA (Set 

and RING-finger-associated domain) domain protein UHRF1 acts to recruit DNMT1 to 

replicated DNA and works in concert with DNMT1 to regulate the maintenance of DNA 

methylation as well as to facilitate cross-talk between methylated H3K9 and DNA 

methylation (Liu et al., 2013; Sharif and Koseki, 2011; Smith and Meissner, 2013).  
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Demethylation of many epidermal differentiation-specific gene promoters occurs during 

keratinocyte differentiation. Within epidermal progenitor cells, a significant number of 

epidermal differentiation gene promoters, including several EDC gene promoters, are 

methylated. DNMT1 and UHRF1 are expressed basal keratinocytes where they act in 

concert to repress differentiation genes and to maintain the proliferative capacity of basal 

keratinocytes, at least in part via regulating expression of the INK4b-ARF-INK4a locus, 

which encodes members of the INK4 family of cyclin-dependent kinase inhibitors, p15 

(INK4b) and p16 (INK4a). GADD45 proteins in turn appear to act in opposition to 

DNMT1-UHRF1 to promote active DNA demethylation as required for keratinocyte 

differentiation (Sen et al., 2010).  

 

The promoters of differentiation specific genes activated by C/EBPα are, on the contrary, 

methylated. CpG methylation of the CRE sequence (TGACGTCA) is crucial in 

determining C/EBPα mediated activation. DNMT1 or 5-azacytidine induced CRE 

demethylation in keratinocytes cultured in vitro perturbs C/EBPα binding and the 

activation of C/EBPα mediated differentiation gene activation (Rishi et al., 2010). Global 

changes in CpG methylation and methylation-dependent changes in gene expression have 

also been shown to characterise Psoriatic skin (Roberson et al., 2012). The expression of 

EDC differentiation specific genes is also, differentially, affected by 5-azacytidine 

treatment of keratinocytes cultured in vitro (Elder and Zhao, 2002) in a manner consistent 

with the suggestion DNA methylation acts to promote both gene repression and gene 

activation within the epidermis.  

1.1.7.2 Post translational histone modifications and the maintenance of epidermal 

progenitor state and function by histone methyltransferases  

Specific covalent post-translational modifications of histone tail residues influence 

chromatin architecture and transcriptional state. Modifications identified include 

methylation, phosphorylation, and acetylation, amongst a plethora of others. Enzymes 

functioning to deposit or remove histone marks have been demonstrated to act in a site-

specific manner and are often components of multiprotein complexes involved in the 

regulation of gene expression or other facets of genome function. The ‘‘histone code’’ 
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hypothesis proposes combinations of post-translational histone modifications comprise, in 

addition to regulatory DNA elements, an additional source of information involved in the 

regulation of transcription and other facets of genome regulation (Allis et al., 2007; 

Fischle et al., 2003).  

 

The regulation of histone modification dynamics is a key part of transcriptional regulation 

and the preservation or transmutation of global patterns of histone modification has been 

linked to senescence, pathogenesis, and heredity. The hyper-acetylation of histones 

characterises regions of active chromatin whereas repressive modifications typical of 

condensed, inactive regions of chromatin include tri-methylation of histone H3 lysine 9 

(H3K9me3) and lysine 27 (H3K27me3) residues. Histone modifications have also been 

linked to the long-range regulation of transcriptional repression or activation by insulator 

motifs and cis-acting enhancer elements with promoter regions through chromatin 

looping, although it is not yet known whether histone modification is a consequence of 

looping or a causal factor driving the formation of chromatin loops involved in long-

range gene regulation (Fischle et al., 2003; Greer and Shi, 2012; Wang et al., 2004). 

 

High levels of repressive histone marks H3K9me3 and H4K20me3 and low levels of H4 

acetylation and of H4K20 monomethylation mark quiescent epidermal stem cells. 

Activation stimulated by c-Myc results in the genome-wide re-patterning of histone 

methylation mediated, at least in part, the H4K20 specific methyltransferase SET domain-

containing protein 8 (Set8) (Driskell et al., 2012; Frank et al., 2001; Frye et al., 2007; 

Wanzel et al., 2003). Set8 is targeted by c-Myc and operates to control programmes of 

proliferation and differentiation initiated by c-Myc. Set8 is essential for the survival of 

epidermal stem cells where it acts to inhibit apoptosis by promoting the expression of 

ΔNP63 and the repression of p53 (Driskell et al., 2012). Components of the vertebrate 

trithorax-group (TrxG) MLL/SET complex, histone methyltransferases MLL2 and WDR5 

(Schuettengruber et al., 2011) regulate progenitor cell expression of GRHL3 

differentiation specific target genes, including Polycomb-repressed genes and genes 

silenced independent of PcG repression in basal keratinocytes (Hopkin et al., 2012).  



28 

1.1.7.3 Histone acetyl and de-acetyl transferase complexes regulate progenitor cell 

renewal and keratinocyte differentiation 

Global re-patterning of histone acetylation also accompanies the c-Myc induced 

differentiation of epidermal stem cells and may involve both the c-Myc dependent 

addition and removal of acetyl moieties from H4 lysine tails (Frank et al., 2001; Frye et 

al., 2007; Wanzel et al., 2003). Both the in vitro treatment of cultured keratinocytes with 

either of the HDAC inhibitors trichostatin A (TSA) or sodium butyrate (Elder and Zhao, 

2002; Saunders et al., 1999) and the treatment of skin explant cultures with TSA 

(Markova et al., 2007) causes cell-cycle arrest and induces the selective up-regulation of 

differentiation specific genes (Elder and Zhao, 2002; Markova et al., 2007; Saunders et 

al., 1999). However, perturbation of HDAC activity leads to a reduction, rather than an 

increase, in the expression level of a number of EDC differentiation-specific genes. 

Notably, perturbation of HDAC activity leads to a reduction in the expression 

profilaggrin (Markova et al., 2007), aberrations in which are linked to the genesis of 

several epidermal barrier and atopic disorders (Sandilands et al., 2009). Study of the 

downstream effects of the knockdown of basic helix-loop-helix protein ARNT in 

keratinocytes cultured in vitro suggests HDACs may act to mediate regulation of the 

AREG/EGFR pathway by ARNT and the expression of terminal differentiation specific 

genes modulated by ARNT (Robertson et al., 2012).  

 

The activity of HDAC1 and HDAC2 has been shown to be necessary in maintaining the 

survival and proliferative capacity of basal keratinocytes. K14-Cre driven deletion of both 

HDAC1 and HDAC2 during embryonic development precludes epidermal stratification 

and results in the ectopic expression of negatively regulated ΔNp63 targets involved in 

regulating cell cycle progression, including p21, 14-3-3σ, and p16(INK4a) (LeBoeuf et 

al., 2010). HDAC1 and HDAC2 bind and actively acetylate promoters belonging to this 

subset of ΔNp63 targets, suggesting the activity of HDAC1 and HDAC2 is required to 

repress the expression of cell cycle inhibitor genes negatively regulated by ΔNp63 

(LeBoeuf et al., 2010). While the absence of either HDAC1 or HDAC2 does not appear to 

impact upon epidermal development, although HDAC1 null mice exhibit hypertrophic 

scaring in response to wounding, the complete deletion of HDAC1 and ablation of only 

one HDAC2 allele results in epidermal hyperproliferation, alopecia, and increased 
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tumorigenesis. HDAC1 null mice expressing only one HDAC allele also exhibit corneal 

layer abnormalities resulting from aberrant EDC gene expression reminiscent of a lack of 

SIN3A activity (Winter et al., 2013).  

 

A complex of the MORF complex, ING5 binds trimethylated H3K4 histone and forms a 

complex with the bromodomain-PHD finger protein BRPF1, which promotes the 

acetylation of histone H3 (Ullah et al., 2008). In keratinocytes, ING5 has been shown 

comprise part of a group of epigenetic factors implicated in promoting epidermal 

progenitor cell self-renewal. In addition, p63 has been shown localise at ING5 target 

genes, including genes encoding integrins involved in the cohesion and attachment of 

actively cycling basal keratinocytes with the basement membrane, although physical 

interaction between p63 and ING5 has not been demonstrated (Mulder et al., 2012).  

1.1.7.4 The role of Polycomb repressor complex proteins in mediating epidermal cell 

survival, proliferation and differentiation  

Multi-protein polycomb group (PcG) complexes control a wide array of developmental 

pathways and are indispensable for the development of multicellular organisms. In 

mammals two polycomb repressive complexes, PRC1 and PRC2, are recruited to 

chromatin by transcription factors and non-coding RNAs, where they act to promote 

transcriptional silencing through the modification of histone tail residues and higher-order 

structure of chromatin (Bantignies and Cavalli, 2011; Morey and Helin, 2010). In the 

skin, PcG proteins are expressed throughout the epidermal compartment and show 

differential patterns of expression during development, under pathological conditions, or 

following insult to the skin. In basal and suprabasal layers they appear to play an 

important role in regulating keratinocyte survival, proliferation, differentiation and 

apoptosis (Eckert et al., 2011; Mulder et al., 2012).  

 

EZH2, the catalytic polycomb repressor complex 2 (PRC2) subunit responsible for 

methylating H3K27 (Margueron and Reinberg, 2011), is predominantly expressed in 

rapidly cycling embryonic progenitor cells where it acts to maintain the proliferative 

capacity of progenitors and to supresses the premature expression of multiple 

differentiation specific genes during embryonic development, notably by blocking the 
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recruitment of AP1 factors to EDC genes (Ezhkova et al., 2009). Specifically affecting 

keratinocytes of the neonatal basal epidermal compartment, conditional deletion of PRC2 

associated protein Jarid2 leads to reduced levels of PRC2 occupancy and of H3K27 

trimethylation at differentiation specific gene promoters, and the ectopic expression of 

differentiation specific genes, many of which are also targets of EZH2 mediated gene 

silencing (Ezhkova et al., 2009; Mejetta et al., 2011).  

 

Conversely, the H3K27 demethylase JMJD3 acts to reverse H3K27me3 mediated gene 

repression, promoting the expression of EDC differentiation specific genes (Sen et al., 

2008). In vitro, the mammalian Grainyhead homologue GRHL2 acts to inhibit the 

recruitment of JMJD3 to EDC gene promoters thereby preventing premature keratinocyte 

differentiation (Chen et al., 2012). In addition, GRHL3 appears to act to promote the up-

regulation of EDC gene expression and in vitro keratinocyte differentiation via the 

recruitment of the mammalian trithorax group H3K4 methyltransferases MLL2 and 

WDR5 to the EDC (Hopkin et al., 2012). It is interesting to note, however, that a role for 

H3K27 trimethylation in meditating the expression of differentiation genes in vivo in 

adult epidermis has not been identified, although H3K27 trimethylation does appear to act 

to some degree to control proliferative capacity of basal keratinocytes by regulating 

activity of the INK4b-ARF-INK4a locus (Ezhkova et al., 2011; Ezhkova et al., 2009). 

 

A component of the polycomb repressive 1 (PRC1) complex (Schwartz and Pirrotta, 

2013), CBX4 acts in concert with, as well as independently of, PcG proteins to maintain 

epidermal stem cell quiescence and longevity (Luis et al., 2011). PRC-dependent CBX4 

activity acts to prevent the senescence of epidermal stem cells, in part through the 

suppression of INK4A/p16 (Luis et al., 2011) Independent of PRC proteins, CBX4 acts as 

a SUMO-protein E3 ligase (Schwartz and Pirrotta, 2013) to prevent the proliferation and 

differentiation of epidermal stem cells (Luis et al., 2011). BMI1, another component of 

PRC1 (Schwartz and Pirrotta, 2013), also supresses expression of p16(INK4A) and is 

present at reduced levels in the epidermis of ichthyotic and prematurely aged skin 

(Cordisco et al., 2010). The ectopic expression of BMI1 is also associated with aberrant 

expression of selected cyclin D kinases and altered keratinocyte proliferation and survival 

(Cordisco et al., 2010; Lee et al., 2008).  
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1.1.7.5 Chromatin remodellers and remodelling in progenitor and differentiating cell 

populations within the epidermis  

Collectively, the ATP-dependent chromatin remodelling complexes utilise ATP 

hydrolysis to actively transform the structure of chromatin through the modification of 

composition of histones and re-arrangement of the association of nucleosomes and DNA. 

ATP-dependent chromatin remodelling complexes contain an ATPase subunit belonging 

to the SNF2 family of helicase-related proteins and are categorised as belonging either to 

SWI/SNF, ISWI, or CHD groups according to the identity of this subunit (Narlikar et al., 

2013). Epidermal ontogenesis is dependent upon the activity of CHD4, a subunit 

belonging to the CHD ATP-dependent remodelling complex group, which appears to play 

an important role in determining the capacity of basal keratinocytes to self-renew and fuel 

differentiation during embryonic development (Kashiwagi et al., 2007).  

 

The mammalian SWI/SNF ATP-dependent chromatin-remodelling complex contains 

either ATP catalytic subunits BRG1 (SMARCA4) or BRM (SMARCA2) and comprises 

an additional 11 subunits (Martens and Winston, 2003). Deletion of BRG1 during 

epidermal stratification severely impairs development of the corneal envelope and 

epidermal barrier function. Whilst BRM deletion alone does not appear to impair 

epidermal differentiation, the deletion of both BRG1 and BRM results in increased 

suprabasal abnormalities, suggesting partial BRG1-BRM redundancy (Indra et al., 2005).  

 

BRG1/BRM knockdown also leads to an increase in levels of Klf4 (Bao et al., 2013) 

Actin-like 6a (ACTL6a) appears to act in concert with SWI/SNF ATP-dependent 

chromatin-remodelling complex to regulate cell state in the epidermal basal layer. Mainly 

expressed within the basal layer, ACTL6a is required to maintain proliferation and to 

repress premature differentiation, in part via SWI/SNF induced expression of KLF4 (Bao 

et al., 2013). Another member of the SWI/SNF family of ATP-dependent chromatin 

remodelling proteins, SMARCA5 has been shown to form a complex with the ING5 and 

BPTF HAT complex, EZH2, and UHRF1, which regulates the expression of a broad array 

of genes required for the maintenance of epidermal progenitor self-renewal (Mulder et al., 

2012).  
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Special AT-Rich Sequence Binding Protein 1 (SATB1) binds DNA, in particular the 

nuclear matrix attachment regions of DNA, and recruits a broad spectrum of chromatin 

modifiers and transcription factors to establish tissue-specific patterns of gene expression 

(Alvarez, 2000; Cai et al., 2003; Cai et al., 2006; Han et al., 2008; Kumar et al., 2007; 

Yasui et al., 2002). A direct regulatory target of p63, SATB1 directly binds multiple sites 

at the EDC, keratin type I and II loci, and the keratin-associated protein locus. SATB1 

deficiency results in changes in the spatial organisation of the chromatin fibre at the EDC 

locus, down regulation of a number of EDC genes, reduced epidermal thickness and 

aberrant terminal differentiation. Analysis of the distribution of SATB1 binding events at 

the EDC locus suggests SATB1 acts to regulate transcription at the EDC through 

regulation of chromatin folding at the EDC locus rather than by targeting the core 

promoter regions of EDC genes (Fessing et al., 2011).  

 

In basal keratinocytes of the developing murine epidermis, developmentally regulated 

changes in the spatial position of the lineage-specific EDC locus coincide with the 

beginnings of a gradual increase in the expression level of differentiation-specific genes 

encoded at the EDC during epidermal stratification. While the inactive murine EDC locus 

is preferentially situated towards the nuclear periphery, p63-depedent translocation of the 

active EDC locus towards the nuclear interior during epidermal stratification results in 

heightened spatial association between the EDC locus and splicing speckles. Notably, 

while the nuclear position of the EDC locus is changed during stratification, that of loci 

flanking the EDC that encode ‘housekeeping’ genes is not (Mardaryev et al., 2014).  

 

1.1.7.6 Remodelling of the architecture of keratinocyte nuclei occurs during epidermal 

differentiation  

Cell shape, nuclear shape, and nuclear architecture are altered during keratinocyte 

differentiation. Changes in nuclear size, shape, and the structure of nucleoli occur within 

the outermost layer of the granular compartment preceding the termination of RNA 

synthesis and programmed nuclear degradation (Karasek et al., 1972). Alterations in 

nuclear morphology and ultrastructure also occur during the transit of maturing 

keratinocytes from basal to granular layers and are associated with aberrant keratinocyte 



33 

maturation (Gdula et al., 2013; Tsuji and Cox, 1977). Analysis of three-dimensional 

nuclear organisation in murine plantar keratinocytes in vivo has revealed changing 

patterns in the physical association of chromosome territory 3, nucleoli, and 

pericentromeric heterochromatin clusters accompany the differentiation of keratinocytes 

as they detach from the basement membrane, stratify, and move towards the epidermal 

surface. In addition to a reduction in the expression of markers of active transcription as 

keratinocytes transit from spinous to granular layers (figure 5 A-C), a reduction in nuclear 

volume and numbers of nucleoli is also seen (figure 5 D). Conversely, an increase in 

pericentromeric heterochromatin clusters, which comprise transcriptionally inactive 

repetitive regions of chromatin, is observed. In addition, the nuclear arrangement of 

nucleoli in differentiating keratinocytes shifts from predominantly peripheral to mostly 

internal as cells exit the basal layer and stratify and an increase in spatial proximity 

between nucleoli, heterochromatin clusters, and CT3 is seen as keratinocytes progress 

towards the corneal layer, transcriptional silencing, and programmed nuclear degradation 

(figure 5 E) (Gdula et al., 2013). Together, these findings suggest widespread changes in 

the transcriptional landscape of the keratinocyte nucleus occur as keratinocytes 

differentiate.  

 

Of note, changes in keratinocyte cell shape effect changes in keratinocyte gene expression 

that are mediated by transcription factor SRF, actins, and HDAC activity (Connelly et al., 

2010; Connelly et al., 2011; Luxenburg et al., 2011; Simpson et al., 2011). Changes in 

cell shape induced via the manipulation of the size and shape of micro-patterned 

substratum areas have been shown to induce changes in proliferation and in the 

expression of differentiation specific genes in keratinocytes in vitro (Connelly et al., 

2010; Connelly et al., 2011; Watt et al., 1988). Correspondingly, a separate study has 

shown that varying substratum micro-pattern results in cytoskeletal actin dependent, 

coordinated, changes in endothelial cell and nuclear size and shape that effect changes in 

cell proliferation and organisation of the chromatin fibre (Versaevel et al., 2012). 

Adhesion to the basement membrane is important in regulating stem cell state within the 

epidermis (Connelly et al., 2010; Simpson et al., 2011; Zhu et al., 1999) and changes in 

epidermal stem cell adhesion to the basement membrane result in changes in in 

keratinocyte cell shape, altered polarity of the mitotic spindle, and ultimately altered cell 

proliferation and differentiation (Adams and Watt, 1989; Connelly et al., 2010; 
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Luxenburg et al., 2011). It has been shown that the linker of nucleoskeleton and 

cytoskeleton (LINC), SUN, and nesprin proteins at the nuclear envelope act to connect 

chromatin adjacent the nuclear periphery, nuclear lamins, and the cytoskeleton (Crisp et 

al., 2006; Mellad et al., 2011; Starr and Fridolfsson, 2010) and cytoskeletal interactions at 

the nuclear envelope mediated by these proteins may mean the cell cytoskeleton is able to 

transduce forces that induce changes in nuclear shape.  

 

 

 

Figure 5 Changes in nuclear shape, volume, and nuclear architecture occur as 

keratinocytes stratify and terminally differentiate. (A-C) The enrichment for markers 

of active transcription in basal and spinous keratinocytes is reduced as keratinocytes 

transit from spinous to granular layers and reflects the changing transcriptional state of 

terminally differentiating keratinocytes (D) A three-dimensional reconstruction of nuclear 

morphology within murine plantar epidermis generated using image stacks acquired by 

confocal laser scanning microscopy of three-dimensionally preserved histological 

sections. The volume of keratinocyte nuclei is reduced and nuclei acquire a more 
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flattened, elliptical shape, as keratinocytes detach from the basement membrane, stratify, 

and differentiate. Proliferative (Ki67 positive) basal keratinocyte nuclei are shown in red 

(E) Changes in the position and spatial association of nucleoli, pericentromeric 

heterochromatin domains, and the position of chromosome territory three occur during 

the progressive transition of keratinocytes from basal to granular layers and are 

suggestive of global changes in the transcriptional landscape of the keratinocyte nucleus 

during differentiation. Figure adapted from Gdula et al 2013 (Gdula et al., 2013) with the 

permission of the Macmillan Publishers Ltd.  

 The Epidermal Differentiation Complex  1.1.8

The EDC encodes over 30 genes of several families involved in epidermal differentiation 

that can be grouped into three families (S100A, CE precursor and ‘fused-type’ families) 

upon the basis of shared gene and protein structures (Kypriotou et al., 2012). The S100A 

genes encode calcium-binding regulatory proteins critically involved in the activation of 

signalling cascades during epidermal differentiation (Denning et al., 2000; Lee and 

Yuspa, 1991; Marenholz et al., 2004). CE precursor proteins expressed during terminal 

keratinocyte differentiation are encoded by the late cornified envelope (LCE) and SPRR 

gene clusters as well as by IVL, LOR, and NICE (newly identified cDNA from the EDC) 

(Marenholz et al., 2001; Marshall et al., 2001). Members of the ‘fused-type’ gene family 

encode proteins that posses structural features typical of both CE precursor and S100 

calcium-binding proteins (Contzler et al., 2005; Huber et al., 2005). Separate clusters of 

related genes comprise the LCE (Marshall et al., 2001) and FLG-like gene families of 

structural proteins, 10 members of the SPRR subfamilies 1-3, and also S100A1-13 

members of the S100 gene family. Additional CE precursor proteins and ‘fused-type’ 

intermediate filament-associated proteins profilaggrin and trichohyalin, among others, are 

also encoded at the EDC (Mischke et al., 1996; South et al., 1999), as are a number of 

genes that appear to have no direct involvement in epidermal differentiation.  

 

Sub-clusters within gene families comprise differentially expressed genes with distinct 

functions during keratinocyte differentiation. It is hypothesised these sub-clusters confer 

flexibility in the response of the epidermal barrier to environmental stimuli and as such 
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likely have arisen through evolutionary gene duplication and subsequent diversification 

(Jackson et al., 2005; Marshall et al., 2001).  

 

The EDC region is largely evolutionarily conserved among phylogenetic classes of 

mammalian species, including marsupial as well as eutherian species. Concerted 

expression, conserved synteny, linear co-localisation of genes encoding both structural 

and calcium binding proteins suggest a role for co-regulation of genes within the EDC 

locus. Mapping of DNase I hypersensitive sites and conserved non-coding sequences 

(CNSs) has identified putative cis-regulatory elements within the SPRR gene cluster that 

potentially coordinate the up-regulation of SPRR genes during differentiation, although 

adjacent genes can be independently regulated (Martin et al., 2004). Potentially, cis-

regulation of gene expression may act to coordinate pan-EDC transcriptional activity, as 

is the case for genes of the beta-globin locus, among other gene complexes, although in 

the case of the EDC this has yet to be established.  

 

Genes belonging to different gene families within the EDC have an identified direct 

function in or are implicated in the pathogenesis of a number of skin disorders 

characterised by barrier dysfunction, including psoriasis, ichthyosis vulgaris, atopic 

dermatitis, eczema, and Vohwinkels keratoderma. The etiology of polygenic 

inflammatory skin disorders is not yet fully understood. It is thought that a complex 

interplay and environment, immune response and epidermal barrier are involved in the 

pathogenesis of these disorders. In the case of each, genetic linkage to the EDC has been 

established (Bowcock and Cookson, 2004; Cork et al., 2009; Kelsell and Byrne, 2011; 

Maestrini et al., 1996; Marenholz et al., 2011; Morar et al., 2006; Palmer et al., 2006; 

Smith et al., 2006). (Bowcock and Cookson, 2004; Hoffjan and Stemmler, 2007; 

Marenholz et al., 2011).  

 

de Guzman Strong et al (2010) report that the 30kb region within the psoriasis linked 

LCE3C_LCE3B-del mutation includes deletion of a CNS that demonstrates in vivo 

enhancer activity and identify loss of enhancer function as potential functional variant in 

psoriasis (de Guzman Strong et al., 2010). Another CNS at the EDC has been shown to 

exhibit specific patterns of enhancer activity during epidermal development in vivo and to 

act as a long-range enhancer of transcription at multiple EDC gene targets under 
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proliferating and differentiating conditions in vitro (Oh et al., 2014). It is also possible 

hitherto unidentified non-coding regions within the EDC will be identified as cis-

regulatory regions that play a part in the pathogenesis of one or more epidermal barrier 

disorders. Chromatin remodelling and disease variants affecting long-range 

transcriptional regulation in cis motifs have been identified as risk factors in relation to 

several diseases that affect other organs and systems (Bodega et al., 2009; Chavanas et 

al., 2008; Horike et al., 2005; Pirozhkova et al., 2008; Verlaan et al., 2009).  
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2 Aims 

In basal keratinocytes during epidermal ontogenesis, P63 dependent centripetal nuclear 

re-positioning and increased spatial association of the EDC with SC-35 positive nuclear 

speckles are associated with the transcriptional up-regulation of EDC gene expression 

during epidermal stratification. P63 has been shown to directly regulate the transcription 

of BRG1, an ATPase catalytic unit of the SWI/SNF chromatin-remodelling complex 

implicated in regulating nuclear repositioning of MHC class II loci upon transcriptional 

activation.  

 

P63 has also been shown to regulate the expression of SATB1, a genome organiser shown 

to tether chromatin at MARs that acts to mediate the formation of chromatin loops and 

recruitment of chromatin remodelling enzymes involved in regulating chromatin state and 

gene transcription. In basal keratinocytes, SATB1 ablation has been shown to impact 

upon patterns of developmental EDC gene expression and chromatin compaction at the 

EDC locus. 

 

This study aims to: 

 To investigate the role of BRG1 in regulating the nuclear positioning of, and gene 

transcription at, the EDC locus during epidermal morphogenesis.  

 Map higher-order chromatin folding at the EDC locus and interaction of candidate 

regulatory elements involved in long-range gene regulation at high-resolution 

using 3C-carbon copy (5C) technology.  

 Further investigate the mechanisms by which SATB1 acts to regulate higher-order 

chromatin folding at the EDC region 

 Reveal potential regulators of higher-order chromatin folding at the EDC in 

keratinocytes by employing an integrative approach to analyse 5C data and data 

mapping the distribution of histone modifications, binding of chromatin 

remodellers, transcription factors and co-factors at the locus.  
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3 Materials and Methodology 

3.1 Experimental animals and tissue collection 

Animal studies were performed using C57Bl/6 mice following protocols in accordance 

with the UK Home Office Animals (Scientific Procedures) Act 1986. K14BRG1
Δ/Δ 

mice 

were obtained by breeding K14CreER
T2

 mice with BRG1
L2/L2

 mice and administering 

tamoxifen to pregnant females via intraperitoneal injection, as described previously (Indra 

et al., 2005). K14BRG1
Δ/Δ 

E16.5 3D and cryopreserved mouse embryos were kindly 

supplied by Vladimir Emelyanov and Andrei Sharov (Boston University School of 

Medicine, Boston, MA, USA). 

3.2 Isolation of primary mouse keratinocytes  

Euthanized neonatal mice were washed twice with 70% ethanol. Fore and lower hind 

limbs, and the tail and genital region were removed and discarded. Skins were removed 

by making an incision made along the dorsal midline, as described previously (Lichti et 

al., 2008) and incubated overnight at 4°C with 0.25% trypsin in Hanks Balanced Salt 

solution. After overnight digestion, skins were placed epidermal side down on the culture 

surface of a fresh p10 plate and the dermis easily removed using sterilised forceps. 

Epidermal tissue was added to pre-chilled, supplemented, primary keratinocyte culture 

medium (appendix table A2) and epidermal tissue triturated to obtain a single cell 

suspension. This cell suspension was filtered through a 70μm silicon strainer and viable 

cells counted viable using a haemocytometer and trypan blue solution (Sigma).  

3.3 Isolation and purification of BAC clone DNA 
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BAC clone LB agar stab cultures were previously purchased by Dr M. Fessing 

(University of Bradford) from the BACPAC resource centre (BPRC) of the Children’s 

Hospital Oakland Research Institute (CHORI) (Osoegawa et al., 2000). BAC from two 

libraries, the RPCI-23: Female (C57BL/6J) Mouse BAC Library (pBACe3.6) and the 

RPCI-24: Mouse (C57BL/6J Male) (Mus musculus) BAC Library (vector pTARBACC1) 

were purchased and glycerol stocks prepared and stored at -80°C.  

 

BACs (appendix table A1) were selectively grown on agar plates containing 12.5µg/mL 

chloramphenicol over night at 37ᵒC. Selective starter cultures were then prepared for each 

BAC by inoculating 2.5mL TB (terrific broth) microbial growth medium (Sigma) 

containing 12.5µg/mL chloramphenicol with a single colony selected from a freshly 

streaked plate using a sterile pipette tip. Inoculated starter cultures were grown for ~8 

hours at 37ᵒC, with shaking at 200rpm. 2.5mL of starter culture were then used to 

inoculate 500mL TB broth and bacteria cells grown with shaking, 200-250rpm, at 37ºC 

for 12-16 hours.  

 

Bacterial cells were subsequently harvested by centrifugation at ~1000 RCF. The weight 

of pelleted bacterial cells was checked in order to confirm that an appropriate yield was 

obtained (approximately 1.5g/500mL) following growth and pelleted bacterial cells quick 

frozen on dry ice and stored at -80ºC. Growth conditions were selected to produce a yield 

of around 3-4 x 109 cells mL-1, a yield optimal for the method used to isolate and purify 

BAC.  

 

BACs were isolated and purified using the Qiagen Large-Construct Kit. High yield was 

favoured over purity of BAC versus genomic DNA content and as such the Qiagen 

‘protocol for high yields of Large-construct DNA without removal of genomic DNA’ was 

used to isolate BACs (Qiagen® Large-Construct Kit Handbook). Isolated and precipitated 

BAC DNA was re-suspended in 70µL TE buffer, pH 8.0. The concentration and purity of 

BAC DNA was estimated using UV spectrophotometry.  

3.4 Chromosome conformation capture carbon copy (5C) technology 
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A derivative of chromosome conformation capture (3C) technique, 3C-carbon copy (5C) 

is used to generate a ‘matrix’ of intra-chromosomal interaction frequencies throughout a 

given genomic region. 5C is able to capture and represent in vivo patterns of 

chromosomal interactions between hundreds of thousands of specific loci without 

necessitating treatments that may cause disruption to spatial chromosome organisation 

(Dekker et al., 2002; Simonis et al., 2007). 5C libraries were generated in duplicate from 

primary mouse keratinocyte and thymocytes cell populations.  

 Keratinocyte isolation and fixation 3.4.1

Freshly isolated keratinocytes were seeded in supplemented primary keratinocyte culture 

medium (appendix table A2) at high density onto collagen solution (appendix table A2) 

coated culture dishes at a density of 1 skin per p100 dish. Keratinocytes were left to 

adhere overnight at 32ºC, 8% C02, 90% relative humidity.  

  

Adherent keratinocytes were washed once with PBS (appendix table A2) and once with 

low calcium media. 10mL low calcium media was then added per plate and cells fixed for 

10 minutes at room temperature in 1% EM grade methanol-free paraformaldehyde 

(Electron Microscopy Sciences), with gentle mixing every 2 minutes. To each plate, 

glycine was added to a final concentration of 125mM and plates placed on ice for 5 

minutes to stop cross-linking. Medium was substituted for a reduced volume of ice cold 

PBS and a rubber policeman was used to dislodge cells. Once collated, cells were counted 

using a haemocytometer and cells then pelleted by centrifugation at 500 RCF for 

10minutes at 4ºC. Aliquots of 6x10
7
 pelleted cells were quick frozen and stored at -80ºC.  

 Thymocyte isolation and fixation 3.4.2

Dissected thyme were transferred to pre-chilled T cell medium (appendix table A2) on ice 

and frosted microscope slides used to rend and crush each thymus, releasing cells. T cells 

media containing cells in suspension and tissue debris was filtered through a 70µm cell 

strainer. Thymocytes were pelleted by centrifugation at 400 RCF for 5 minutes at 4ºC. 
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The supernatant was removed and pelleted thymoctes re-suspended in 15mL Red Blood 

Cell lysing buffer (Sigma) for 3 minutes. 30mL of T cell medium (appendix table A2)  

was then added, cells, medium, and lysis buffer (Dostie and Dekker, 2007) gently mixed, 

and cells then pelleted. Pelleted thymocytes were then re-suspended in 30mL T cell 

medium (5mL per thymus) and passed through a 70µm cell strainer and EM grade 

methanol-free paraformaldehyde (Electron Microscopy Sciences) added to a final 

concentration of 1%. Cells were fixed in formaldehyde for 10 minutes at RT, after which 

glycine was added to a final concentration of 125mM and incubated for a further 10 

minutes on ice. Cells were counted, and aliquots of 6x10
7
 pelleted cells quick frozen and 

stored at -80°C.  

 Chromosome conformation capture (3C) 3.4.3

The following protocol was used to generate both keratinocyte and thymocyte 3C 

libraries. All materials and reagents used were molecular biology grade and were stored 

as single use aliquots. 

3.4.3.1 Cell lysis 

 To a frozen pellet of 6x10
7
 cells, 1.2mL of ice cold lysis buffer (Dostie and Dekker, 

2007) and 120µL of protease inhibitor cocktail (Sigma) were simultaneously added. Cells 

were incubated on ice for 30 minutes and then cells further lysed, manually, on ice, using 

a dounce homogenizer. Cells were then pelleted by centrifugation at 2000 RCF for 5 

minutes at room temperature. Cells were washed twice by re-suspending in 500µL cold 

1X restriction buffer (NEBuffer 2, New England Biolabs) and pelleting before being re-

suspended in 630µL 1X restriction buffer (NEBuffer 2, New England Biolabs). 

3.4.3.2 Chromatin Digestion 

50µL of nuclei suspension were distributed into 12 microcentrifuge tubes and 312µL of 

1X buffer (NEBuffer 2, NEB) were added to each tube. Nuclei were incubated at 65ºC for 

10 minutes with 0.1% SDS (w/v) to remove proteins not cross-linked to DNA. After 
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precisely 10 minutes incubation at 65ºC, tubes were removed from 65ºC heat and placed 

on ice. Triton X-100 was added to a final concentration of 1% in order to quench SDS 

and avoid removal of DNA cross-linked protein complexes. Solutions were again mixed 

by gentle inversion. To solubilised chromatin contained within 11 of the 12 tubes, 800U 

of HindIII (NEB) were added to a final concentration of 1.77U/µl and solubilised 

chromatin digested over night at 37ºC with continual rotation. In order to control for cell 

DNA degradation, restriction enzyme was not added to one of the 12 tubes. Digested 

DNA was incubated at 65ºC for 30 minutes in 1.6% SDS (w/v).  

3.4.3.3 Ligation of digested chromatin and subsequent reversal of cross-linking 

Digested chromatin was ligated at low DNA concentration in a reaction containing 0.9% 

triton X-100, 0.9X T4 ligation buffer (van Berkum and Dekker, 2009), 100µg/mL BSA, 

1.0mM ATP, and 0.0024U/µL T4 DNA ligase (Invitrogen) for 2 hours at between 15°C 

and 16ºC. No ligase was added to one of the tubes containing digested DNA. Neither was 

ligase added to the tube containing un-digested DNA. Together these two samples control 

for digestion efficiency and cell DNA integrity, respectively. After 2 hours, 50µL of 

10mg/mL proteinase K were added to each tube and tubes then incubated at 65ºC for 4 

hours. A further 50µL of proteinase K was added to each tube after 4 hours and tubes 

incubated at 65ºC overnight.  

3.4.3.4 Extraction and purification of 3C template and control DNA 

Tubes containing 3C template were removed from incubation at 65ºC and their contents 

divided evenly amongst 4 clean 50mL falcon tubes. Controls were transferred 

respectively into 50mL falcon tubes. A 1X volume of phenol/Tris-HCl, pH 8.0, was 

added to each tube, tubes vortexed for 1-2 minutes and tubes centrifuged at 3,000 RCF 

for 10 minutes at room temperature. Aqueous phases were removed to fresh 50 mL 

conical tubes. A 1.5X volume of 1:1 phenol, pH 8.0: chloroform was added, tubes 

vortexed for 1-2 minutes and tubes centrifuged at 3, 220 RCF for 10 minutes, room 

temperature.  
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Following phenol: chloroform extraction, control DNA (aqueous phase) was transferred, 

respectively, to labelled 30mL polycarbonate high-speed centrifuge tubes. 3C template 

DNA (aqueous phase) was combined in one 500mL polycarbonate high-speed centrifuge 

tube. The volume of samples was increased by ~25% with 1X TE buffer, pH 8.0 and a 

0.1X volume of 3M sodium acetate, pH 5.2, and a 2.5X volume of ice-cold absolute 

ethanol was added to each tube and tubes incubated at -80ºC for >1 hour.  

 

30mL tubes containing controls were centrifuged at 10, 000 RCF for 30 minutes at 4ºC 

using a Beckman JA-25.50 rotor. The resultant supernatant was removed and DNA 

pellets briefly air-dried. The 500mL tube containing 3C template DNA was centrifuged at 

8, 000 RCF for 1 hour at 4ºC using a Beckman JLA 10.500 rotor (maximum rotor speed: 

10, 000 RCF; maximum speed when used with polycarbonate 500mL centrifuge tubes: 8, 

000 RCF). Supernatant was removed and the resultant pellet briefly air-dried. Pelleted 

control DNA was re-suspended respectively in 400µL of 1X TE buffer, pH 8.0 and stored 

at 4ºC in 1.5mL tubes.  

 

Pelleted 3C template DNA was re-suspended in 4mL of 1X TE buffer, pH 8.0 and 

transferred to a fresh 15mL falcon tube for further purification. Two rounds of phenol 

chloroform extraction using a 1.5X volume of 1:1 phenol, pH 8.0: chloroform were 

performed. To remove excess phenol, a 1.5X volume of chloroform was added to aqueous 

phases isolated after the second round of phenol: chloroform extraction, tubes vortexed 

for 30 seconds, and then centrifuged at 3,000 RCF for 5 minutes. The aqueous phase 

containing 3C template was split between ten 1.5mL microcentrifuge tubes and DNA 

precipitated using ethanol and a 0.1X volume of 3M, pH 5.2, NaAc buffer solution 

(Sigma). DNA was pelleted by centrifuging at 18,000 RCF for 1 hour. Pelleted DNA was 

washed in 70% ethanol and re-suspended in 50μL of 1X TE buffer, pH 8.0.  

 

Samples were combined, DNase-free RNase A added to a final concentration of 

0.1µg/µL, and samples incubated at 37ºC for 1 hour. Samples were then further purified 

using Amicon® Ultra Centrifugal Filter for DNA Purification and Concentration 

(Millipore®, 30K device) to remove RNase and remaining salt. Using Millipore columns, 

samples were washed twice with 1X TE buffer. Following sample recovery from 

Millipore columns, initial sample volume was then restored with 1X TE buffer, pH 8.0. 
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Dilutions of 3C template and of each control were run alongside a molecular weight 

standard of known concentration on a 0.8% agarose/0.5X TBE gel containing 0.5µg/mL 

ethidium bromide and 3C template concentration ascertained (figure 6). 3C template and 

control undigested genomic DNA is visible as a single band positioned just above the top 

(10,000bp) band of the DNA ladder. A smear a little above and below a single major band 

representing 3C template is evident. This is expected. A smear manifesting only above 

the major band is indicative of an overly long ligation period. A smear manifesting only 

below the major band is indicative of not enough ligation. Control undigested DNA forms 

a band similar in appearance to that of the 3C template; the presence of more smearing 

(not visible in fig 6) is indicative of DNA degradation. Control digested but un-ligated 

DNA runs as a smear of different digest fragments. The presence of definite bands, 

particularly of a high molecular weight band, would indicate incomplete enzymatic 

digestion. Aliquots of library were stored at -80ºC.  

 

A. 

 

Figure 6 Representative gel images showing multiple dilutions of a 3C ‘library’ of 

chromatin interactions produced using murine primary keratinocytes. Gel (A) left to right, 

lanes 1 & 2: 0.2µL, 0.4µL of control for DNA integrity; 3-5: 1, 2, and 4µL high DNA 

mass molecular weight marker (top band 10, 000bp, bottom band 1000bp); 6-8: 0.1µL, 

0.2µL, 0.4µL of Keratinocyte 3C template (repeated), 12 & 13: 0.2µL, 0.4µL of digest 

efficiency control. B left to right, lanes 1 & 2: 1µL, 2µL of control for DNA integrity; 3 

& 4: 1µL, 2µL of digest efficiency control; 5: blank; 6 & 7: 0.2µL, 0.4µL of Keratinocyte 

3C template; 8: 2µL high DNA mass molecular weight marker.  

B. 
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 3C quality control  3.4.4

3C template titration was performed using 3C primers (table 1) detecting head-head 3C 

ligation product comprising predicted restriction fragments 1164bp apart. Primers were 

designed using the my5C 3C primer design algorithm (Lajoie et al., 2009). Primers are 

unidirectional and designed to detect loci 50-150bp upstream from the 3’ end of predicted 

restriction sites (Dostie and Dekker, 2007).  

 

Starting with a 1:4 dilution of 200ng µL
-1

 control 3C template, 10 two-fold serial 

dilutions of 3C template were prepared in duplicate and amplified as described previously 

(Dostie and Dekker, 2007; van Berkum and Dekker, 2009) using 3C titration primers 

(table 1). PCR product corresponding to each respective dilution of 3C template was 

resolved on a 1.5% agarose/0.5X TBE gel containing 0.5µg/mL ethidium bromide 

alongside a 1Kb DNA ladder (figure 7A, ladder not shown). PCR product yield was 

quantified using the TotalLab Quant™ gel densitometry software and intensity values 

plotted against the corresponding input 3C template amount used in each PCR (figure 

7B). 3C titration plots (figure 7B) produced showed an acceptable linear increase in 

product yield throughout each dilution series that reaches a plateau which corresponds to 

the highest concentrations of 3C template used in each dilution series. (Dostie and 

Dekker, 2007; van Berkum and Dekker, 2009). 

 

A. 

  

B. 
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Figure 7 Representative 3C template titration gel image and plot. (A) Keratinocyte 3C 

library titration PCR reactions resolved on a 1.5% agarose/0.5X TBE gel. A two-fold 

serial dilution of 3C template was amplified by PCR with 3C titration primers (table 1) 

primers. (B) Representative 3C keratinocyte titration plot. Starting amount of 3C template 

(keratinocyte library) is shown on the x-axis. The y-axis indicates product yield intensity 

values obtained by gel densitometry.  

 Generation of chromosome conformation capture carbon copy (5C) and 5C 3.4.5

control libraries 

5C libraries were generated from 3C template DNA as per van Berkum and Dekker, 2009 

(van Berkum and Dekker, 2009). The libraries generated detect a possible 130, 670 

interactions occurring between loci within a 5.3Mb region on mouse 3q (89900000-

95200000bp, assembly mmu9) spanning the murine EDC. Controls implemented during 

the generation of 5C libraries establish that 5C preparations are 3C template dependent 

and not the result of the ligation or amplification of non-3C material or cross-

contamination with other 5C product. Gel lanes 1 and 2 of figure 8 show ~200ng of 

replicate 5C libraries (101bp) run alongside controls (figure 8. lanes 4-7) on a 2% 

agarose/0.5X TBE gel containing 0.5μg/mL ethidium bromide.  
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Figure 8 5C products (lanes 2 & 3) and experimental controls (lanes 4-7) run on a 2% 

agarose/0.5X TBE gel. Control lanes: Lane 4: no 5C template control; lane 5: no ligation 

control; lane 6: no 5C primer control; lane 7: no 5C product. The absence of product in 

controls lanes is demonstrative of the template specificity of 5C preparations and the 

absence of cross-contamination between 5C libraries. 

3.4.5.1 Design and preparation of 5C primers for 5C 

5C primers (appendix table A5) were designed as previously described (Phillips-Cremins 

et al., 2013) using the my5C primer design algorithm (Lajoie et al., 2009) with the help of 

Brian Lajoie, Job Dekker lab, University of Massachusetts Medical School, Worcester, 

MA, USA, and were synthesised by Sigma-Aldrich Corp. 5C primers were designed to 

detect head-head ligation of HindIII restriction fragments. The 3’ end of each forward 5C 

primer carries half of the 5’ end of the HindII restriction site, whilst the 5’ end of each 

reverse primer incorporates the 3’ end of the HindIII restriction site. Forward and reverse 

5C primers anneal to opposite strands of the regular DNA molecule but anneal to the 

same strand of head-head ligation products, which represent chromatin interactions, 

comprising in part a 3C matrix. Each primer, forward or reverse, contains a unique 

sequence complementary to the 3’ region flanking each HindIII restriction site throughout 

the ~5Mb region studied.  

 

Sanger sequencing of cloned 5C library generated from a thymocyte 3C template was 

used to screen the interaction frequency of individual 5C primers. 5C primers shown to 
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interact more frequently in proportion to other 5C primers in the thymocyte 5C library 

screened were removed. Primers detected that, for instance, could competitively bind to 

the same target, and primers containing identical sequences, were removed, thereby 

reducing the risk of problematic inter-primer ligation. After screening, alternate primers 

contained within the 5C primer pool represent 1, 702 fragments, which interrogate will 

interrogate 130, 670 interactions across 5, 300, 000 Mb covering the murine EDC region 

(chr3: 89900000-95200000, assembly Mm9).  

 

A 5’ phosphate group was added to reverse 5C primers. A 100µM stock pool comprising 

all selected reverse 5C primers was diluted by adding a 1X volume of 1X TE, pH 8.0. As 

per van Berkum and Dekker, 2009 (van Berkum and Dekker, 2009), the following 

reaction was set up: 70µL 50µM reverse primer pool, 10µL 10mM ATP, 10µL PNK 

buffer (NEB), 10µL 10U/mL PNK (NEB). Reverse primers were incubated with PNK 

and ATP for 30 minutes at 37ºC, after which PNK was inactivated by incubating at 65ºC 

for 10 minutes. To generate a working stock of 5C primer pool, an aliquot of a 100μM 

stock pool of all forward 5C primers selected was diluted down to 35µM with 1X TE, pH 

8.0. Forward primer pool and reverse primer pool were then mixed in equimolar ratio by 

combining 35µM forward primer pool and phosphorylated reverse primer pool in a 1:0.98 

ratio. 5C primer pool generated was stored in single use aliquots at -80ºC.  

 

To assess the efficiency of 5C reverse primer phosphorylation efficiency, phosphorylated 

reverse primers and forward primers were randomly ligated using the following mix of 

reaction components: 15µL 5C primer pool, 4µL 10X T4 RNA ligase buffer (NEB), 40% 

PEG 8000, 1µL T4 ssRNA ligase (NEB). Primers were ligated at 37ºC for 30 minutes. 

Ligase was inactivated by incubating at 65ºC for 10 minutes. The following amplification 

reaction was set up: 2.5µL 10X PCR buffer (van Berkum and Dekker, 2009), 0.8µL 

50mM MgSO4, 0.2µL 25mM dNTP mix, 0.5µL 80µM T3 primer 

(TATTAACCCTCACTAAAGGGA), 0.5µL 80µM T7 primer 

(TAATACGACTCACTATAGCC), 0.2µL 5 U/mL Taq DNA polymerase (NEB), 14.3µL 

water. Ligated primer was amplified using the following reaction conditions: 1 cycle 5 

minutes at 95ºC, 34 cycles 30 seconds at 95ºC, followed by 30 seconds at 60ºC, followed 

by 30 seconds at 72ºC, 1 cycle 30 seconds at 95ºC, followed by 30 seconds at 60ºC, 

followed by 8 minutes at 72ºC. Ligation product was amplified in duplicate using 4 ratios 
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of primer to template amount in moles: 10, 10
3
, 10

5
, and 10

7
. Amplification product was 

run on a 2% agarose/0.5X TBE gel containing 0.5µg/mL ethidium bromide alongside a 

1kb DNA ladder (figure 9).  

 

Figure 9 Randomly ligated 5C primers amplified and resolved on a 2% agarose/0.5X 

TBE gel alongside a 1Kb DNA ladder.  Duplicate ligation reactions were amplified in 

two PCR reactions. Ratio of primer: template amount: 10 (bracket 2), 10
3 

(bracket 1), 10
5 

(bracket 3), and 10
7
 (brackets 4 & 5) moles.  

3.5 5C quality control and 5C optimisation 

5C preparations have not before been generated using primary mouse keratinocytes and 

thymocytes. 5C conditions must be optimised by running a series of titration reactions 

with 5C preparations (figure 10) prior to the deep-sequencing of 5C preparations in order 

to maximise fidelity with which 5C preparations represent in vivo chromosomal 

interaction frequencies. Based upon the results of 5C titration (figure 10), as detailed 

1 2 3 

5 

4 



51 

below, conditions of 200 kilo genome copies (KGC), 25 PCR cycles, and a primer pool 

concentration of 0.4fmol per 5C primer (appendix table A5) were selected for the 

generation of 5C product for deep sequencing. These conditions increase output 5C 

complexity whilst minimising the potential detrimental impact of PCR component 

depletion during the ligation mediated amplification of 5C primer bound 3C ligation 

product.  

 Optimisation of 5C conditions using 5C titration  3.5.1

In order to optimise 5C, several 5C ‘titrations’ were performed; a series of 5C primer pool 

dilutions (0.05fmol per primer, 0.25fmol per primer, 0.5fmol per primer, and 0.75fmol 

per primer) were used in separate 5C reactions to generate a 5C library under conditions 

varying in PCR cycle number and genome copy number. Each primer dilution was used 

to generate 5C template under the following conditions: 100, 000 genome copies, 27 PCR 

cycles; 200, 000 genome copies, 25 PCR cycles with the aim of selecting the optimal 

genome copy number, PCR cycle number and primer concentration to use. For each 

primer dilution under each set of conditions, 5C product was run on a 2% agarose/0.5X 

TBE gel containing 0.5µ/mL ethidium bromide (figure 10) and densitometry used to plot 

band intensity of 5C product yield against 5C primer pool concentration (fmol of 

individual 5C primer/reaction) used (figure 10). 
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Figure 10 Final titration plot: 5C product produced under selected conditions of 

200KGC, 25 PCR cycles using 0.05, 0.25, 0.5, and 0.75fmol/5C primer. The x-axis shows 

the amount of each individual 5C primer used per 5C reaction and the y-axis the measure 

of product yield intensity. Box: Corresponding titration gel showing 5C product produced 

by running a 5C preparation using ~200, 000 GC per 5C reaction and 25 PCR cycles at 

four different 5C primer pool concentrations resolved on a 2% agarose/0.5X TBE gel. 

Lanes left-right: 0.1, 0.5, 1, and 1.5 fmol per each 5C primer in reaction.  

 5C Quality Control 3.5.2

Cloning and sequencing of a 5C library is required as a check for spurious 5C primer 

activity. As 5C detection of interaction frequencies between genomic loci is PCR 

dependent, it is essential to check a 5C control library for the presence of an 

overabundance any particular primer pair product and to remove any such problematic 

primers from the 5C primer pool.  

3.5.2.1 5C quality control 2: sequencing of 95 5C products using the Sanger method 

5C product was generated using conditions of 0.4fmol/5C primer, 25 PCR cycles and 

200KGC (as determined by optimisation). 8µL of 5C product were loaded onto two lanes 
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of a 1.2% agarose/1X TAE gel containing 0.5µg/mL ethidium bromide and run alongside 

a 1kb DNA ladder at 60 volts for a minimal period of time at ~ 6°C. Using minimal 

exposure to UV, the bands containing 5C product were excised and transferred to a clean 

microcentrifuge tube of known weight. Tube and gel were then weighed and the number 

of grams of gel present recorded. The Machery-Nagal NucleoSpin Gel and PCR Clean-up 

kit was used to extract 5C product. Wash steps were performed. In order to maximise 

elution yield, elution was performed twice using kit supplied EDTA-free (Tris·Cl) elution 

buffer pre-warmed to 70ºC. Sample and elution buffer were incubated for 5 minutes at 

room temperature prior to centrifugation.  

 

5µL of extracted 5C product were run alongside a gradient of molecular weight ladder of 

known concentration on a 1.2% agarose/1X TAE gel (figure 11). Product concentration 

(1ng/µL) was ascertained using densitometry to compare product/sample band intensity 

to with that of molecular weight standard band intensities.  

 

Figure 11 Gel-eluted 5C product (lanes 2 & 3) resolved on a 1.2% agarose/1X TAE gel 

alongside a low mass DNA ladder gradient of known concentration (lanes 1, 4, 5, & 6).  

 

The Novagen pSTBlue-1 Perfectly Blunt Cloning Kit was used to clone 0.05pmol of 5C 

product. End conversion using kit reagents and protocol was performed prior to cloning. 

Supplied competent cells were transformed as per the kit protocol and cells containing 

cloned plasmid selected for upon the basis of kanamycin resistance. An outgrowth period 

of 30 minutes was included prior to plating cells; SOC microbial growth medium was 

added to tubes containing transformation mixture and tubes incubated with shaking at 

200rpm for a period of 30 minutes at 37ºC. Transformation mixture containing 

transformed cells and SOC medium was then streaked onto 1X kanamycin selective LB 
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agar plates (0.05mg/mL kanamycin/mL). 50µL of mixture was streaked per plate using a 

sterilised spreader and spread mixture allowed to absorb into the agar (to obtain an even 

distribution for growth of single colonies). Inverted plates were incubated at 37ºC 

overnight and subsequently stored at 4ºC.  

 

Colonies were screened for the presence of recombinant plasmid prior to growth for 

plasmid isolation using colony PCR. Colonies 1mm in diameter were selected using a 

sterile pipette tip (yellow/p100). In total 18 colonies were selected and screened. Selected 

colonies were deposited into 1.5mL microcentrifuge tubes containing 50µL of molecular 

biology water. Before transferring to water, a pipette tip once loaded with a colony was 

then touched to a fresh 1X kanamycin LB agar master plate, which was incubated 

overnight at 37ºC and subsequently stored at 4ºC. Using this master plate, colonies were 

individually numbered and propagated for future use.  

 

Tubes containing colonies were placed in boiling water for 5 minutes in order to lyse 

cells. After incubation, tubes were centrifuged at 12, 000 RCF for 1 minute. The 

following PCR reaction was prepared: 1µL of 10mM dNTP mix, 1µL of 5pmol/µL 

pSTBlue-1 vector SP6 promoter primer (primer sequence: GAT TTA GGT GAC ACT ATA 

G), 1µL of 5pmol/µL pSTBlue-1 vector R-20 mer primer (LacZ start codon, primer 

sequence: CAG CTA TGA CCA TGA TTA CG), 5µL of standard Taq DNA polymerase 

buffer (NEB), 10µL of supernatant, 1.75μL of water, 0.25µL of 5U/µL Taq DNA 

polymerase. Product was amplified using the following PCR cycling regime: 35 cycles, 1 

minute at 94ºC followed by 1 minute at 55ºC followed by 2 minutes at 72ºC; final 

extension, 5 minutes at 72ºC. 8μL of loading buffer (appendix table A2) were added to 

each reaction and 10μL of each run on a 1.2% agarose/1X TAE gel containing 0.5µg/mL 

ethidium bromide alongside a DNA ladder. The majority (83%) of colonies were found to 

contain recombinant plasmid.  

3.5.2.2 Recombinant plasmid isolation and purification 

2.5mL LB broth/1X kanamycin mini-preps were inoculated with master plate colonies 

known to comprise recombinant plasmid. In addition a random selection of un-screened 

primary colonies 1mm in diameter was used to start 2.5mL LB broth/1X kanamycin mini-
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prep cultures. In order to isolate and purify a minimum of 96 5C clones for sequencing, 

120 colonies were selected for plasmid isolation in total to allow for a transformation 

efficiency of ~80%. Inoculated mini-preps were incubated at 37ºC for ~8 hours overnight 

with shaking at 200-250rpm. Cells were pelleted at 3, 000 RCF, the supernatant removed, 

and cell pellets quick frozen and stored at -80ºC. Plasmid DNA was extracted from frozen 

cell pellets and purified using the Qiagen QIAprep Spin Miniprep Kit.  

3.5.2.3 Screening of purified plasmid DNA from individual 5C clones 

Purified plasmid DNA of 120 plasmids was screened using pSTBlue-1 vector SP6 

promoter (primer sequence: GAT TTA GGT GAC ACT ATA G) and pSTBlue-1 vector R-

20mer (LacZ start codon, primer sequence: CAG CTA TGA CCA TGA TTA CG) primers. 

Plasmids were screened using the following reaction set-up: 0.5µL 10mM dNTP mix, 

0.5µL 5pmol/µL 5’ primer, 0.5µL 5pmol/µL 3’ primer, 2.5µL standard Taq DNA 

polymerase buffer (NEB), 0.125µL 5U/µL Taq DNA polymerase, 19.875µL molecular 

biology water, 1µL of a 1:1000 dilution of plasmid DNA. The following amplification 

parameters were used: 31 cycles, 1 minute at 94ºC followed by 1 minute at 55ºC followed 

by 2 minutes at 72ºC; 1 cycle, 1 minute at 94ºC followed by 1 minute at 55ºC followed by 

5 minutes at 72ºC. Product was run on a 1.5% agarose/0.5X TBE gel containing 

0.5µg/mL ethidium bromide alongside a 1kb DNA ladder (figure 12).  
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Figure 12 Representative gel image showing amplified plasmid DNA purified from 5C 

clones resolved on 1.5%/0.5X TBE gel. In total plasmid DNA from 120 colonies were 

likewise analysed. 

 

5 plasmids, including a putative multimer, were digested with EcoRI. Plasmid DNA was 

digested for 1 hour at 37ºC in a 10µL reaction containing the following: 4µL purified 

plasmid DNA, 1.5µL 10X buffer (NEB), 0.5µL 20U/µL EcoRI, 4µL water. Restriction 

product was run on a 1.5% agarose/0.5X TBE gel containing 0.5µg/mL ethidium bromide 

(figure 13). Results confirm those acquired by PCR.  
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Figure 13 EcoRI restriction products generated after overnight digestion of recombinant 

plasmid DNA resolved on a 1.5% agarose/0.5X TBE gel (lanes 2-6) alongside a 1Kb 

ladder (lane 1).  

3.5.2.4 Sample preparation for Sanger sequencing 

Isolated recombinant plasmid DNA from 96 colonies was sent for Sanger sequencing, 96-

well format, by DNA Sequencing and Services 
TM

,
 
Dundee, UK. Recombinant plasmid 

DNA concentration was estimated using UV spectrophotometry. As specified by the 

sequencing facility used, each plasmid was diluted to 300ng/15µL in molecular quality 

water, 15µL of each dilution added per well of a 96-well plate and 1µL of 3.2µM SP6 

promoter sequencing primer (primer sequence: GAT TTA GGT GAC ACT ATA G) added 

to each well.  

3.5.2.5 Analysis of sequencing output 

Each recombinant plasmid sequenced ideally should contain cloned 5C product 

comprising two 5C primers (one forward and one reverse primer). Sequencing reads were 

searched against a database of 5C primers (appendix table A5) and corresponding primers 

identified with the help of Dr. Krzysztof Poterlowicz (University of Bradford, UK). A 

number of sequences were also manually checked, including those identified by as not 

matching a 5C primer pair. In order to manually match sequence reads to primer 5C 
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primer pairs, EcoRI sites juxtaposing the pSTBlue-1 vector insertion site were used to 

isolate putative 5C product sequence, putative 5C sequence checked for the presence of a 

HindIII restriction site, and the sequence used to search a database of 5C primers 

(appendix table A5). Where a forward and reverse primer could not be found matching an 

isolated sequence exactly (due to base pair substitution resulting from erroneous 

sequencing), genome position corresponding to the sequence in question was identified 

using the online UCSC mouse BLAT search tool (UCSC, 2012). The genome position 

identified using BLAT was then used to identify corresponding 5C primers according to 

primer start/end position. For primer pair matches, primer pair and individual primer 

frequencies were calculated. Primer pair frequencies were used to group primer pairs 

according to separation distance.  

 

The results of this analysis indicate that of the 95 5C clones successfully sequenced, 73% 

of sequences match a forward and reverse 5C primer pair. Of the remaining 27%, 18% 

match only one identified primer and 9% cannot be matched to any primer sequence 

(figure 14).  

 

 

 

Figure 14. Sanger sequencing of cloned 5C preparation revealed the majority of 

sequenced clones comprise a specific 5C product (72.63% of clones sequenced). The y-

axis indicates the composition of reads obtained by sequencing 95 5C clones, which 
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either comprise a specific 5C product consisting of one forward and reverse pair of 5C 

primers (appendix table A5) or non-specific or un-identifiable product. The x-axis 

represents the proportion of each product as a percentage of all reads obtained.  

 

The relationship between the genomic separation distance and frequency of interaction 

between 5C primers was then assessed for the population of 95 5C clones sequenced 

(figure 15). Stochastic movement of the chromatin fibre within the three dimensional 

space of the nucleus results in random collisions between regions of chromatin. Broadly 

speaking, the probability of two regions of chromatin randomly colliding is reduced with 

increasing genomic separation distance. However, it is probable a locus may be 

preferentially folded such that a particular degree of separation is associated with an 

increased interaction frequency. In addition, in a 3C or a 5C library, the representation of 

interactions between two regions of chromatin is limited by the frequency with which a 

particular restriction site is distributed throughout the genome; below a certain separation 

distance (dependent upon the type of restriction site in question) there are fewer possible 

interactions that can be captured during the preparation of 3C libraries because the 

number restriction sites is reduced. Among 5C clones sequenced, the proportion of 

pairwise interactions occurring over a separation distance of less than 1Mb exceeds those 

occurring over distances greater than 1Mb, however within the kilo base scale of 

separation distances, interactions occurring between 0.1 and 1Mb are more frequent 

(figure 15).  

 

 

4 
11 

7 

33 

40 

≥0.1Kb < 1Kb 

≥ 1Kb < 10kb 

≥ 10Kb < 100kb 

≥ 100kb < 1Mb 

≥ 1Mb 



60 

Figure 15 5C product (pairwise chromatin interactions detected using LMA) represented 

as number of 5C clones sequenced and grouped according to the 2D genomic separation 

distance between spatially interacting loci. Sanger sequencing of cloned 5C product was 

used as a control for 5C library quality prior to deep-sequencing 5C libraries.  

 

The primary objective of cloning and sequencing a 5C library using the Sanger method 

was to analyse the ligation frequency of individual primers. Several 5C primers were 

detected that either produced a relatively large amount of product or were identified as 

being non-unique, both within and outside of the target region. These primers were 

subsequently removed from the 5C primer pool prior to the generation of libraries for 

deep-sequencing. The pool used to generate 5C clones sequenced using the Sanger 

method comprised 381 forward and 382 reverse primers (145, 542 total possible 

interactions). This number was subsequently reduced to 358 forward and 365 reverse 

(130, 670 total possible interactions).  

3.6 5C sample preparation for paired-end deep-sequencing  

Four 3C libraries were generated, two from primary mouse keratinocytes, two from 

primary mouse thymocytes. For each of these libraries, ~1.5-3µg of 5C product was 

generated using optimised preparation conditions of 200 kilo genome copies, 25 PCR 

cycles, and a primer pool concentration of 0.4fmol per 5C primer (appendix table A5). In 

order to generate ~1.5-3µg of 5C product, 15 5C reactions (primer annealing and ligation) 

were performed and subsequently split into 90 ligation-mediated amplification reactions, 

and amplification product pooled and purified.  

 

5C product was prepared for multiplex paired-end (PE) illumina® sequencing using the 

HiSeq 2000 platform. PE adapters for multiplex sequencing and PE PCR primers were 

custom designed and each library was coupled to custom sequencing adapters modified 

with an in-line ‘barcode’ or ‘index’ sequence (figure 16) for multiplex sequencing. 

Adapter coupled libraries were gel purified (figure 17) and then enriched, in duplicate, 

using the illumina paired-end PCR amplification primers (table 4) to detect and amplify 

adapter-coupled libraries.  
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The amplified, adapter-coupled libraries were then gel purified once again. After 

purification, the final enriched adapter-coupled libraries run as a distinct, sharp band of 

233bp when resolved on a 2% agarose/0.5X TBE gel (figure 17). Measured using the 

NanoDrop 1000 spectrophotometer, each library has a 260:280 ratio of ~1.8-2. 10µL of a 

10nM solution of each prepared, ‘indexed’ library were sent to EMBL, Heidelberg, 

Germany for deep-sequencing using one lane of the illumina Hi-Seq 2000 platform. 

Sequencing was performed at the European Molecular Biology Laboratory (EMBL) 

sequencing core.  

 Custom oligonucleotide design and preparation  3.6.1

A 6 nucleotide index sequence was inserted before the final 3’ end nucleotide of the 

upstream illumina PE adapter (figure 16) making it possible to pool multiple samples 

without the requirement of an additional index sequencing read. Index sequences were 

kindly provided by Dr Vladimir Benes (EMBL, Heidelberg). A complementary 6 

nucleotide sequence was added to the 5’ end of the downstream adapter to preserve 

accurate ligation of 5’ and 3’ adapters (figure 16). Downstream adapters were 5’ 

phosphorylated and a phosphorothioate bond incorporated between the last two 

nucleotides of the upstream adapter (Quail et al., 2008). Standard illumina PE PCR 

primers (table 4) were used to amplify adapter-ligated product. A 3’ phosphorothioate 

bond was inserted between the last two 3’ end nucleotides of PE PCR primer 2.0 (Quail et 

al., 2008).  

 

100µM stock dilutions of lyophilised, HPLC purified, adapter oligos, re-suspended in 

10mM Tris:Cl, pH 7.5, (figure 16) were mixed pairwise in equimolar ratio and hybridised 

at 97ᵒC for 3 minutes followed by 72 cycles temperature decrement of 1°C/minute in a 

5X concentration of 50mM Tris:Cl, pH 7.5, and 50mM NaCl buffer.  

 

A. 

Index  

Adapter Sequence  

GCCAAT 5' ACACTCTTTCCCTACACGACGCTCTTCCGATCGCCAAT*T 3 
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5' P- ATTGGCGATCGGAAGAGCGGTTCAGCAGGAATGCCGAG 3’ 

CTTGTA 5' ACACTCTTTCCCTACACGACGCTCTTCCGATCCTTGTA*T 

5' P- TACAAGGATCGGAAGAGCGGTTCAGCAGGAATGCCGAG 

 

B. 

 

 

Figure 16 A. Example of custom designed PE adapters containing an in-line barcode 

sequence (red) of six nucleotides. * phosphorothioate bond between the last two 3’ 

nucleotides. B. 5’ and 3’ barcoded adapter pairs are hybridised, forming a y shaped 

structure, which is then ligated to the ‘A-tailed’ 5C product.  

 PE sample preparation 3.6.2

5C product was pooled and purified using the QIAquick PCR Purification kit. Loaded 

columns were incubated with PE wash buffer for 5 minutes prior to centrifugation. 

Elution was performed in two stages. Firstly, 40µL pre-heated (65ºC) buffer EB were 

added to columns and columns left at RT for 3 minutes before centrifugation. Secondly, a 

further 40µL of pre heated buffer EB was added and columns centrifuged. Purified and 

concentrated 5C product was run on a 2% agarose/0.5X TBE gel containing 0.5µg/mL 

ethidium bromide against DNA mass ladder of a known concentration and 5C product 

concentration quantified. 
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Figure 17 Representative gel image of purified 5C library. 0.5µL (lane 2) and 0.2µL 

(lane 3) of pooled, purified, keratinocyte 5C library resolved on a 2% agarose/0.5X TBE 

gel against a low DNA mass ladder of known concentration (lane 1).  

 

‘A-tailing’ was performed using 1.5µg of purified 5C product in a 30µl reaction 

containing 1X Taq DNA Polymerase standard buffer (NEB), 0.17U/µL of Taq DNA 

polymerase (NEB), and 0.33mM dATP incubated at 72ºC for 45 minutes. The reaction 

mixture was gradually cooled and purified using the Qiagen MinElute PCR Purification 

Kit®. PE barcoded adapters were ligated to the A-tailed 5C product in a 50µL ligation 

reaction containing the 10µL A-tailing adapter-ligated 5C product, 1X Quick T4 DNA 

Ligase buffer (NEB), and 200U/µL Quick T4 DNA ligase (NEB). Adapter ligated 5C 

product was purified by running for 2 hours at 4ºC on a long 2% agarose/0.5X TBE gel 

containing 0.5µg/mL ethidium bromide and extracted using the QIAquick Gel Extraction 

Kit®. A 1X w/v amount of isopropanol was added prior to binding DNA to the extraction 

column. A 0.1X volume of the eluted adapter-ligated 5C product (180bp) was run on a 

2% agarose/0.5X TBE gel containing 0.5µg/mL ethidium bromide against a low DNA 

mass molecular weight marker of known concentration in order to validate size selection 

and quantify product yield for subsequent enrichment (figure 18).  

 

    1       2       3       4 
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Figure 18 5C products adapter-ligated with illumina PE adapters containing an inline 

barcode sequence of six nucleotides resolved on a 2% agarose/0.5X TBE gel run 

alongside a low DNA mass ladder of known concentration (lanes 1, 2, 7 & 8). Lanes 3-6: 

left-right, 5C keratinocyte preparations 1 and 2 and thymocyte preparations.  

 

Eluted adapter-ligated 5C library was amplified using the following reaction conditions:  

10ng of adapter-ligated 5C product, 0.35µM of PAGE purified paired-end primer 1.0; 

0.35µM of PAGE purified paired-end primer 2.0, 0.2mM of dNTP mixture, a 1X 

concentration of PfuUltra II Fusion DNA Polymerase buffer, and 1µL of PfuUltra II 

Fusion DNA Polymerase (Stratagene). Amplified adapter-ligated 5C product was isolated 

by running on a long 2% agarose/0.5X TBE gel containing 0.5µg/mL ethidium bromide 

and eluted using the QIAquick Gel Extraction Kit, as before. A 0.1X volume of the eluted 

amplified adapter ligated 5C product (233bp) was run on a 2% agarose/0.5X TBE gel 

containing 0.5µg/mL ethidium bromide alongside a molecular weight marker of know 

concentration in order to validate size selection (figure 19). The concentration and purity 

of the enriched, adapter-ligated library was measured using the NanoDrop 1000 

spectrophotometer.  
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Figure 19 Amplified, adapter ligated 5C product after size selection, four libraries, two 

keratinocyte (lanes 3 & 4) and two thymocyte (lanes 5 & 6) derived from discrete cell 

preparations resolved on a 2% agarose/0.5X TBE gel alongside a low DNA mass ladder 

(lanes 1,2 7, & 8).  

3.7 Analysis of deep-sequenced 5C libraries 

Indexed 5C libraries were sequenced on the Illumina HiSeq2000 platform in Germany at 

the EMBL Genome Core, courtesy of Vladimir Benes. For replicate keratinocyte libraries 

between 18,055,207 and 24,872,262 valid paired end reads were obtained. Between 

15,482,979 and 25,757,869 valid paired-end reads were obtained per library. De-

multiplexing of indexed libraries was performed by Dr Krzystof Poterlowicz (University 

of Bradford) using Novobarcode. 5C data sets were processed, corrected for any bias 

generated during LMA, and peaks called for 5C interaction frequency matrices as per 

Phillips-Cremins et al., 2013 (Phillips-Cremins et al., 2013) by Dr Krzystof Poterlowicz. 

5C data were correlated with ChIP-Seq data by Dr Krzystof Poterlowicz as per Phillips-

Cremins et al., 2013, however default MACS parameters and P value cut-off of P<10
-5

 

used for calling peaks (Feng et al., 2012). Enrichment for ChIP-Seq factor occupancy at 

interrogated HindIII fragments was analysed as per Phillips-Cremins et al., 2013 with the 

help of Dr Krzystof Poterlowicz.  
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3.8 Microarray gene expression profiling 

Gene expression profiling of cells used to generate 5C libraries was performed in order to 

correlate gene expression data with 5C data. Total RNA was isolated from one p100 plate 

separated from cells plated for 5C prior to fixation. 1mL of Ambion TRI Reagent solution 

(Invitrogen) was added to this plate and cells homogenized by pipetting. The TRI Reagent 

Solution protocol was followed in order to isolate RNA from DNA and proteins. Residual 

DNA was removed from isolated RNA using the Ambion TURBO DNA-free Kit 

(Invitrogen). To extract total RNA from thymocytes, 1x10
7
 thymocytes were removed 

prior to fixation and 1mL of TRI Reagent Solution added. Cells were homogenized by 

pipetting and RNA processed for microarray again using the TRI Reagent and TURBO 

DNA-free kits from Invitrogen. Total purified RNA was amplified using the Arcturus 

RiboAmp PLUS kit (Applied Biosystems). Labelling of cDNA was performed by 

MOGene (St Louis, MO, USA) and microarray analysis performed using a 41K Whole 

Mouse Genome 60-mer oligo microarray (Agilent Technologies) at MOGene (St Louis, 

MO, USA).  

3.9 Microaray gene expression profiling of laser capture micro-dissected 

epidermis  

8μm cryopreserved tissue sections were transferred to MMI membrane slides (Molecular 

Machines and Industries) and prepared for laser capture micro-dissection (LCM) using 

the Arcturus HistoGene LCM Frozen Section Staining Kit (Applied Biosystems). 

Sections were cut immediately prior to LCM and stored momentarily on dry-ice. Sections 

were stained sequentially immediately prior to LCM. LCM of each section was 

performed in under 2 hours in order to minimise RNA degradation and captured dissected 

tissue stored on dry-ice. Total RNA was subsequently isolated using the ReliaPrep RNA 

Cell Miniprep system (Promega) and amplified using the Arcturus RiboAmp PLUS kit 

(Applied Biosystems). Microarray gene expression profiling was performed using a 41K 

Whole Mouse Genome 60-mer oligo microarray (Agilent Technologies). LCM of 

K14BRG1
Δ/Δ 

(Indra et al, 2005) and age matched WT epidermis was performed in 

duplicate and cDNA generated for each replicate pooled prior to microarray analysis. 
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Labelling of cDNA and microarray analyses were performed by MOGene (St Louis, MO, 

USA). LCM Microarray expression data for each cell type were normalised to 

corresponding reference RNA. RT-PCR of unamplified reference RNA and reference 

RNA obtained after two rounds of amplification using the Arcturus RiboAmp PLUS kit 

(Applied Biosystems) was used to control for extraneous sources of variation in gene 

expression caused by the amplification procedure. 

3.10 RT-PCR Microarray validation 

Selected differentially expected candidate genes were validated using qRT-PCR. Primers 

to amplify candidate gene coding regions (table 2) were designed using the Primer3 

primer design web-tool (Koressaar and Remm, 2007; Untergasser et al., 2012). Total 

RNA was isolated using the Ambion TRI Reagent Solution protocol and residual DNA 

removed using the Ambion TURBO DNA-free Kit (Invitrogen). RNA concentration and 

purity were assayed using UV spectrophotometry and cDNA synthesised from total RNA 

using the Promega Reverse Transcription System Kit (Promega). For the validation of 

microarray gene expression profiling of LCM tissue, total RNA isolated using the 

ReliaPrep RNA Cell Miniprep system (Promega) and amplified using the Arcturus 

RiboAmp PLUS kit (Applied Biosystems) was used.  

 

Candidate genes were amplified using the default two-step Step One Applied Biosystems 

instrument Fast cycling regime (1 cycle: 20 seconds at 95ºC; 40 cycles: 3 seconds at 

95ºC, followed by 30 seconds at 60ºC) and the following reaction composition: 5μL Fast 

SYBR® Green Master Mix (Applied Biosystems), 1μL of a 5μM primer stock (an 

equimolar mix of forward and reverse primer stocks, (table 2), 0.5μL of cDNA (undiluted 

reaction product), and 3.5μL of water. Relative quantification of candidate gene 

expression was performed using the 2
-ΔΔCT

 method (Livak and Schmittgen, 2001). A 

minimum of two biological replicates and three technical replicates were used to validate 

respective microarray data. The CT standard deviation of replicate samples was >0.3. 

Between target and calibrator samples, the CT standard deviation of the internal control 

gene (glyceraldehyde 3-phosphate dehydrogenase and/or peptidylprolyl isomerase A 

genes) used was <0.5.  
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3.11 Haematoxylin and Alkaline Phosphatase staining 

Frozen 9μm histological sections were dried at room temperature for 15 minutes and then 

fixed in acetone for 10 minutes at -20°C. After fixation, sections were washed twice in 

1X PBS (0.05M, pH 7.5), 5 minutes per wash. Developing solutions were prepared 

immediately before use. A 104mL solution containing 0.52g of 

Tris(hydroxymethyl)aminomethane base (Trizma Base), 0.158g 

Tris(hydroxymethyl)aminomethane hydrochloride (Trizma HCl, Sigma), and 0.92g NaCl  

was first prepared. To 0.03g of sodium nitrite 750μL of water were added drop-wise. To 

the resultant solution, 300μL of New Fuchsin added. Tris and Fuchsin solutions were 

mixed and, to this mixture, 0.075g Napthol AS-BI Phosphate diluted in 900μL 

Dimethylformamide added. Sections were incubated in this freshly prepared 105mL of 

development solution for 15 minutes at room temperature. After alkaline phosphatase 

staining, sections were washed twice in 1X PBS, stained with haematoxylin for 45 

seconds, and then rinsed in running water before being mounted with hard-setting 

mounting medium (appendix table A2).  

3.12 Immunofluorescence staining 

Frozen 9μm histological sections were fixed in 4% PFA/1 X PBS for 10 minutes Sections 

were then washed three times in 1X PBS, 5 minutes per wash. Sections were blocked 

with a solution of 10% donkey serum, 0.25% fish skin gelatin (w/v), 0.2% BSA in 1X 

PBS (w/v). For nuclear staining, Triton X-100 was added to a final concentration of 0.1%. 

Anti-Loricrin, anti-K10, and anti-K14, antibodies (table 5) were diluted in 1% BSA/PBS 

as indicated in table 5. Anti-ki67 antibody (table 5) was diluted 200 fold in 2% Trtion X-

100, 1% BSA, 4% saponin (w/v). After incubation with primary antibody overnight at 

4°C, sections were washed 3 times in 1X PBS, 5 minutes per wash, before incubation 

with 1:200 dilution of donkey anti-rabbit Alexa Fluor 488 conjugated secondary antibody 

(Invitrogen) in 1% BSA at room temperature for 1 hour. Sections were washed a final 3 

times in 1X PBS and incubated with a 0.5μg/mL solution of Dapi in 1X PBS for 10 

minutes at room temperature. Dapi stained sections were then rinsed in distilled water and 

mounted using VectaShield (Vector Labs) mounting medium for immunofluorescence.  
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BRG1 was detected using rabbit anti-mouse BRG1 antibody (Santa Cruz) to stain tissue 

fixed and prepared for three dimensional fluorescent in situ hybridization (3D FISH). 

Antigen retrieval was performed prior to staining. Sections were equilibrated by 

incubating for 5 minutes in 10mM sodium citrate buffer, pH 6.0, and heat-induced 

epitope retrieval performed by heating sections to boiling point twice at 800W in a 

microwave and cooling for two minutes between. De-masked sections were washed in 1X 

PBS three times, 5 minutes per wash. BRG1 antibody was diluted 1:200 in a solution 

containing 4% BSA and 0.2% Tween in 1X PBS and antibody and tissue incubated 

together overnight at 4°C. Sections were washed three times in 1X PBS, 5 minutes per 

wash, and antibody detected by incubating with a 1:200 dilution of donkey anti-rabbit 

Alexa Fluor 488 conjugated secondary antibody for 1 hour at room temperature. After 

staining with secondary antibody detection, sections were washed three times in 1X PBS, 

5 minutes per wash. Sections were incubated with a 0.5μg/mL dilution of Dapi in 1X PBS 

for 10 minutes at room temperature and rinsed in water before mounting.  

3.13 Terminal deoxynucleotidyl transferase dUTP nick end labeling  

Terminal deoxynucleotidyl transferase dUTP nick end labeling (TUNEL) was performed 

using Millipore TUNEL Apoptosis Detection Kit reagents as follows. Freshly sectioned 

quick frozen cryopreserved tissue were fixed in 4% PFA/1X PBS for 10 minutes at room 

temperature. Slides were washed in 1X PBS, three washes, 5 minutes each, before 

incubating in a 2:1 mix of ethanol/acetic acid for 5 minutes at -20°C. Slides were then 

washed in PBS and incubated with terminal deoxynucleotidyl transferase (TdT) buffer 

(Millipore) for 10 minutes. A 90:5:5 ration of 10X TdT buffer, 250μM Biotin-dUTP 

solution, and TdT enzyme (3U/μL) (Millipore) were incubated with tissue for 60 minutes 

at 37°C. labelling was stopped by incubating slides in a 1:9 ratio of Stop buffer 

(Millipore): 1X TB buffer (Millipore) for 5 minutes at room temperature. Slides were 

washed 4 times in PBS, two minutes per wash. Blocking was performed for 20 minutes at 

room temperature with Blocking buffer (Millipore). Tissue was incubated with a 1-part 

Avidin-FITC: 9-parts blocking solution (Millipore) mixture for 30 minutes. After two 15 

minute washes in 1X PBS, slides were mounted using VectaShield Mounting Medium for 
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Flouresnce. As a positive control, tissue was treated with a 1μg/mL solution of DNase I 

and subsequently washed in PBS for 15 minutes prior to end-labelling.  

3.14 Fluorescence Activated Cell Sorting 

Neonate mouse epidermis was isolated as detailed above. Epidermis extracted following 

the treatment of whole skins with trypsin was deposited and triturated in 4% chelex-

treated, Ca2+ depleted, FBS/Ca2+ free MEM Eagle-EBSS with NEAA (Lonza Cat. No. 

BE06-174G) to achieve a single cell suspension of epidermal keratinocytes. This 

suspension was filtered through first a 70μm nylon cell strainer and then a 40μm cell 

strainer. Keratinocytes were pelleted by centrifuging at 200 RCF for 5 minutes at 4°C. 

The resultant cell pellet was washed by re-suspending in 2% chelex-treated, Ca2+ 

depleted FBS/PBS and again centrifuging. After washing, pelleted keratinocytes were re-

suspended to a concentration of 1x10
7
 cells/mL. Four 50μL aliquots of cell suspension 

were diluted in 250μL of 2% chelex-treated, Ca2+ depleted FBS/PBS, respectively. To 

two of these aliquots, 6μL of 1:50 dilution of Fluorescein Isothiocyanate (FITC)-

conjugated Sca-1 (appendix table A4) and a 1:50 dilution of Allophycocyanin (APC)-

conjugated α6 antibody (appendix table A4) were respectively added. The remaining 

volume of undiluted cell suspension was divided into 800μL aliquots and to each aliquot 

16μL of a 1:50 dilution of Sca-1 and 16μL of a 1:50 dilution of α6 antibody added. 

Staining was performed for 1 hour at 4°C with continual rotation. DAPI was added at a 

final concentration of 1μg/mL to double-stained cells and to one aliquot of unstained cells 

immediately prior to cell sorting in order to assess cell viability. The remaining aliquot of 

unstained cells was used to correct for cell auto-fluoresce. FACS sorting of α6
bri

/ Sca-1+/ 

epidermal keratinocytes was performed by Dr Andrei Mardaryev (University of Bradford) 

using the Beckman Coulter MoFlo™ cell sorter. Gated and sorted Sca-1
bri

/α6
bri 

epidermal 

keratinocytes were pelleted, snap frozen, and stored at -80°C.  

3.15 Directional whole transcriptome sequencing  
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Three individually sorted lots of 3x10
6
 sorted Sca-1

bri
/α6

bri
 epidermal keratinocytes were 

used to generate replicate indexed strand specific RNA-Seq libraries. 3-5μg of total RNA 

was isolated from each batch of cells using the Ambion TRI Reagent Solution protocol 

and residual DNA removed using the Ambion TURBO DNA-free Kit (Invitrogen). 

DNase treated RNA was ethanol precipitated and the purity of RNA assayed using the 

Implen NanoPhotometer and concentration determined using the Qubit 2.0 Fluorometer 

(Life Technologies). Ribosomal RNA was removed from total RNA samples using the 

Ribo-Zero™ Gold Kit (Epicentre) and ScriptSeq™ v2 RNA-Seq Library Preparation 

Kits. Analysis of the fragment size distribution of input total RNA (figure 20A), 

ribosomal RNA-depleted RNA (figure 20B), and indexed libraries (figure 20C) was 

performed at TUCF Genomics (Tufts University School of Medicine, Boston MA, U.S.A) 

using the Fragment Analyzer™ capillary electrophoresis (CE) instrument (Advanced 

Analytical Technologies). Libraries sequenced on one lane of the illumina® HiSeq 2500 

platform (paired-end, 100bp read length) at TUCF Genomics (Tufts University School of 

Medicine, Boston MA, U.S.A). Paired end RNA-Seq read alignment was performed by 

Dr Krzystof Poterlowics using TopHat (Kim et al., 2013) and further analysis of RNA-

Seq was performed by Dr Krzystof Poterlowics using the Cufflinks RNA-Seq analysis 

tools (Trapnell et al., 2012). 

 

A. 
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B. 

 

C. 

 

Figure 20 (A) Representative gel and electropherogram showing the fragment size 

distribution of total RNA (replicate 1) used to generate RNA-Seq librraies. Peaks at 1923 

and at 4849 nucleotides in length correspond to ribosomal RNS (rRNA) present in the 

sample (B) Representative gel and electropherogram showing the fragment size 

distribution of RNA sample following the depletion of rRNA (replicate 1) (C) 

Representative gel and electropherogram showing the fragment size distribution of 

complete indexed RNA-Seq libraries (replicate 1).  

3.16 Chromatin immunoprecipitation followed by sequencing (ChIP-Seq) 

analysis using cross-linked chromatin 
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32% methanol-free EM grade paraformaldehyde (PFA) (Electron Microscopy Sciences) 

was added to filtered PMK in suspension at a final concentration of 1% to freshly isolated 

keratinocytes in suspension in supplemented primary keratinocyte medium (appendix 

table A2). Cells were fixed with PFA for 10 minutes at room temperature with 

intermittent gentle mixing, after which glycine was added to a final concentration of 

125mM. Cells were split into aliquots of 5 x 10
6
 cells after counting and pelleted by 

centrifuging for 5 minutes at 4°C, 200 RCF. Pelleted cells were washed by re-suspending 

in ice-cold PBS and pelleted once again by centrifuging for 5 minutes at 4°C and 2000 

RCF. The washed, pelleted cells were then snap frozen and stored at -80°C.  

 

Pelleted cells were re-suspended and incubated on ice for 15 minutes in 5mL of freshly 

prepared cell lysis buffer (appendix table A2). The resultant cell lysate was pelleted by 

centrifuging at 800 RCF for 5 minutes. The supernatant was discarded and the pellet re-

suspended and incubated at room temperature for 15 minutes in 5mL of freshly prepared 

buffer A before being centrifuged again at 800 RCF for 5 minutes at 4°C. The supernatant 

was discarded and the resultant pellet re-suspended in 1mL of sonication buffer.  

 

Chromatin was sheared via sonication at 40% amplitude for 25 minutes (Fisher 

Scientific™ Model 500, cup horn) to achieve a fragment size distribution between ~200 

and 250 nucleotides in size. Sheared chromatin was centrifuged for 10 minutes at 18, 000 

RCF, 4°C. 25μL of the resultant supernatant containing sheared chromatin were snap 

frozen and stored at -80°C for later use as an “input” DNA control. An additional 50μL of 

supernatant were transferred to a fresh 1.5mL tube and placed on ice. 

 

To determine the efficiency of sonication and yield of chromatin obtained, to this 50µL of 

sheared chromatin, a 1X volume of 1X TE buffer, pH 8.0, 5.5μL of 10mg/mL Proteinase 

K, and 5.5µL of 10mg/mL of RNase A were added. Chromatin was incubated with RNase 

A and Proteinase K for 30 minutes at 37°C and then at 55°C for 1 hour. DNA purification 

was then performed using either phenol-chloroform extraction and ethanol precipitation 

or Qiagen MinElute columns. DNA yield was quantified using UV spectrophotometry 

(Implen NanoPhotometer®) and ~200-300ng of DNA ran on a 1.5% agarose/0.5X TBE 

gel containing 5µg/mL Ethidium Bromide alongside a 1Kb DNA ladder (figure 21A).  
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Re-suspended Protein A Dynabeads® (Life Technologies) were washed twice in wash 

buffer, blocked in 5% BSA/1% fish skin gelatine/1X PBS, washed in dilution buffer, and 

finally re-suspended using a 1X volume of dilution buffer. A 3X volume of dilution buffer 

was added to 250μL aliquots of supernatant containing sheared chromatin and samples 

incubated for 10 minutes at room temperature. 30uL of washed Dynabeads® (Life 

Technologies) in dilution buffer were added per aliquot and tubes incubated at 4°C with 

rotation for 1 hour. Dynabeads® (Life Technologies) were removed and 5μg of anti-

BRG1 antibody (table 5) or of Normal Rabbit IgG control added to respective tubes. 

Immunoprecipitation was performed overnight with rotation at 4°C. 30μL of washed 

beads in 5% BSA/1X PBS were added to each tube following immunoprecipitation and 

tubes incubated for 3 hours at 4°C with rotation.  

 

Tubes were placed on a chilled magnetic stand and the resultant supernatant, when clear, 

removed. Antibody bound Protein A Dynabeads® (Life Technologies) were then re-

suspended in 1mL of freshly prepared pre-chilled wash buffer 1 and incubated at 4°C with 

rotation. Tubes were placed on a chilled magnetic stand again and the supernatant 

removed when clear. Beads were then likewise washed for 5 minutes at 4°C once in 1mL 

of wash buffer 2 and wash buffer 3 and twice in 1mL of 1X TE buffer pH 8.0, 

respectively (5 minutes per wash). After washing twice for 5 minutes at 4°C in TE buffer, 

beads were re-suspended in 200μL of 1X TE buffer pH 8.0. 0.25μL of un-precipitated 

chromatin (input control) was thawed and made up to 200μL with TE buffer.  

 

To diluted “input” control and immunoprecipitated chromatin, 11μL of 10mg/mL RNase 

A and 11μL of Proteinase K were added. Tubes were incubated first at 37°C for 30 

minutes and then at 55°C for 1 hour on a thermal shaker (Eppendorf) set at 1200rpm. To 

tubes containing digested chromatin, a 5X volume of Qiagen PB buffer (Qiagen) was 

added, tubes vortexed for 30 seconds at high speed, and placed on a magnetic stand for 

upwards of a minute. DNA was isolated from the supernatant, when clear, using the 

Qiagen MinElute kit. Elution in a 10μL volume of buffer EB (Qiagen) was performed 

twice using buffer EB heated to 50°C. Membrane bound DNA was incubated with pre-

heated buffer EB for 3 minutes prior to elution. Additional buffer EB was added to eluted 

samples to bring the final elution volume up to 20μL. The purity of DNA was analysed 
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via UV spectrophotometry (Implen NanoPhotometer®). DNA yield was quantified using 

the Qubit 2.0 Fluorometer (Life Technologies).  

 

Prior to preparing ChIP–Seq libraries, ChIP qPCR analysis of BRG1 occupancy within 

the Cldn1 gene promoter (Lopardo et al., 2008) (positive control) and BRG1 intronic 

region (negative control) was performed using the default two-step Step One Applied 

Biosystems instrument Fast cycling regime (1 cycle: 20 seconds at 95ºC; 40 cycles: 3 

seconds at 95ºC, followed by 30 seconds at 60ºC) and the following reaction composition: 

5μL Fast SYBR® Green Master Mix (Applied Biosystems), 1μL of a 5μM primer stock 

(an equimolar mix of forward and reverse primer stocks, (table 3), 1μL of IP or input 

control sample, and 3μL of water. Real-time PCR was carried out in triplicate and the CT 

standard deviation of replicate samples was >0.3. The specificity of PCR reactions was 

assessed using melt curve analysis profiles. The fold enrichment was calculated using the 

ΔΔCt method (Livak and Schmittgen, 2001): 

 

  Fold Enrichment = 2(−ΔΔCT[ChIP/IgG] 

ΔC              C       (C          − (C        −     (                       ) 

ΔC                     (C         − (C        −     (                       ) 

ΔΔCT [ChIP/IgG]   ΔCT [normalised ChIP] − ΔCT [normalised IgG] 

 

A 1% fraction of diluted genomic DNA input control sample was used to normalise ChIP-

qPCR data for sources of variability, therefore 6.644 cycles (i.e. log2 of a dilution factor 

of 100) were subtracted from input control CT values (CT [input]). 

 

Indexed ChIP-Seq libraries were generated using the NEBNext® ChIP-Seq Library Prep 

Master Mix Set (New England BioLabs) for Illumina® and NEBNext® Multiplex Oligos 

for Illumina® (New England BioLabs). ChIP-Seq libraries were purified using the 

Qiagen MinElute PCR Purification kit (Qiagen) and quantified using the Qubit 2.0 

Fluorometer (Life Technologies). The fragment size distribution of libraries generated 

was determined prior to sequencing by running ~200ng of each respective library on a 

1.5% agarose/0.5X TBE gel containing 5µg/mL Ethidium Bromide alongside a 1kb DNA 

ladder (figure 21B). 10uL of a 20nM solution of each indexed library (genomic DNA 

input control and BRG1 ChIP-Seq libraries) were sent for sequencing on the illumina® 
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HiSeq 2500 platform (single-end, 50bp read length) at TUCF Genomics (Tufts University 

School of Medicine, Boston MA, U.S.A). 30-70 million single-end 50bp reads per library 

were generated. Sequencing reads were aligned to the mm9 mouse (Mus musculus) 

assembly by Dr. Krzystof Poterlowicz using Bowtie (Langmead et al., 2009). Regions of 

BRG1 occupancy were identified by Dr. Krzystof Poterlowicz (University of Bradford) 

using Sicer (default settings) (Zang et al., 2009).  

 

 

Figure 21 (A) Fragment size distribution following chromatin sheering using optimised 

sonication condiitons. Lanes 1 and 4: DNA ladder. Lane 2: 5μL of DNA puriifed after 

chromatin sheering. Lane 3: 2μL of DNA purified after chromatin sheering. (B) 

Representative electrophoregram. Size distribution of cross-linked chromatin 

immunoprecipitation sequencing (ChIP-Seq) libraries after size selelction. Lane 1: DNA 

ladder. Lane 2: ~200ng of sequencing library. 

 

ChIP-Seq using cross-linked chromatin was also performed as detailed above using 2μg 

of antibody against H3K27ac per immunoprecipitation (appendix table A4). In addition, 

trichostatin A (TSA) was added to a final concentration of 100nM to all solutions 

(appendix table A3) immediately prior to use. Prior to the preparation of sequencing 

libraries, ChIP qPCR analysis of enrichment for acetylated H3K27 at the glyceraldehyde 

A. B. 
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3-phosphate dehydrogenase (GAPDH) gene promoter (table 3) and intergenic regions 

located on chromosomes 6 and 8 (table 3) was performed as described above. ChIP-Seq 

using chromatin cross-linked after isolation from FACS sorted α6
bri/

Sca1+ epidermal 

keratinocytes was performed using the ChIP-IT® High Sensativity kit (Active Motif) and 

antibodies against H3K27me3, CTCF, SATB1, Ringb1, RAD21, (appendix table A4) by 

Dr Anrei Mardaryev (University of Bradford, UK). Again, sequencing reads generated for 

each library were aligned to the mm9 mouse (Mus musculus) assembly by Dr. Krzystof 

Poterlowicz using Bowtie (Langmead et al., 2009). Regions of ChIP-Seq enrichment were 

identified by Dr. Krzystof Poterlowicz (University of Bradford) using MACS (default 

parameters) (Feng et al., 2012).  

3.17 Native chromatin immunoprecipitation followed by sequencing (NChIP-

Seq) analysis 

Micrococcal nuclease (MNase) digestion and immunoprecipitation (IP) of chromatin 

isolated from Sca-1
bri

/α6
bri

 FACS sorted epidermal keratinocytes and thymocytes freshly 

isolated as described above were performed using antibody against monomethylated 

H3K4 (table) as per Gilfillan et al, 2012 (Gilfillan et al., 2012). 1x10
6
 cells were used per 

MNase digestion and 1μg of antibody per IP comprising pre-cleared chromatin 

corresponding to 5x10
5
 cells. Prior to the preparation of sequencing libraries, ChIP qPCR 

analysis of enrichment for monomethylated H3K4 at the GAPDH gene promoter (table 3) 

and intergenic regions located on chromosomes 6 and 8 (table 3) as described above.  

 

MNase digested genomic DNA input control and immunoprecipitated DNA indexed 

sequencing libraries were generated in duplicate for biological replicates using the 

NEBNext® ChIP-Seq Library Prep Master Mix Set (New England BioLabs) for 

Illumina® and NEBNext® Multiplex Oligos for Illumina® (New England BioLabs) and 

the fragment size distribution of libraries generated was determined as described above. 

10uL of a 20nM solution of each indexed library (genomic DNA input control and BRG1 

ChIP-Seq libraries) were sent for multiplex sequencing on one lane of the illumina® 

HiSeq 2500 platform (single-end, 50bp read length) at TUCF Genomics (Tufts University 

School of Medicine, Boston MA, U.S.A). Regions of monomethylated H3K4 enrichment 
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were identified by Dr. Krzystof Poterlowicz (University of Bradford) using MACS 

(default settings) (Feng et al., 2012). The results of ChIP-Seq analysis of the distribution 

of mono-methylated H3K4 in thymocytes, freshly isolated as described here, were found 

to be highly consistent with the results of ChIP-Seq analysis of the distribution of mono-

methylated H3K4 in the thymus performed by Bing Ren lab, Ludwig Institute for Cancer 

Research, La Jolla, CA, US, and which have been made publicly available via ENCODE 

(GEO sample accession No.:GSM1000102) (Rosenbloom et al., 2013).  

 

 

Figure 22 Relative fold enrichment at positive (GAPDH promoter) and negative 

(intergenic) control regions obtained following ChIP-qPCR analysis of H3K4me1 

antibody immunoprecipittaion and corresponding IgG control ChIP samples. 

Representaive plot. 

3.18 3D Fluorescent In Situ Hybridization  

Labelled DNA probes were synthesised by nick-translation using fluorophore or biotin 

conjugated dUTP and individual, or pooled, BAC spanning target loci. Whole 

chromosome paints were labelled with Biotin conjugated dUTP by degenerate 

oligonucleotide-primed (DOP)-PCR. Labelled probes and chromosome paint were 

validated using 2D FISH on murine embryonic fibroblast metaphase spreads.  
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 Preparation of mouse metaphase spreads  3.18.1

Neonatal mouse primary embryonic fibroblast nuclei isolated and prepared by Michal 

Gdula (University of Bradford, former Ph.D student) were stored at -20°C in fixative 

solution (a 1:3 ration of 100% methanol: 100% acetic acid) a concentration of 1x10
6
 

nuclei/15mL. Spreads were prepared with reference to Deng et al (2003) (Deng et al., 

2003). Nuclei were centrifuged at 200 RCF for 3 minutes at 4°C, the fixative decanted, 

and nuclei re-suspended in freshly prepared fixative solution. 

 

Slides were placed in a dish in a water bath heated to 55°C covered and filled such that 

the ratio of the surface of water’s surface (minus the surface area of the base of the dish in 

the water) to the volume of air between the flat lid and waters surface was 0.23. After 

allowing for the equilibration of temperature and humidity, one-two droplets of nuclei 

suspension were dropped onto slides. After evaporation of the fixative, slides were 

removed and slides carrying three or more metaphase spreads incubated in 70% ethanol 

overnight.  

 

Slides were then transferred into 100% ethanol for 10 minutes and subsequently air dried 

for one week at room temperature in a closed box, after which they were incubated at 

60°C in a hybridization oven for 2 hours. Slides were incubated in freshly prepared 

0.05mg/mL pepsin/1X PBS solution for 10 minutes at 37°C and then incubated in 70% 

ethanol three times for 5 minutes at room temperature. Slides were dehydrated by passing 

though a series of increasing ethanol concentrations and once dry were stored at -20°C in 

a sealed plastic box.  

 Preparation of histological sections for the preservation of 3D nuclear 3.18.2

architecture  

The dorsal skin of euthanized neonate mice was removed and fixed overnight in 4% 

paraformaldehyde/1X PBS on a tube rotator at 4°C. Embryos >E11.5 were fixed likewise. 

After fixation, skins or whole embryos >E11.5 were washed for 5 minutes in 50mM 

NH4Cl and then washed twice for 10 minutes in 0.1M phosphate buffer. Skins were 
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incubated in a 5% sucrose/0.1M phosphate buffer, pH 7.0, solution for 1 hour at 4°C and 

then in a 1:1 mix of 5% sucrose/0.1M phosphate, pH 7.0, buffer: 20% sucrose/0.1M 

phosphate buffer for 1 hour at 4°C before then incubated in a 20% sucrose/0.1M 

phosphate buffer solution overnight at 4°C. Skins and whole embryos were embedded in 

OCT using a 95% ethanol/dry ice slurry and stored at -80°C.  

 

16μm frozen sections of FISH fixed tissue were dried at room temperature for 30 minutes. 

Sections were equilibrated in 10mM citrate buffer, pH 6.0, for 5 minutes at room 

temperature and sections subsequently heated up to 70-90°C in 10mM citrate buffer by 

bringing citrate buffer up to the boiling point in a microwave at 800W before cooling for 

two minutes. Four cycles of heating and cooling were performed before transferring 

sections to room temperature 2X SSC buffer. Sections were washed in 2X SSC at room 

temperature for 5 minutes and then transferred to 50% formamide/2X SSC buffer and 

incubated over night at 4°C in 50% formamide/2X SSC.  

 

 Preparation of cells for the preservation of 3D nuclear architecture  3.18.3

Thymocytes 

Thymocytes were extracted from thyme as described above. Thymocytes were prepared 

for FISH as per Cremer et al, 2008 (Cremer et al., 2008) with the exception that slides, as 

opposed to coverslips, were coated with 1mg/mL Poly-L-lysine hydrobromide. A PAP 

pen was used to define a 22mm
2
 area for coating with Poly-L-lysine, onto which ~200μL 

of thymocyte cell suspension in T cell medium (appendix table A2) (~1x10
7 

cells/mL) 

were then added.  

 

Keratinocytes 

Freshly isolated keratinocytes isolated were seeded overnight at 32ºC with 8% C02 and 

90% relative humidity onto the culture surface of a collagen coated 6 well plate 

containing one 22mm coverslip per well. Adherent keratinocytes were then prepared for 

FISH as per Cremer et al, 2008 (Cremer et al., 2008).  
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 Generation of modified dUTPs for the generation of labelled DNA probes  3.18.4

Labeling of amine-modified DNA using Aminoallyl-dUTP (5-[3-aminoallyl]-2'-

deoxyuridine-5'-triphosphate) and fluorescein isothiocyanate (FITC), biotin, and cyanine 

3 mono NHS (Cy3) succinimidyl esters was conducted using the following conditions 

listed below. Aminoallyl-dUTP (5-(-3-Aminoallyl)-2’-deoxyuridine 5’-triphosphate, 

Sigma) was re-suspended in 0.2M bicarbonate buffer immediately prior to use.  

 

For Digoxigenin labeling, 10μL 40mM Digoxigenin (3-amino-3-deoxydigoxigenin 

hemisuccinamide, succinnimidyl ester, Molecular Probes) dissolved in DMSO were 

combined with 10µl 20mM aminoallyl-dUTP, 15µl of water 10µl 0.2M bicarbonate 

buffer, and 10µl DMSO. For labelling with Cy3 10μL of a 20mM dilution of Cy3 

(Amersham) in DMSO were combined with 10μL of 20mM aminoallyl dUTP, 10μL of 

water, and 0.2M bicarbonate buffer. For labelling with FITC, 10μL of a 40mM dilution of 

FITC (Molecular Probes) in DMSO were combined with 10µl of 20mM aminoallyl-

dUTP, 10µl water, and 10µl 0.2M bicarbonate buffer. Finally, labelling with Biotin 

combined 10μL of 40mM Biotin (Bio-XX, Molecular Probes) in DMSO with 10μL of a 

20mM dilution of aminoallyl-dUTP, 15μL water, and 10μL 0.2M bicarbonate buffer.  

 

Labelling reactions were carried out for 3-4 hours at room temperature after which 2µl of 

2M glycine (pH 8.0) were added to stop each reaction. To each reaction, a 4µl volume of 

1 M Tris-HCl (pH 7.75) was added to stabilise the labelled nucleotides and water added 

to give a final concentration of mod-dUTP concentration of 1mM. That dUTP labelling 

reactions had resulted in the incorporation of fluorophore or biotin was confirmed by 

dotting a series of 0.1, 0.5, 1, and 2uL volumes of labelled probe onto a nylon membrane 

and heating membrane and sample at 80°C until dry (approximately 30 minutes). Blotted 

membrane was visualised using the XR Gel Doc™ system and Image Lab software (Bio-

Rad).  

 Generation of labelled DNA probes for 3D FISH 3.18.5
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10ng of BAC (appendix table A1) DNA were amplified using the GenomiPhi DNA 

amplification kit (illustra GenomiPhi V2, GE Healthcare), which utilises Phi29 DNA 

polymerase and random hexamer primers to non-specifically amplify whole genomic 

DNA via isothermal strand displacement amplification. 2μL of BAC DNA after 

amplification were run on a 0.8% agarose/TAE gel containing 0.5μg/mL ethidium 

bromide against a 1kb DNA ladder (figure 23).  

 

 

Figure 23 (A) 2μL of BAC DNA after amplification were run on a 0.8% agarose/TAE 

gel containing 0.5μg/mL ethidium bromide against a 1kb DNA ladder. (B) 5μL (replicate 

reactions lanes 1 & 2) of nick translation labelled DNA probe were run on a 1% 

agarose/TAE gel containing 0.5μg/mL ethidium bromide against a 1kb DNA ladder. (C) 

5μL (lane 1) and 2μL (lane 2) of labelled re-amplified chromosome territory paint was 

run on a 1% agarose/1X TAE gel containing 0.5μg/mL of ethidium bromide alongside a 

1Kb DNA ladder.  

 

Amplified BAC DNA was then labelled via nick translation with either fluorophore 

modified aminoallyl-dUTP or Biotin conjugated aminoallyl-dUTP using the following 

reaction composition per 100μL reaction: 10μL of 10X nick translation buffer (0.5M Tris-
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HCl, pH 7.5, 50mM MgCl2, 0.05% BSA); 10μL of 0.1M mercaptoethanol; a 10μL 

volume of nick translation dNTP mix (0.5mM dATP, 0.5mM dGTP, 0.5mM dCTP, 

0.1mM dTTP); 4μL of 1mM mod-dUTP (prepared as detailed above); 5μL of GenomiPhi 

amplified BAC DNA (undiluted, approximately 2μg of DNA); 0.1μg/mL DNaseI; 

200U/mL DNA Pol I.  Reactions were carried out at 30°C for 90 minutes after which time 

a 1X volume of stop mixture (20mM EDTA, 0.5% Dextran Blue, 20mM Tris HCl, 0.1M 

NaCl) was added. Labelled probe was stored at -20°C. 5μL of nick translation labelled 

DNA probe were run on a 1% agarose/TAE gel containing 0.5μg/mL ethidium bromide 

against a 1Kb DNA ladder (figure 23).  

 

GenomiPhi amplified BAC RP23-66A15, RP24-75K3, RP23-425P7, RP23-480F10, 

RP23-66A15, and RP24-248L10 (appendix table A1) were pooled in equimolar amounts 

and collectively labelled with Cy3. 5μL of nick translation reaction were run on a 1% 

agarose/0.5X TBE gel containing 0.5μg/mL ethidium bromide against a 1Kb DNA ladder 

(figure 23B). As shown, the majority of product should run below 500bp. 

 Labelling and amplification of chromosome painting probe 3.18.6

Degenerate oligonucleotide PCR (DOP-PCR) was used to label and amplify chromosome 

territory 3 (MMU3) painting probe. Twice amplified flow sorted mouse chromosome 3 

was provided by Prof. T. Cremer, Munich University, Germany. Secondary amplified 

paint was amplified further to generate tertiary amplified MMU3 paint and then labelled 

with Biotin by further DOP-PCR.  

 

Per amplification reaction, the following were mixed: 10μL of 10X PCR buffer 

(Invitrogen); 4μL of 50mM MgCl2; 2μL of 100μM 6MW primer (Sequence: 5’ 

CCGACTCGAGNNNNNNATGTGG 3’; Eurofins MWG GmbH, Ebersberg, Germany) 

(Telenius et al., 1992); 8μL of 2.5mM dUTPs; 70μL of water; 1μL of secondary 

amplified MMU3 DNA (corresponding to 30-200ng of DNA); 1μL of 5U/μL Taq DNA 

Polymerase (GoTaq® DNA Polymerase, Promega). Secondary amplified MMU3 DNA 

was then re-amplified using the following thermal cycling regime: 94°C for 3 minutes, 35 

cycles 94°C for 1 minute, 56°C for 1 minute, 72°C for 2 minutes, final extension 72°C 5 
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minutes. 2μL and 5μL of amplified chromosome territory paint was run on a 1% 

agarose/1X TAE gel containing 0.5μg/mL of ethidium bromide alongside a 1Kb DNA 

ladder. Amplified chromosome paint was stored at -20°C.  

 

To label tertiary amplified MMU3 paint the following reaction conditions were used. 

Each reaction comprised: 10μL of 10X PCR buffer (Invitrogen magnesium chloride free 

10X PCR reaction buffer Cat. No.Y02028); 4μL of 50mM (2mM) magnesium chloride; 

2μL of 100μM (2μM) 6MW primer (Telenius et al., 1992) (Sequence: 5’ 

CCGACTCGAGNNNNNNATGTGG 3’; Eurofins MWG GmbH, Ebersberg, Germany); 

5μL of 2mM (0.1mM) dAGC mix; 8μL of 1mM (0.08mM) dTTP; 6μL of 1mM (60μM) 

Bio-dUTP (prepared as detailed above), 2μL of tertiary amplified MMU3 paint, and 1μL 

(5U/μL) of Taq polymerase were added. The following thermal cycling regime was then 

used to label re-amplified chromosome paint: 3 minutes at 94°C; 35 rounds of 30 seconds 

at 94°C, 1 minute at 56°C, and 30 seconds at 72°C; and a final extension step of 5 

minutes at 72°C. 2 and 5μL of labelled amplified MMU3 paint were run alongside a 1Kb 

plus ladder on a 1% agarose/1X TAE gel containing 0.5μg/mL ethidium bromide (figure 

23). 

 2D Fluorescent In Situ Hybridization 3.18.7

2D FISH was performed on mouse embryonic fibroblast metaphase spreads to check 

probe labelling and specificity as follows: 25μL of one FITC and one Cy3 or digoxygenin 

labelled probe were mixed with 25μL of chromosome 3 territory paint (Biotin-MMU3), 

15μL of Cot1 or Hybloc DNA, and a 2.5X volume of ice cold glacial ethanol added. This 

mixture was then incubated at -80°C for 15-20 minutes and subsequently centrifuged at 

18, 000 RCF for 15 minutes at 4°C. The resultant DNA pellet was briefly air dried at 

room temperature and a 1.5μL volume of deionised formamide added. Pelleted DNA was 

heated at ≤50°C in formamide and vortexed every 10 minutes until re-suspended. Once 

re-suspended, 1.5μL of hybridisation master mix (2XSSC/dextran sulphate) was added 

and the probe mixture mounted using a 0.17x15x15mm coverslip. The coverslip was 

sealed using Fixogum Rubber Cement (Marabu, Germany).  
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After drying rubber cement for 15-20 minutes, denaturation of DNA was performed at 

75°C for 2 minutes using a hot block or thermo cycler and slide holder and probes 

hybridised overnight at 37°C in a humid dark chamber. After hybridisation, spreads were 

washes three times in 2X SSC at 37°C for 10 minutes and then once in 0.1X SCC for 10 

minutes at 60°C. Biotin labelled chromatin painting probe was detected using a 1:100 

dilution of Alexa Fluor 647 streptavidin conjugate (Invitrogen, Cat. No. A21370; stock 

aliquot: 1 mg: 500µl H2O + 500µl glycerol) in 4%BSA/2X SSC solution. When present, 

digoxygenin hapten labelled BAC probe was detected using a 1:100 dilution of 

Indocarbocyanine, Cy3, conjugated mouse anti-digoxygenin (Jackson ImmunoResearch, 

Cat. No. 200-162-156; stock aliquot: 0.5 mg: 250µl H2O + 250µl glycerol). After staining 

for indirect detection of biotin and hapten labelled probes for 1 hour at room temperature, 

spreads were washed three times for 5 minutes in 4X SSC buffer at 37°C, slides rinsed in 

distilled water and mounted with Vectashield mounting medium containing Dapi (Vector 

Labs).  

 3D Fluorescent In Situ Hybridization  3.18.8

3D FISH on p1.5 structurally preserved skin and E16.5 embryonic histological sections 

was performed as follows. 125μL of each of respectively labelled BAC DNA probes 

(appendix table 1) were mixed with 80μL of Cot1 or Hybloc™ competitor DNA (Applied 

Genetics Laboratories, Inc.) and a 2.5X volume of ice-cold glacial ethanol. DNA was 

precipitated by incubating the probe mixture for 20 minutes at -80°C and subsequently 

centrifuging the mixture at 18, 000 RCF for 15-20 minutes at 4°C. The resultant DNA 

pellet was briefly air dried at room temperature and a 15μL volume of deionised 

formamide added. DNA pellet and formamide were incubated at ≤50°C and vortexed at 

10 minute intervals until the pellet was re-suspended. A 15μL volume of hybridisation 

master mix was then added and the mixture vortexted. The probe mixture was mounted 

using pre-prepared glass chambers created using 15mm coverslips and chambers sealed 

using Fixogum Rubber Cement (Marabu, Germany). After drying rubber cement for 15-

20 minutes, probes were pre-hybridised over night at 37°C in a humid dark chamber after 

which DNA was denatured at 85°C for 5 minutes.  
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Hybridization was carried out for 40-48 hours at 37°C, after which tissue sections were 

washed three times in 2X SSC buffer at 37°C. Biotin labelled BAC probe was detected 

using a 1:100 dilution Alexa Fluor 647 streptavidin conjugate (Invitrogen, Cat. No. 

A21370; stock aliquot: 1 mg: 500µl H2O + 500µl glycerol) in 4%BSA/2X SSC solution. 

Samples were incubated with diluted Fluor 647 streptavidin conjugate for 1 hour at room 

temperature and subsequently washed three times in 4X SSC for 10 minutes at 37°C and 

then once in 0.1X SSC at 60°C for 10 minutes.  Sections were stained with 0.2μg/mL 

Dapi in 2XSSC for 10 minutes at room temperature and mounted using Vectashield 

mounting medium (Vector Labs) using a 0.17mmx15x15mm coverslip.  

 

3D FISH on seeded 3D preserved keratinocytes and thymocytes was performed as 

follows. 62.5μL of each of respectively labelled BAC DNA probes (appendix table 1) 

were mixed with 40μL of Cot1 or Hybloc DNA and DNA and a 2.5X volume of ice-cold 

glacial ethanol. DNA was precipitated by incubating the probe mixture for 15-20 minutes 

at -80°C and subsequently centrifuging the mixture at 18, 000 RCF for 15-20 minutes at 

4°C. The resultant DNA pellet was briefly air dried at room temperature and a 7.5μL 

volume of deionised formamide added. DNA pellet and formamide were incubated at 

≤50°C and vortexed at 10 minute intervals until the pellet was re-suspended. A 7.5μL 

volume of hybridisation master mix was then added and the mixture vortexed. The probe 

mixture was mounted using round 22mm coverslips and Fixogum Rubber Cement 

(Marabu, Germany) used to place a seal around coverslip and slide. After drying rubber 

cement for 15-20 minutes, DNA was denatured at 85°C for 3 minutes.  

 

Hybridization was carried out for 40-48 hours after which tissue sections were washed 

three times in 2X SSC buffer at 37°C. Biotin labelled BAC probe was detected using a 

1:100 dilution of Alexa Fluor 647 streptavidin conjugate (Invitrogen, Cat. No. A21370; 

stock aliquot: 1 mg: 500µl H2O + 500µl glycerol) in 4%BSA/2X SSC solution. Samples 

were incubated with diluted Fluor 647 streptavidin conjugate for 1 hour at room 

temperature and subsequently washed three times in 4X SSC for 5 minutes at 37°C.  

Sections were stained with 0.2μg/mL Dapi in 2XSSC for 10 minutes at room temperature 

and mounted using Vectashield mounting medium (Vector Labs) using a 0.17mmx22mm 

round coverslip. All 3D FISH experiments were performed in duplicate. 3D FISH on 
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seeded structurally preserved keratinocytes and thymocytes was performed at least twice 

using different cell preparations.  

3.19 Immuno-FISH 

3D FISH on histological sections was performed using BAC spanning the EDC region 

collectively labelled with Cy3. 125μL of labelled BAC-pool, 60μL MMU3 paint, 30μL of 

Cot1 or Hybloc DNA and a 2.5X volume of ice-cold glacial ethanol were combined. 

DNA was precipitated by incubating for 20 minutes at -80°C and subsequently 

centrifuging the probe-blocking DNA mixture at 18, 000 RCF for 20 minutes at 4°C. The 

resultant DNA pellet was briefly air dried at room temperature and re-suspended in 

hybridisation mixture (15μL formamide: 15μL of 20% dextran sulphate in 4X SSC). 

Probe pre-hybridisation was performed overnight and, after denaturing DNA for 5 

minutes at 85°C, hybridisation was performed for 40-48 hours. After hybridization, 3 10 

minutes washes in 2X SSC were performed at 37°C.  

 

Sections were transferred to 1X PBS and then incubated with a 4% BSA/1X PBS/0.1% 

Triton X-100/0.1% Saponin blocking solution for 15 minutes at room temperature. 

Sections were incubated with a 1:20 dilution of mouse anti-splicing factor sc35 

monoclonal antibody (Sigma) (diluted 1:1 in 50% glycerol) and a 1:100 dilution of Alexa 

Fluor 647 streptavidin conjugate (Invitrogen, Cat. No. A21370; stock aliquot: 1 mg: 

500µl H2O + 500µl glycerol) in blocking solution were incubated overnight at 4°C. 

Sections were then washed three times in 1X PBS/0.05% Triton X-100, 5 minutes per 

wash. Mouse anti-splicing factor SC-35 antibody was detected by incubating with a 1:100 

dilution of 2mg/mL Alexa Fluor 488 conjugated goat anti-mouse secondary antibody 

(Invitrogen) for 3 hours at 37°C. Sections were then washed in 1X PBS and 

counterstained with 0.5μg/mL DAPI in 1X PBS before mounting using VectaShield 

mounting medium.  

3.20 3D FISH image acquisition and analysis  
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2D and 3D images were acquired using the confocal laser scanning microscope Zeiss 

LSM510 Meta (UV laser: Enterprise (351nm, 364 nm wave lengths); VIS lasers: Argon 

(458 nm, 477 nm, 488 nm, 514 nm), HeNe1 (543 nm) and HeNe2 (633nm)). Stacks of 

confocal images were acquired using the 63x/1.4 plan-apochromat oil objective lens and a 

voxel size of 100nm x 100 nm x 200 nm (z-axial distance: 200nm). All statistics were 

performed using R (R Development Core Team, 2010) and Microsoft Xcel. Image 

analysis was performed using ImageJ (Schneider et al., 2012) or Fiji (Schindelin et al., 

2012) and the Zeiss LSM Image Browser (Carl Zeiss International). 

 

To demonstrate co-localization of fluorescence emission at several wavelengths, scanning 

of 0.5μm TetraSpec™ beads (Life Technologies) was performed in order to correct for 

longitudinal, or axial, chromatic aberration. Images of 0.5μM TetraSpec beads were 

recorded in separate channels responding to the fluorophores used for labelling DNA 

probes. Image stacks were acquired using the 63x/1.4 plan-apochromat lens and a voxel 

size of 100nm x 100 nm x 200 nm as detailed above. For 30 beads, the centroids of each 

bead, in each channel, were calculated using the Sync Measure 3D ImageJ plugin. Mean 

axial shift values obtained for each axis were applied to locus coordinate measurements in 

Xcel in order to correct for chromatic aberration.  

 

To measure the intergenic distances between fluorophore labelled DNA probes, the Fiji 

3D Objects Counter plugin (Bolte and Cordelieres, 2006) was used to obtain the 

coordinates of respective FISH signal centroids after implementing spatial mean filtering 

on image stacks (Ollion et al., 2013). 66 centroid coordinates for 33 basal epidermal 

keratinocyte nuclei were acquired per sample. The average nuclear radius was determined 

for each nucleus, relative to the nuclear geometric centre (Ronneberger et al., 2008). 

Coordinates of several hundred points at the nuclear periphery were acquired per nuclei. 

Coordinates demarcating the nuclear periphery were averaged to estimate the coordinates 

of the nuclear geometric centre and the average nuclear radius of each nucleus calculated 

as a mean of the distance of the nuclear geometric centre to each point at the periphery 

selected. After correction for chromatin aberration, the radial position of FISH signal 

centroids was then calculated as the distance between centroid and nuclear centre. 

Centroid-nuclear centre distances were then normalised to the average nuclear radius of 

the corresponding nucleus.  
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The generation of histograms and quantile-quantile plots was used to visually assess the 

distribution of each data set. In addition the Anderson-Darling and Shapiro-Wilks tests 

was used to quantify a confidence level in the hypothesis that a particular data set fit a 

normal distribution. Statistical comparison between the radial position of the Lor and 

Rps27 gene loci in BRG1 ep
-\-

 and wild type nuclei was made using the Welch’s two-

sample t-test. For each data set the mean and standard error of the mean (SEM) were 

calculated. Comparison between LOR and RPS27 inter-locus distances (both raw and 

normalised) in BRG1 ep
-\-

 and wild type nuclei was made using the Welch’s t-test. For 

each data set the mean and SEM were calculated. The median values for the nuclear 

radius of basal epidermal keratinocytes in BRG1 ep
-\-

 and wild type skin were compared 

using the two-sample Kolmogorov–Smirnov test and the Median Absolute Deviation 

(MAD) calculated for each data set. Comparison of inter-locus distances marked by FISH 

of labelled DNA probes corresponding to the three loci, A (Chr3:91,894,818-92,021,235), 

B (Chr3:92,583,402-92,766,349), and C (Chr3:93,215,624-93,411,886), at the EDC that 

was performed on structurally preserved thymocytes, freshly isolated normal 

keratinocytes and on C57BL/6 p1.5 skin sections as described above in section) was made 

using the Wilcoxon-rank-sum test.  

 

For basal keratinocyte E16.5 BRG1 ep
-\- 

and basal wild type control nuclei, the position of 

the EDC, LOR and RPS27 loci relative to MMU3 and the nuclear periphery was semi-

quantitatively measured. Each probe signal centroid corresponding to a locus was 

categorized as occupying one of three positions within chromosome territory 3: internal, 

peripheral or central, as defined according to the proximity of each region to the nuclear 

centre. The total number of loci identified as occupying a central potion within territory 3 

was divided equally between ‘peripheral’ and ‘internal’ categories. Pairwise comparison 

of the localisation of loci relative to MMU3 in BRG1 ep
-\- 

and WT basal keratinocyte 

nuclei was made using the Chi Square goodness of fit test. Pairwise comparison of inter-

loci distances was made using the Student’s t-test after testing for normality using the 

Kolmogorov-Smirnov test.  
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3.21 BACs, oligo sequences, and antigens  

 Primer/NGS adapter sequences 3.21.1

Genomic region 

(mouse) 

Distance from HindIII 

restriction site (bp) 
Primer sequence 

GAPDH-1 155 ATGGAGACCTGCCGCCGGCTCATCACAC 

GAPDH-2 128 CGTGCTGTGACTTCGCACTTTTCTGATC 

Table 1  

Gene (mouse) Accession number Forward/reverse primer sequence 

SMARCA/BRG1 NM_009351 
F:CGTAAGCGTAAGCGAGAC  

R:CATCTTCTTGGTGAGGTTAGG 

FLG2 NM_001013804 
F:GGAACAGAAGGACAGGAG 

R:TATGTATATAGCGGAGTATTGC 

GABPB2 NM_026493 
F:TTCCACTTAGTTTCTGACATCTTG 

R:GTACATAAAGCTGCCAGACAAC 

IVL NM_008412 
F:GCAGGAGAAGTAGATAGAG 

R:TTAAGGAAGTGTGGATGG 

LCE1A1 NM_025984 
F:TTCACCAGCAGAGATGTC 

R:CCAGACTACAGCAGGAAG 

LCE1A2 NM_028625 
F:TTCACCAGCAGAGATGTC  

R:TACAGCAGGAAGACACAG 

LCE3 NM_033175 
F:CCAGTTCCTGCCGAGATG 

R:ACTTTGGAGAGGGACACTTG 

LOR NM_175656 
F:TTCCAAACCCTTCACATTTTAAG 

R:GGGAGGTAGTCATTCAGAAAC 

RPS27 NM_033596 
F:CTGCTCCACTGTCCTCTG 

R:GGTTCCCACTCATCTTCAATC 

S100A9 NM_002965 
F:CCTGACACCCTGAGCAAGAAG  

R:CAGCATCATACACTCCTCAAAGC 

S100A6 NM_014624 
F:AAGCTGCAGGATGCTGAAAT 

R: CCCTTGAGGGCTTCATTGTA 

Table 2  

Genomic Region (mouse) Forward/reverse primer sequence 

BRG1 893/1050 
F: GCCCTTCCCAGTTTTTAAGATAG  

R:ACTCAAAGGCTGTCTGTCAGTTC 

BRG1 1181/1440 
F: GCAAATCGTTCCTACATCATCA 

R:AAGGAGAAACGTCCCCATATTT 

CLD1 promoter 
F: TGGAAGCATCCCTTGTTTTC 

R:TTGCTGTCCTCTCTGGGTCT 

GAPDH promoter 
F: ATCCTGTAGGCCAGGTGATG  

R: AGGCTCAAGGGCTTTTAAGG 

Chromosome 8 intergenic 

(chr8:76183628-76183767) 

F: AAGGGGCCTCTGCTTAAAAA  

R: AGAGCTCCATGGCAGGTAGA 

Chromosome 6 intergenic 

(chr6:72428129-72428243) 

F: CCCCTTTCTGAAGCACTCTG  

R: TAAGGCGTCATTTCCCAAAG 

Table 3 (Mm9/GRC37) 
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Indexed PE 

NGS 

adapter/PCR 

primer name 

Indexed PE NGS adapter/primer sequence 

Mp19 

adapter 1 
[Phos]CGGAATAGATCGGAAGAGCGGTTCAGCAGGAATGCCGAG 

Mp19 

adapter 2 
ACACTCTTTCCCTACACGACGCTCTTCCGATCTATTCCG*T 

Mp46 

adapter 1 
[Phos]TTAGGCAGATCGGAAGAGCGGTTCAGCAGGAATGCCGAG 

Mp46 

adapter 2 
ACACTCTTTCCCTACACGACGCTCTTCCGATCTGCCTAA*T 

Mp31 

adapter 1 
[Phos]GCTCCAAGATCGGAAGAGCGGTTCAGCAGGAATGCCGAG 

Mp31 

adapter 2 
ACACTCTTTCCCTACACGACGCTCTTCCGATCTTGGAGC*T 

Mp8 adapter 

1 
[Phos]AACTTGAGATCGGAAGAGCGGTTCAGCAGGAATGCCGAG 

Mp8 adapter 

2 
ACACTCTTTCCCTACACGACGCTCTTCCGATCTCAAGTT*T 

PE PCR 

Primer 1 

CAAGCAGAAGACGGCATACGAGATCGGTCTCGGCATTCCTGCTGAA

CCGCTCTTCCGATC*T 

PE PCR 

Primer 2 

AATGATACGGCGACCACCGAGATCTACACTCTTTCCCTACACGACG

CTCTTCCGATC*T 

 Table 4 * Phosphorothioate bond  

 Antigen and antigen dilutions used in immunostaining reactions  3.21.2

Antigen Host Dilution Manufacturer 

P63a Rabbit 1:200 Santa Cruz Biotechnology, Santa Cruz, CA, USA 

SATB1 Rabbit 1:100 Cell Signaling, Denvers, MA, USA 

Loricrin Rabbit 1:1000 Covance, Emeryville, CA 

Ki-67 Rabbit 1:200 Abcam, Cambridge, UK 

SC-35 Mouse 1:20 Sigma, St Louis, MO 

Smarca4/BRG1 Rabbit 1:200 Santa Cruz Biotechnology, Santa Cruz, CA, USA 

Table 5 

  



92 

4 Results 

4.1 The chromatin remodeler BRG1 modulates nuclear positioning of the 

EDC and programmes of EDC gene expression during epidermal 

ontogenesis 

The inactive murine EDC locus occupies a position proximal to the nuclear periphery in 

dermal fibroblasts (Mardaryev et al., 2014), thymocytes (unpublished data) and is located 

within LADs in several mouse and human cell types (Guelen et al., 2008; Peric-Hupkes et 

al., 2010). During normal epidermal stratification in utero, keratinocyte-specific 

centripetal relocation of the EDC locus away from the nuclear periphery coincides with 

the increased association of the EDC with nuclear speckles and with the up-regulation of 

genes at the EDC locus at E16.5. In the absence of p63 however, it has been shown the 

locus remains situated in proximity with the nuclear periphery during epidermal 

stratification (Mardaryev et al., 2014).  

 

A number of genes encoding chromatin-remodelling factors show altered expression 

levels in the epidermis of p63
-\- 

mice, including BRG1. Shown to be a direct target of p63 

(Mardaryev et al., 2014), BRG1 (also known as SMARCA4) is a catalytic component of 

the SWI-SNF chromatin-remodelling complex, which influences the regulation of 

transcription by actively disrupting histone–DNA contacts. BRG1 is expressed in basal 

keratinocytes from embryonic day 10.5 (E10.5) onwards and loss of BRG1 during 

epidermal morphogenesis leads to epidermal barrier defects associated with aberrant 

terminal keratinocyte differentiation (Indra et al., 2005). Moreover, tissue-specific 

activation dependent higher–order chromatin remodelling at the human major 

histocompatibility (MHC) locus at 6p21 and protrusion of the locus from chromosome 

territory 6 involves recruitment of BRG1 (Christova et al., 2007). To understand the 

potential contribution of BRG1 to the regulation of keratinocyte-specific programmes of 

gene expression and chromatin remodelling during epidermal ontogenesis, comparison 

was made between the epidermis of E16.5 BRG1 ep
-\-

 (Indra et al., 2005) and wild type 

mice.  
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Tamoxifen was administered to K14CreER/BRG1
L2/L2 

mice from day E10.5 onwards as 

described previously (Indra et al., 2005). In comparison with wild-type expression levels, 

microarray expression profiling and qRT-PCR analysis of laser-capture micro-dissected 

epidermal tissue showed a marked reduction in BRG1 transcript levels in the epidermis of 

K14BRG1
Δ/Δ 

mice at E16.5 (figure 24C). Immunostaining against BRG1 in E16.5 

K14BRG1
Δ/Δ  

and wild-type skin sections showed BRG1 protein is largely absent 

throughout the epidermal compartment of K14BRG1
Δ/Δ 

skin at E16.5 in comparison with 

the epidermis of E16.5 wild-type controls (figure 24A).  

 The expression of differentiation specific genes encoded at the EDC locus 4.1.1

is altered in the epidermis of E16.5 K14BRG1
Δ/Δ 

mice 

Microarray analysis of RNA isolated from micro-dissected E16.5 K14BRG1
Δ/Δ 

and wild 

type control epidermal tissue indicates the expression profile of several EDC genes 

encoding key components of the epidermal barrier is substantially altered by the K14-Cre 

driven genetic ablation of BRG1 at E10.5. During stratification of the embryonic 

epidermis in wild-type mice, the transcriptional activity of genes within the EDC in 

epidermal keratinocytes is substantially up-regulated. While EDC genes, including LOR, 

FLG, and members of the SPRR, LCE, and S100 gene families, are expressed at low or 

moderate levels at E11.5, from E14.5 and E16.5 the expression of these genes is 

dramatically increased during the remainder of epidermal ontogenesis (Mardaryev et al., 

2014). Microarray and immunoflourescence analyses of K14BRG1
Δ/Δ 

epidermis show 

that following the ablation of BRG1, the expression of a number of these EDC genes, 

including LOR, and members of the SPRR and LCE families, is considerably reduced, 

although BRG1 deletion appears to differentially affect the expression of individual gene 

transcripts within the SPRR and LCE gene families (figure 24B-D).  
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Figure 24 BRG1 deficiency during epidermal ontogenesis impacts upon the 

expression of differentiation specific genes within the epidermis. (A) 

Immunoflourescence staining of BRG1 in sections of murine wild-type (WT) and 
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K14BRG1
Δ/Δ 

skin at embryonic day E16.5. (B) Comparison of DNA microarray data 

from laser-capture micro dissected (LCM) K14BRG1
Δ/Δ 

and E16.5 control wild-type 

(WT) epidermis. Asterisk indicates where fold change (FC) in gene expression has been 

confirmed by quantitative real time PCR (qRT-PCR) analysis. (C) Confirmation of FC in 

EDC and BRG1 gene expression levels by qRT-PCR analysis of EDC and BRG1 gene 

expression in the epidermis of K14BRG1
Δ/Δ 

mice. Gene expression values for 

K14BRG1
Δ/Δ 

epidermis normalised to corresponding expression values in WT epidermis. 

Error bars show SEM (D) Immunoflourescence staining of loricrin in sections of WT and 

K14BRG1
Δ/Δ  

skin at embryonic day E16.5. 

 BRG1 deficiency during epidermal ontogenesis results in a significant 4.1.2

reduction in epidermal thickness at E16.5 

The epidermis of K14BRG1
Δ/Δ 

mice at E16.5 appears to be significantly (two-tailed t-test: 

t=4.212, df=57.702, P=8.987x10
-5

) thinner than that of corresponding wild-type embryos 

(figure 25), although the use of terminal deoxynucleotidyl transferase dUTP nick end 

labelling (TUNEL) to mark apoptotic keratinocytes indicates epidermal BRG1 deficiency 

does not result in elevated levels of apoptosis in the epidermis at E16.5 (appendix figure 

A1). Staining against Ki67 in the epidermis of K14BRG1
Δ/Δ 

mice at E16.5 indicates 

epidermal keratinocyte proliferation is not significantly (two-sample t-test: t=1.128, 

df=41.636, P=0.266) affected by the ablation of BRG1 (appendix figure 1A). However, 

loricrin transcript and protein levels are substantially reduced in the epidermis of E16.5 

K14BRG1
Δ/Δ 

mice (figure 24 B-D).  
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Figure 25. Administering tamoxifen to E10.5 K14CreER/BRG1
fl/fl 

mice results in a 

reduction in epidermal thickness at E16.5.
 
Epidermal thickness in: (A) haematoxylin 

stained sections of murine wild-type (WT) and K14BRG1
Δ/Δ 

skin at embryonic day 

E16.5, bar = 20μM (B) The thickness of the epidermal layer in stained sections was 

measured as the distance between the top of the basement membrane and the bottom of 

the stratum corneum at four randomly selected points per section. Average epidermal 

thickness (μM) of K14BRG1
Δ/Δ 

mice and wild-type control mice at E16.5. Mean and 

S.E.M; n=50 (No. biological replicates = 2), * P=8.987x10
-5

 (two-sample Student’s t-

test). Scale bars: 20μM. 

 BRG1 binds multiple sites at the EDC in epidermal keratinocytes 4.1.3

Chromatin-immunoprecipitation sequencing (ChIP-Seq) analysis of BRG1 bound 

chromatin and regions of enhancer-associated enrichment for H3K4 monomethylation 

and H3K27 acetylation was performed. ChIP-Seq analysis of BRG1 binding at the EDC 

and flanking regions shows BRG1 binds multiple distinct sites spanning the EDC, 

however limited BRG1 binding at candidate gene regulatory elements marked by 

enrichment for H3K4 monomethylation and H3K27 acetylation was observed (figure 26).  
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Figure 26 (A) Analysis of BRG1 Chromatin immunoprecipitation sequencing (ChIP-Seq) 

signal density at the Epidermal Differentiation Complex (EDC) in mouse epidermal 

keratinocytes. Normalised counts: reads per million (RPM) (B) Venn diagram showing 

unique and overlapping sites enriched for BRG1, monomethylated H3K4 (H3K4me1), 

and acetylated H3K27 (H3K27ac) occupancy.  

A. 

B. 
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 The nuclear position of the EDC locus within basal keratinocyte nuclei is 4.1.4

altered in the absence of BRG1  

Multi-colour 3D fluorescence in situ hybridisation (FISH) was performed to determine 

the position of the murine EDC and LOR loci and the neighbouring, ubiquitously 

expressed, RPS27 locus (figure 27) within the nuclei of basal keratinocytes in the 

embryonic epidermis of K14BRG1
Δ/Δ 

and wild-type
 
control mice at E16.5. To determine 

the position of the EDC, LOR and RPS27 loci relative to CT3, chromosome paint was 

used to demarcate chromosome territory 3 (CT3) and regions within CT3 defined as 

either peripheral or internal as defined by their proximity to the nuclear periphery. As 

CT3 tends to be situated at the nuclear periphery (see figure 5), this also means loci 

located within the peripheral region of CT3 are located in proximity with the nuclear 

periphery.  

 

In wild type basal epidermal keratinocytes the position of the loricrin gene locus, LOR, 

moves in relation to CT3 with the onset of epidermal stratification and the up-regulation 

of gene expression at the EDC locus during epidermal morphogenesis. While LOR is 

located predominantly within the region of CT3 located closest to the nuclear periphery in 

wild-type basal epidermal keratinocytes at E11.5, following the onset of epidermal 

stratification at E16.5, LOR is situated predominantly within the interior most area of CT3 

(Mardaryev et al., 2014). In the epidermis of K14BRG1
Δ/Δ 

mice, however, this sub-

chromosomal relocation of the loricrin locus is not observed; in K14BRG1
Δ/Δ 

basal 

epidermal keratinocytes at E16.5, the majority of LOR loci are located within the 

peripheral region of CT3 (figure 27 A-B). Comparison of the proportion of LOR loci 

positioned within the peripheral region of CT3 in basal keratinocyte nuclei in 

K14BRG1
Δ/Δ 

and in wild type
 
mice at E16.5 reveals a significant (Chi-square test: 

P=5.97x10
-6

) difference in the sub-chromosomal localisation of the LOR locus as a result 

of the K14-Cre driven deletion of BRG1 at E10.5 (figure 27C).  

 

3D FISH was performed using collectively labelled DNA probes spanning the EDC locus 

from 90,284,072bp to 93,411,886bp (Mus musculus assembly mm9/GRC build 37) in 

order to determine the localisation of the EDC locus in its entirety relative to CT3 in the 

basal epidermal layer of the K14BRG1
Δ/Δ 

and wild-type control mice. In the epidermal 
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compartment of wild type mice at E11.5, the EDC locus is also located in within the 

external most region of CT3 in basal keratinocytes. Like that of LOR, the sub-

chromosomal position of the EDC as a whole is also changed during epidermal 

stratification (Mardaryev et al., 2014) and at E16.5 the EDC is situated within the 

innermost region of CT3 in wild type basal keratinocyte nuclei. At E16.5 after K14-Cre 

driven deletion of BRG1 in basal keratinocyte nuclei, however, the position of the EDC is 

significantly (Chi-square test: P=1.34x10
-8

) altered in comparison with age-matched 

control (wild type) keratinocyte nuclei. Rather than being located primarily within the 

internal part of CT3, the EDC in K14BRG1
Δ/Δ 

epidermis is predominantly situated within 

the peripheral region of CT3 within basal keratinocyte nuclei at E16.5 (figure 27 B). 

 

The relative position of the ubiquitously expressed RPS27 locus within CT3, in contrast, 

appears unchanged (Chi-square test: P=0.09) by the K14-Cre driven ablation of BRG1; at 

E16.5 Rps27 and is situated within the innermost region of CT3 both at E11.5 and at 

E16.5 in wild type and in K14BRG1
Δ/Δ 

epidermal basal keratinocytes. RPS27, which is 

located 5’ of the EDC on murine chromosome 3 at 90,016,647-90,017,537bp (assembly 

mm9/GRC build 37), neighbours the EDC locus but remains highly expressed prior to 

and during epidermal stratification (figure 27 B). Similarly, during normal development 

of the epidermal layer it has been observed that while the position of the EDC is changed, 

the positions of the RPS27 and GA-Binding Protein Subunit Beta-2 (GABPB2) locus, 

which is located at the 3’ region flanking the EDC, remain constant (Mardaryev et al., 

2014).  

 

During normal epidermal stratification, the nuclear distance between the RPS27 and LOR 

loci is reduced as the centripetal movement of the EDC locus brings LOR into greater 

proximity with the RPS27 locus (Mardaryev et al., 2014). Analysis of the position of LOR 

relative to the geometric centre of wild type basal keratinocyte nuclei has shown that the 

sub-chromosomal re-positioning of LOR observed between E11.5 and E16.5 coincides 

with the centripetal translocation of the LOR locus away from the nuclear periphery and, 

concomitantly, with a decrease in the spatial separation between the LOR and RPS27 loci 

(Mardaryev et al., 2014).  
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Comparison between the position of LOR relative to the geometric centre of K14BRG1
Δ/Δ 

and age matched wild type basal epidermal keratinocyte nuclei reveals that the mean 

radial position of LOR at E16.5 is significantly (P<0.05) more peripheral (figure 27 D). 

At E16.5, the spatial separation distance between the LOR and RPS27 loci in 

K14BRG1
Δ/Δ 

basal epidermal keratinocyte nuclei is also significantly (two-tailed t-test: 

P<0.01) increased in comparison with that observed at E16.5 in the basal keratinocyte 

nuclei of wild type epidermis (figure 27 D-E). The mean inter-locus distance between 

LOR and RPS27 was calculated for locus pairs both in nanometers and as a percentage of 

the average nuclear radius corresponding each respective pair of loci analysed in each 

tissue type. This helps correct for the effect any variation in nuclear size between 

K14BRG1
Δ/Δ 

and wild type
 
samples may have upon inter-locus distances between LOR 

and RPS27. A significant (two-tailed t-test: P<0.01) increase in the distance between the 

LOR and RPS27 loci in BRG1 ep
-\- 

E16.5 basal keratinocytes
 
is apparent both when raw 

and normalised inter-locus distances are compared with wild type controls (figure 27 E-

F). Although the sample (n=40) median BRG1 ep
-\- 

keratinocyte
 

nuclear
 

radius 

(median=3974.918nm ± MAD 446.0841) was somewhat smaller than that of wild type 

nuclei (median=4198.513nm ± MAD 395.8274) No significant difference was found 

between the average nuclear radius of K14BRG1
Δ/Δ 

and wild type control nuclei (two-

sample Kolmogorov-Smirnov Test: D=0.277, P=0.120). 
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A.  

B.  

C.  

D.  

E.  F.  
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Figure 27. BRG1 is involved in regulating the nuclear localisation of the EDC locus. 

(A) Schematic showing the EDC and contiguous 5’ and 3’ genomic regions on 

chromosome 3. Positions of 3D FISH probes used to mark the EDC region, including the 

loricrin gene locus (LOR), are shown in green. The 3D FISH probe corresponding to the 

RPS27 gene locus is shown in yellow. Scale bar represents 2μm (Mardaryev et al., 2014) 

(B) Multicolour 3D fluorescence in situ hybridisation (FISH) of DNA probes performed 

on skin sections showing labelling of the LOR and RPS27 gene loci and chromosome 

painting of CT3 (MMU3). (C) Position of the LOR, RPS27, and EDC (90,016,647-

90,017,537bp (assembly mm9/GRC build 37)) loci relative to CT3 in basal keratinocytes 

at E16.5 as revealed by FISH. Position presented as the frequency with which a locus was 

found to occupy either the internal or peripheral region of painted CT3; n = 50 nuclei (i.e. 

100 loci). P-values for pairwise comparison (Chi-squared test) between wild type and 

K14BRG1
Δ/Δ 

samples: LOR, P=5.97 x 10
-6

; EDC, P=1.34 x 10
-8

; RPS27, P=0.09. (D) 

Relative position of LOR to the geometric centre of the nucleus. Radial position presented 

as a percentage of the value of the corresponding average nuclear radius. Mean and SEM; 

* = two-sample t-test: t=2.290, df=117.628, P=0.024 (E) Spatial distance (nm) between 

the LOR and RPS27 loci in basal keratinocytes at E16.5 as revealed by FISH. Mean and 

SEM; *P= two-sample t-test: t=3.332, df=96.823, P=0.001 (F) Spatial distance between 

the LOR and RPS27 loci in basal keratinocytes at E16.5 presented as a percentage of the 

corresponding average nuclear radius. Mean and SEM; * = two sample t-test: t=4.404, 

df=97.749, P=2.719x10
-5

 (two-tailed t-test). 

 The association of the EDC with nuclear speckles is reduced in the absence 4.1.5

of BRG1  

Multicolour 3D FISH of DNA probes spanning the EDC (from 90,284,072bp to 

93,411,886bp; Mus musculus assembly mm9/GRC build 37) was performed on E16.5 

K14BRG1
Δ/Δ 

and wild type tissue sections in conjunction with immunofluorescence 

staining of SC-35 positive nuclear speckles. The total and local distribution of nuclear 

speckles in appropinquity with the EDC locus in basal keratinocytes was estimated in 

order to determine whether or not BRG1 deficiency affects the spatial association of the 

EDC locus with nuclear speckles, or vice versa. In wild type basal keratinocyte nuclei, 
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centripetal translocation of the EDC coincides with an increase in the number of nuclear 

speckles contiguous with the EDC. However, in K14BRG1
Δ/Δ 

basal epidermal 

keratinocytes, positioning of the EDC towards the nuclear periphery at E16.5 correlates 

with a reduction in the number of SC-35 positive nuclear speckles located in close spatial 

proximity with the locus (figure 28). Although the number of nuclear speckles present in 

the vicinity of the EDC in K14BRG1
Δ/Δ 

basal keratinocytes is significantly reduced 

(Wilcoxon rank-sum test: W=1467, P=0.012) (figure 28), the total number of SC-35 

speckles per nucleus appears unaffected (P>0.05) (appendix figure A6). 

 

 

Figure 28 (A) Epidermal knockdown of BRG1 results in the reduced spatial 

association of the EDC with SC-35 positive speckles. Multi-colour 3D fluorescence in 

situ hybridisation (3D FISH) of labelled DNA probes spanning the epidermal 

differentiation complex (EDC) locus from 90,284,072bp to 93,411,886bp (Mus musculus 

assembly mm9/GRC build 37) (arrows) on wild type (WT) and K14BRG1
Δ/Δ 

E16.5 basal 

epidermal keratinocytes combined with staining against SC-35. Scale bar represents 2μm  

(B) Quantification of the number of SC-35 nuclear speckles located in appropinquity with 

the EDC locus in control (wild type) and K14BRG1
Δ/Δ 

E16.5 basal epidermal 

keratinocytes. Mean + S.E.M; n=80; *P=0.012.  
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4.2 Higher-order chromatin folding and transcriptional regulation at the 

EDC locus  

Microscopy based analyses of chromatin folding at the EDC in basal epidermal 

keratinocytes using a 3D FISH based approach has demonstrated that the global genome 

organizer SATB1 and ATP-dependent chromatin remodeler BRG1/Smarca4 are direct 

p63 targets involved in modulating the tissue-specific conformation and nuclear position 

of the EDC locus during epidermal ontogenesis (Fessing et al., 2011; Mardaryev et al., 

2014). In addition, targeted analysis of chromatin folding at the EDC using 3C has 

recently revealed a long-range enhancer that forms contacts with multiple gene promoters 

at the EDC and exhibits specific long-range enhancer activity in keratinocytes cultured ex 

vivo under proliferative and differentiating conditions (Oh et al., 2014). Here, 3C-carbon 

copy (5C), ChIP-Seq, ChIP-chip data were parsed in order to map the linear and higher-

order chromatin structural features associated with transcriptional regulation at a 5.3Mb 

region spanning the EDC on mouse chromosome 3.  

 The 3D higher-order structure of chromatin at the EDC region  4.2.1

In order to generate a comprehensive network of, potentially regulatory, chromatin 

interactions occurring at the EDC locus, 5C was used to interrogate chromatin spatial 

contacts at a 5.3Mb region (chr3: 89900000-95200000, assembly Mm9) located on 

chromosome 3 in freshly isolated normal collagen adherent epidermal keratinocytes (KC) 

from neonate C57BL/6 mice and in primary murine thymocytes (TC) isolated from 8 

week old C57BL/6 mice. This region spans the murine EDC locus and also includes, 

between 89.9-90.3Mbp and 93.4-95.2, flanking regions that encode protein-coding genes 

expressed in a variety of tissues with no known specific function in the epidermis. 

Although regions neighbouring the EDC are either gene-poor or do not encode genes with 

a known specific function in the epidermis, it was hypothesised regulatory elements 

located outside of the EDC region may potentially be involved in functional long-range 

interactions with EDC gene regulatory elements.  
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Initially, microarray transcription profiling coupled with qRT-PCR analysis was used to 

compare patterns of protein-coding gene transcription at this region in KC and TC. The 

relative transcript profile corresponding to the target region shows that EDC gene 

transcription in KC, including the cluster of S100a genes located at ~90.3-90.5Mb on 

chromosome 3, is largely up-regulated in comparison with TC. The few protein coding 

genes within the EDC proper that are not shown to be up-regulated in KC include genes 

located at the EDC that have no known specific function in the epidermis and some 

members of the S100A family. While members of the S100 protein family have critical 

functions in the epidermis, some S100 genes, including S100A13, are expressed in 

multiple tissues, including the thymus. A higher degree of similarity is observed in 

transcript levels corresponding to regions located from ~89.9-90.3Mbp and from ~93.4-

95.2, at which a greater proportion of ubiquitously expressed genes with no epidermis-

specific functions are located (figure 29).  

 

In support of the microarray and qRT-PCR data generated here that suggest the EDC is 

largely silenced in TC, ENCODE ChIP-Seq data available covering the EDC and flanking 

regions in 8 week C57BL/6 mouse thyme show there is very little enrichment for bound 

RNAPII, or marks typically indicative of enhancers (H3K4me1 and H3K27ac) active 

promoters (H3K4me3), or actively transcribed gene bodies (H3K36me3) at the EDC 

(Rosenbloom et al., 2012; Shen et al., 2012). (ChIP-Seq data generated as described here 

that map the distribution of H3K4me1 in TC were found to correlate well with this 

published ENCODE ChIP-Seq data that map the distribution of H3K4me1 in thyme. In 

concordance with microarray profiling of transcription at the EDC and flanking regions in 

TC, ENCODE data show gene rich regions flanking the EDC are, on the contrary, 

enriched for RNAPII binding, mono- and tri-methylated H3K4, and acetylated H3K27. In 

KC, enrichment for acetylated H3K27 and monomethylated H3K4 was detected 

throughout the EDC locus as well as flanking regions via ChIP-Seq analyses performed 

as described here.  
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Figure 29. (A) mRNA transcript expression levels at a 5.3Mb region (89.9-95.2Mbp, 

Mmu9) spanning the epidermal differentiation complex (EDC) locus and neighbouring 

genomic regions in freshly isolated normal collagen adherent neonatal keratinocytes (KC) 

relative to thymocytes isolated from the thyme of 8 week old wild-type mice (TC) (log2 

scale). (B) qPCR analysis of mRNA transcript expression levels at selected EDC loci in 

KC normalised to corresponding transcript expression levels in TC.  

 

5C chromatin interaction frequency (IF) heatmaps were generated in duplicate for both 

KC and TC (appendix figure A3). A potential 124,593 cis pairwise chromatin interactions 

between chromatin fragments were interrogated within the 5.3Mb target region to 

generate 5C IF matrices using an alternating 5C primer design scheme (appendix figure 

A2). To assess the validity of 5C data generated, the reproducibility of duplicate 5C IF 

matrices was assessed and 5C IF data compared with existing circular chromosome 

conformation capture (4C) data (unpublished, see appendix figure A4). Comparison 

between the log of 5C counts for replicate KC matrices produces a Pearson correlation 

coefficient of 0.751. Less similarity was observed between KC and TC matrices and a 

Pearson correlation coefficient 0.577 is obtained when the log of KC and TC 5C counts 

are compared. Relative to KC, comparison between TC 5C matrices produces a lower 

Pearson correlation coefficient of 0.602 when the log of 5C counts are compared.  

 

2D heatmaps generated that represent raw 5C IF counts reveal that within cell-type 

variability in the visible features of 5C heatmaps corresponding to replicate 5C data sets 

is markedly less than apparent between heatmaps representative of each different cell-

type analysed (appendix figure A3). Furthermore, the KC 5C chromatin interaction 

profile obtained for the chromatin region encoding the loricrin gene locus was compared 

with that of existing circular chromosome conformation capture (4C) data for this locus 

(unpublished data) and substantial similarities between 5C and 4C loricrin interaction 

profiles observed (appendix figure A3). Importantly, in individual cells, 3D multicolour 

FISH was also used to analyse topological features mapped using 5C, which produces 

data representative of a large population of cells (in this instance, 6 x 10
7
 cells per 5C 

library).  
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Visual comparison was made between 5C IF heatmaps representative of TC and KC 5C 

that were generated using a series of bin sizes ranging from 50-500Kb with no overlap 

between bin windows and also with sliding in 2X, 3X, and 4X step intervals. As 

previously described, directionality index (DI) tracks (Dixon et al., 2012) were generated 

to map the up- or downstream-interaction bias of chromatin fragments interrogated within 

the 5.3Mbp target region (Dixon et al., 2012) and the boundaries of topological chromatin 

domains that are characterised by regions divergent up- and down-stream interactions 

preferences are juxtaposed (Dixon et al., 2012; Nora et al., 2012; Phillips and Corces, 

2009). DI tracks generated using a series of bin sizes ranging from 50Kb-500Kb were 

aligned to corresponding binned IF heatmaps representing 5C data generated for each cell 

type analysed.  

 

This visual comparison of binned heatmaps paired with corresponding DI tracks was 

found to show that a large multi-mega base scale topological domain (with boundaries 

located at 90.38 and at 94.3Mbp when an window size of ~150Kb is used to bin 5C data, 

(see figure 30A) corresponds to the main body of the EDC locus, which comprises the 

FLG-like, LCE, and SPRR gene families and the majority of the S100 family of genes, 

and contiguous gene poor regions in both KC and TC. Up- and down-stream of this 

domain, two separate topological domains, which extend beyond the margins of the 

region interrogated here using 5C,were found correspond to gene rich regions located 

outside of the main body of the EDC, although the 5’ most of these topological domains 

also corresponds to the S100A1, S100A13, S100A14, S100A16 genes (figure 30). 

 

A series of mega- and kilo-base scale domains were found to be clearly visible at regions 

corresponding to the EDC in KC. A mega base-base scale topological domain was found 

to correspond to the EDC gene desert region located between around 90.5-91.8. A distinct 

mega base scale domain contiguous this region was also found to correspond to the SPRR 

and LCE gene clusters, the 3’ boundary of which is located at ~92.9Mbp, between the 

LCE and FLG-like gene clusters. Mega- and kilo-base scale domains corresponding the 

target 5.3Mbp region were also apparent in TC, and found to occupy largely conserved 

positions in both cell types. However, topological domains corresponding to the target 

region in TC were found to appear weaker and less distinct in comparison, particularly 

with reductions in the window size used to bin 5C IF heatmaps.  
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As the genomic position of large-scale TAD identified in Hi-C data using a DI based 

HMM approach is largely conserved between cell types, the position of topological 

domain boundaries mapped here using 5C was also compared with published Hi-C data. 

However, it was found that published Hi-C data show the position of TADs located at the 

5.3Mbp region interrogated here is not conserved between murine ES cell and cortex 

genomes (Dixon et al., 2012; Shen et al., 2012) (figure 30A & E).  

 

To explore further the cell-type specific variation in chromatin structure at the EDC in 

KC and TC in individual cells, 3D multicolour FISH was employed to map the spatial 

separation between three loci located at the EDC region in structurally preserved TC, KC, 

and also in basal epidermal keratinocytes in situ in structurally preserved skin sections. It 

has previously been shown that the spatial separation of equidistant genomic loci within 

the 3D space of the nucleus is dependent upon whether or not loci are located in the same 

topological domain; in the 3D space of the nucleus, loci located an equal distance apart in 

the linear genome sequence but positioned within different topological domains have 

been shown to locate further apart than equidistant loci located within the same domain 

(Nora et al., 2012). To validate, at the single cell level, the finding that a boundary 

between topological domains is located at ~92.9 between the LCE and FLG-like gene 

families, FISH of labelled DNA probes (referred to as A, B, and C) corresponding to 

three regions, two (A and B) located within the domain located 5’ of this boundary, and 

the third (C) within the second domain located 3’ of this boundary (figure 30A) was 

performed on structurally preserved TC and KC. FISH was also performed on structurally 

preserved C57BL/6 neonate skin sections. Probes A and B correspond to a domain 

containing the LCE and SPRR gene family members. Probe C corresponds to a 3’ region 

located outside of this domain that contains the S100A10, S100A11, and fused-type S100 

protein TCHHL1 (Trichohyalin-like 1) genes (figure 30A).  

 

The linear genomic distance between loci probes A and B (716,849bp) correspond to is 

somewhat larger (77,970bp) than that which separates the loci B and C hybridise to 

(638,880bp). The distance in micrometres between these three loci in 3D in TC, KC, and 

in situ basal epidermal keratinocyte nuclei was measured and, in addition, inter-locus 

distances calculated as a percentage of the average radius of each nucleus analysed, in 
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order to correct for any effect of variation in the average diameter of KC, basal epidermal 

keratinocyte, and TC nuclei upon the degree of separation between loci.  

 

It was found that in both structurally preserved KC and TC, the average distance (both 

before and after normalisation) between A and B in 3D is significantly (P<0.05) smaller 

that that between B and C, which correlates with 5C IF matrices that show the EDC is 

organised into at least two distinct mega base-scale topological domains. In basal 

keratinocytes, the average distance detected (both before and after normalisation) 

between A and B is also significantly (P<0.05) smaller than that between B and C (figure 

30).  

 

It was found the distance between A-B in KC tends to be somewhat smaller than that 

detected between A-B in basal keratinocytes. However, the difference in distance 

between A-B in KC and basal cells was not overall, that is before and after normalisation, 

found to be significant (P>0.05) (appendix table A6). The average nuclear volume 

measured for KC was also found to be somewhat larger, however over all these 

differences were not found to be significantly (P>0.05) different. These findings therefore 

suggest that the process of isolating and fixing KCs for 5C did not substantially affect 

chromatin folding at the EDC, which implies that using 5C to map chromatin folding at 

the EDC in KCs is an acceptable tool with which to study of chromatin organisation and 

transcriptional regulation at the EDC in basal epidermal keratinocytes.  

 

An all-by-all comparison of inter-locus distances between TC and each keratinocyte cell 

population showed inter-locus distances in TC are significantly larger (P<1x10
-6

) (figure 

30 and appendix table A8). This finding indicates that chromatin at the EDC in TC is less 

condensed than chromatin at the EDC in KC and in basal epidermal keratinocytes. At the 

EDC in TC, ENCODE ChIP-Seq data reveal a distinct lack of H3K27 trimethylation, 

which is catalysed by the PRC2-EZH1/2 complex and is frequently associated with the 

recruitment of PRC1, and, in turn, the PRC1-RING1A/B driven mono-ubiquitination of 

histone H2A and chromatin compaction (Margueron and Reinberg, 2011). The PRC2-

Ezh1 complex has also been found to mediate chromatin compaction to a certain extent, 

however these results indicate polycomb mediated chromatin compaction is not required 

for transcriptional repression at the EDC in TC.  
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Figure 30 (A) Heatmap representation (150Kb bin, step 3X step size) of chromatin 

interactions at a 5.3Mb region spanning the EDC and neighbouring genomic loci in KC 

captured using 3C-carbon copy technology (5C). UCSC gene and corresponding 

directionality index (D.I.) tracks, and locus coordinates (Mmu9) are shown below. Hi-C 

domains: the position of domains mapped for cortex (top) and ES cells (bottom) using the 

Hi-C approach are also shown (Dixon et al., 2012). Labelled DNA 3D-FISH probes 

(boxes A-C) detecting corresponding domains at this region are shown in yellow, red, and 

green (B) Multicolour 3D FISH of labelled DNA probes (shown in A) on KC and basal 

epidermal keratinocytes, B (C) Median distances between probes A-B and B-C in KC 

before and after normalisation. Error bars show the median absolute deviation. *=P <0.01 

(Wilcoxon rank sum test) (D) Distribution of inter-locus distances in KC (left) and basal 

epidermal keratinocytes (right). E) Heatmap representation (150Kb bin, step 3X step size) 

of chromatin interactions at a 5.3Mb region spanning the EDC and neighbouring genomic 

loci in TC captured using 5C. UCSC gene and corresponding directionality index (D.I.) 

tracks, and locus coordinates (Mmu9) are shown below. Hi-C domains: the position of 

domains mapped for cortex (top) and ES cells (bottom) using the Hi-C approach are also 

shown (Dixon et al., 2012). Labelled DNA 3D-FISH probes (boxes A-C) detecting 

corresponding domains at this region are shown in yellow, red, and green (F) Multicolour 

3D FISH of labelled DNA probes (shown in A) on TC (G) Distribution of inter-locus 

distances in TC (H) Median distances between probes A-B and B-C in KC, basal 

epidermal keratinocytes, and TC. Error bars show the median absolute deviation. *=P 

<0.01 (Wilcoxon rank sum test).  

 Identification of a network of potentially regulatory long-range interactions 4.2.2

involving putative enhancer elements and gene core promoters at the EDC  

As previously described, a probabilistic modelling approach was used to remove from 

consideration background IF counts that could be attributed to the correlation between the 

frequency of stochastic, non-functional, chromatin interactions between loci and genomic 

separation distance, as well as those IF counts that could be attributed to spurious primer 

activity and artefacts introduced during 5C ligation mediated amplification (Phillips and 

Corces, 2009). 5C counts were transformed into z scores by normalising IF counts to 
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distance and only scores below an FDR of 1% in replicate 5C datasets were further 

analysed. KC IF matrices were found to comprise 864 significant (P<0.01) interactions. 

TC IF matrices were found to comprise 6612 significant (P<0.01) interactions. Of the 864 

interactions identified in KC, 474 interactions were found to be significant only in 

replicate KC 5C IF matrices and 389 to have a z score below an FDR of 1% in both TC 

and KC replicate matrices.  

 

The findings that chromatin at the EDC locus in KC is more compacted in comparison 

with TC, that topological domains at the 5.3Mbp target region interrogated using 5C in 

KC appear more distinct in comparison with TC when visualised using 2D IF heatmaps, 

particularly as heatmap bin sizes are reduced, and that KC 5C IF matrices comprise a 

smaller number of interactions in comparison with TC matrices suggests a continuum of 

preferential interactions between multiple loci at the EDC and, potentially, also looping 

mediated compaction of the EDC in KCs. Conversely, these findings may suggest that 

interactions between loci at the EDC region in thymocytes are more random, although it 

cannot as yet be said that the increased number of chromatin interactions represented by 

TC 5C data does not, at least in part, reflect the representation of a higher incidence of 

non-specific ligation events in TC 5C data. Further analysis of TC 5C data is needed to 

fully understand to what extent biological or extraneous factors have contributed to the 

differences observed in TC and KC IF profiles.  

 

For FACS sorted α6
bri

/Sca-1+ epidermal IFE keratinocytes, ChIP-Seq was used to map 

the distribution of putative enhancers and additional non-promoter regulatory elements 

marked by H3K4me1 and overlapping enrichment for H3K4me1 and H3K27ac, as well 

as the distribution of enrichment for the repressive H3K27me3 histone mark. IFE 

keratinocytes expressing the integrin α6 constitute the entire population of basal or 

proliferative keratinocytes and Sca-1 expression, which characterises several adult stem 

cell populations and is implicated in hematopoietic stem cell self-renewal (Ito et al., 

2003) and lineage-commitment (Bradfute et al., 2005), and in the IFE is posited to mark 

committed progenitor keratinocytes that are characterised by reduced levels of plasticity 

relative to epidermal stem cells (Jensen et al., 2008; Triel et al., 2004).  
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Active transcription and enrichment for the active histone marks H3K4me1 and H3K27ac 

at interrogated fragments was found to be prevalent throughout targeted region (figure 

31). To map the distribution of looping interactions involving potential proximal and 

distal regulatory elements in KC, the distribution of looping interactions at the EDC and 

targeted neighbouring regions found to involve interrogated restriction fragments located 

within or outside of 5Kb of a protein-coding gene transcription start site (TSS) was 

analysed. 60.5% of interactions interrogated in KC were found to involve fragments 

located within 5Kb of a TSS (hereafter referred to as proximal fragments), of which the 

majority comprise a pairwise interaction between a fragment located >5Kb from a TSS 

(hereafter referred to as a distal fragment) and a proximal fragment (figure 32).  
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Figure 31 RNA-Seq assembly and ChIP-Seq peaks called for the 5.3Mbp region located on mouse chromosome 3 interrogated here using 3C-

carbon copy (5C) technology. 
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Proximal (≤ 5kb from a gene TSS) chromatin fragments at the EDC and neighbouring 

genomic regions were found to form contacts with multiple proximal and distal fragments 

enriched for H3K4me1 and H3K27ac (figure 32A and D). Regions found to be enriched 

for H3K4me1 alone, and for both H3K4me1 and H3K27ac, mapped mainly to proximal 

fragments involved in looping interactions and are indicative of the involvement of 

enhancer elements in interactions (figure 32A and D). Enrichment for H3K27ac alone at 

proximal sites is indicative of the involvement of active promoter regions in looping 

interactions. In comparison, H3K27me3 enrichment was found to be more prevalent at 

distal interacting fragments (figure 32B and D) and, overall, was found to be less 

prevalent at interrogated fragments throughout the target region (figure 32C, E, F and G).  

 

Fragments enriched for active marks alone, however, were not found to be preferentially 

involved in long-range looping interactions. Although less abundant, interrogated 

fragments enriched for H3K27me3, on the other hand, were found to be significantly 

more likely to be involved in looping interactions specific to KC than fragments not 

enriched for H3K27me3 (figure 32C, E, F-G). Overall in KC, a smaller, but significant 

(Fisher’s exact test, P<8.0E-4), number of fragments enriched for overlapping regions of 

enrichment for H3K27me3 and H3K4me1 and H3K27ac were also found to be 

preferentially involved in looping interactions, although only fragments enriched for 

overlapping regions of H3K27ac and H3K27me3 enrichment were found to be 

preferentially involved in interactions found to be significant only in KC (figure 32C, E, 

F-G).  
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Figure 32 (A) Level and distribution of enrichment for interactions in KC involving 

proximal and distal candidate regulatory regions marked by enrichment for active histone 

modifications H3K27ac and H3K4me1. (B) Level and distribution of enrichment for 

interactions in KC involving proximal and distal regions enriched for the repressive 

histone mark H3K27me3. (C) Number of interactions identified in KC and the total 

number of potential looping interactions possible between interrogated chromatin 

fragments (D) Proportion of interactions in KC involving proximal and distal fragments 

(E) Proportion of interactions detected with a z score below an FDR of 1% in KC 

replicate 5C IF matrices and the proportion of interactions with a z score below an FDR 

of 1% in replicate TC and KC matrices (F) Level of enrichment for looping chromatin 

interactions involving chromatin regions enriched for histone tail modifications in KC in 

comparison with the level of enrichment for histone modifications expected at sites of 

background interaction (*=P<7E-4) and (G) also comparison between the level of 

enrichment for histone modifications present at sites of interaction in KC alone, in both 

TC and KC, and in background (*=P<1.5E-3). 
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It was recently reported that an evolutionarily conserved non-coding element CNE923 

located 2.9Kb upstream of the involucrin gene TSS acts as an enhancer of EDC 

transcription in proliferating and differentiating conditions in keratinocytes cultured ex 

vivo ad forms spatial contacts with several long-range EDC gene promoters (de Guzman 

Strong et al., 2010; Oh et al., 2014). In epidermal progenitor cells characterised by α6 and 

Sca-1 surface marker expression, it was observed here that the murine CNE923 is not 

significantly (P<10
-5

) enriched for either mono-methylated H3K4 or acetylated H3K27, 

although it was observed the corresponding interrogated HindIII fragment is enriched for 

bound BRG1 and SATB1 and is transcribed.  

 

A ChIP-Seq peak called for H3K4me1 was found to correspond to a neighbouring 

transcribed region located upstream of CNE923 at Chr3: 92,377094-92, 378026. This 

region was found to be involved in multiple interactions with regions found by Oh et al 

(2014) to physically contact 923 (figure 33), including candidate regulatory regions 

marked by enrichment for H3K27ac and/or H3K27ac. Significant long-range interactions 

called for this region were found to involve fragments enriched for varying combinations 

of simultaneous SATB1, SATB2, BRG1, RAD21, transcription and co-factor factor 

binding mapped using ChIP-Seq data and published ChIP-on-chip tiling data for normal 

murine IFE keratinocytes (Nascimento et al., 2011).  
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Figure 33 5C interactions called for a candidate enhancer element located immediately 

upstream of the IVL gene TSS. ChIP-Seq peaks called are shown for factors found to bind 

either the bait region or HindII fragments physically contacted by the bait region.  

 Regions bound by Special AT-rich binding proteins and cohesin are 4.2.3

preferentially involved in looping interactions 
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To explore the mechanisms involved in regulating chromatin organisation at the EDC 

region, 5C data were correlated with ChIP-Seq data mapping the distribution of 

enrichment for SATB1, SATB2, the PRC1 protein RING1B, cohesin subunit RAD21, 

CTCF, and BRG1 binding events in FACS sorted α6
bri

/Sca-1+ epidermal IFE 

keratinocytes. The distribution of ChIP-Seq enrichment at interrogated fragments 

involved in looping interactions was then compared with the distribution of ChIP-Seq 

enrichment at all interrogated interactions.  

 

Chromatin fragments enriched for RAD21, SATB1, and SATB2 binding alone were 

found to preferentially be involved in looping interactions in KC (Fisher’s exact test, 

P<001) (figure 34B), and specifically in interactions specific to KC (Fisher’s exact test, 

P<0.03) (figure 34A). Fragments enriched for RAD21 and SATB1 account for 45.9% and 

34.5%, respectively, of all interactions identified at the target 5.3Mbp region interrogated 

in KC. A lesser but significant 15.3% of looping interactions identified in KC were found 

to involve fragments bound by SATB2. 27.2% of interactions were also found to involve 

chromatin fragments enriched for BRG1 binding in neonate α6
bri

/Sca-1+ epidermal IFE 

keratinocytes, however, fragments enriched for BRG1 binding were not found to be 

preferentially involved in looping interactions in KCs in comparison with the number of 

interrogated non-looping fragments enriched for BRG1 binding. Only 1.6% of 

interactions were found to involve chromatin fragments enriched for the PRC1 subunit 

RING1B and no overlap between enrichment for H3K27me3 and RING1B occupancy 

was detected (figure 34A).  

 

Chromatin fragments enriched for co-localised SATB1+RAD21, SATB1+SATB2, and 

SATB2+RAD21 were also found to be preferentially involved in looping interactions 

(Fisher’s exact test, P<0.01) (figure 34C). In KC specifically, chromatin fragments 

enriched for co-localised SATB1+SATB2 and SATB2+RAD21 were found to be 

preferentially involved in looping interactions (Fisher’s exact test, P<4.5E-3) (figure 

34D). 

 

Interestingly, while 65.4% of sites of looping interaction found to be bound by SATB1 

were also found to be enriched for bound RAD21, 91.7% of sites bound by SATB2 were 
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also found to be also enriched for RAD21 binding. In comparison, only 62.1% of SATB2 

sites were found to overlap with SATB1 (figure 34C).  

 

Co-localisation of the cohesin sub-unit Smc1 and CTCF has previously been shown 

correlate with the distribution of constitutive interactions comprising conserved 

topological domains in embryonic stem cells (ESC) and neural progenitor cells (NPC) 

(Phillips-Cremins et al., 2013). Here, chromatin fragments enriched for co-localised 

RAD21+CTCF were also found to be preferentially involved in looping interactions 

(Fisher’s exact test, P<0.05) (figure 34E), however RAD21+CTCF bound fragments were 

only found to be preferentially involved in interactions found to be conserved in TC and 

KC (P<0.03) (figure 34F). 40.6% of interacting fragments enriched for bound RAD21 

were found to be enriched for CTCF binding, which was predominately enriched at 

looping interactions between distal fragments (appendix figure A5). Sites bound by 

RAD21+CTCF account for 67.9% of CTCF enriched interacting fragments identified 

(figure 34). Sites enriched for RAD21 exclusive of enrichment for CTCF binding have 

been shown to regulate the formation of lineage specific interactions detected in ESC and 

NPC using 5C (Phillips-Cremins et al., 2013). Together these findings imply the majority 

of RAD21 bound fragments detected here are potentially involved in the formation of 

lineage-specific looping interactions in KC.  

 

SATB1 bound H3K27me3 enriched regions and SATB1 bound H3K27ac regions were 

found to be preferentially involved in looping interactions found to be significant only in 

KC (figure 34G-H). In contrast, SATB2 bound H3K4me1 enriched regions were found to 

preferentially interact in KC and no preferential interaction between H3K27ac enriched 

regions simultaneously bound by SATB2 was detected (figure 34G). Simultaneous 

enrichment for SATB2 binding H3K4me1 occupancy was detected solely for interactions 

found to be significant only in KC (figure 34H).  

 

Despite widespread enrichment for H3K4me1 and SATB1 occupancy at interrogated 

fragments, fewer interactions were found to involve H3K4me1 enriched regions bound by 

SATB1 and preferential interaction between these regions was not detected. Whereas 133 

interactions were found to involve H3K27me3 enriched fragments bound by SATB1, 

only 112 were found to involve fragments enriched for SATB1 occupancy and 
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H3K4me1. 67 interactions involving sites enriched for both H3K27ac and SATB1 

occupancy were detected (figure 34G). As found regarding SATB1, SATB2 bound 

H3K27me3 enriched regions were also discovered to be preferentially involved in 

looping interactions. Again a greater number of interactions involving regions enriched 

for H3K27me3 and SATB2 occupancy (80 interactions) than for H3K4me1 and SATB2 

occupancy (39 interactions) were detected, despite the fact that overall more interrogated 

interacting fragments are enriched for H3K4me1 than are for H3K27me3. RAD21 was 

predominately found to occupy interacting regions enriched for H3K4me1 (216 

interactions) although statistically significant preferential interaction between H3K27me3 

enriched RAD21 (135 interactions) bound regions was detected for KC specific 

interactions. For interactions identified in KC that are conserved in TC, but not KC 

specific interactions, preferential interaction between H3K4me1 enriched RAD21 bound 

regions was detected (figure 34H).  
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Figure 34 (A) Level of enrichment for looping chromatin interactions involving 

chromatin regions occupied by chromatin remodelling and architectural proteins in KC in 

comparison with the level of enrichment for histone modifications expected at sites of 

background interaction. (*=Fisher’s exact test, P<2E-4) and (B) also comparison between 

the level of enrichment for occupancy present at sites of interaction in KC alone, in both 

TC and KC, and in background (*=Fisher’s exact test, P<0.03) (C & E) Level of 

enrichment for simultaneous binding of chromatin remodelling and architectural proteins 

found to be associated with looping chromatin interactions in KC in comparison with 

background (C) *=Fisher’s exact test P<2E-4 (E) *=Fisher’s exact test P<0.02 (D & F) 

Level of enrichment for simultaneous binding of chromatin remodelling and architectural 

proteins found to be associated with looping chromatin interactions in KC only in 

comparison with interactions conserved in both TC and KC and those expected in 

background. (*=Fisher’s exact test, P<0.03 (G) Enrichment for of bound SATB1, 

SATB2, and RAD21 at regions enriched for active and repressive histone modifications 

involved in looping interactions in comparison with background (*=Fisher’s exact test 

P<2E-3; + = P<0.04) and (H) comparison between levels of occupancy at sites of 

interaction in KC alone, in both TC and KC, and those expected in background. 

*=Fisher’s exact test P<0.05.  

 Special AT-rich binding proteins and cohesin co-localise with multiple 4.2.4

additional transcriptional regulators at sites of looping chromatin interaction 

The relationship between patterns of regional enrichment for bound chromatin 

remodellers shown to be enriched at looping interactions in KC and transcriptional 

regulators previously shown to be involved in controlling spatio-temporal patterns of 

EDC gene expression was then analysed using published ChIP-on-chip (tiling array) data 

mapping the distribution of enrichment for the de-acetylase complex sub-unit SIN3A 

(Nagy et al., 1997) and the RBP2 H3K4 specific de-methylase (Klose et al., 2007) at 

chromosome 3 in wild-type CBAxC57BL/6J IFE keratinocytes, as well as that of 

enrichment for the transcription factors C/EBPα and β, c-Myc, KLF4, MXI1, OVO1 and 

2, AP-2γ (Nascimento et al., 2011).  
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Fragments enriched for RBP2, and overlapping regions of enrichment for both RBP2 and 

SIN3A were found to be preferentially involved in looping interactions, specifically in 

interactions significant only in KC (figure 35A&B). Interactions specific to KC found to 

involve candidate regulatory elements and regions marked by H3K27me3 were found 

also to be strongly enriched for RBP2 binding. SIN3A was found to occupy H3K27me3 

enriched regions involved in interactions specific to KC as well as H3K27ac enriched 

regions, most likely promoter elements, involved in KC specific interactions (figure 

(figure 35D).  

  

97% of SATB2 bound fragments involved in looping interactions (128 interactions) were 

found to be significantly enriched for RBP2 occupancy in addition to RAD21, which as 

discussed above, was found to occupy 91.7% of SATB2 enriched sites of looping 

interaction. A significant proportion of looping interactions identified in KC were also 

found to involve regions occupied by co-localised SATB2 and SIN3A (figure 35E). 

Enrichment for co-localisation between SATB2 and the co-repressors RBP2 and SIN3A 

was not detected at interactions found to be significantly represented in both TC and KC 

(figure 35F).  

 

Preferential interaction between fragments enriched for co-localised SATB1+RBP2 and 

SATB1+SIN3A was also detected, although relative to RBP2, SIN3A was found to co-

localise at a greater proportion (57.0%) of SATB1 bound sites of looping interaction. 

SATB1+RBP2 occupancy was found to comprise 41.9% of SATB1 bound sites of 

looping interaction. Conversely, it was found 48.4% of RBP2 enriched interaction sites in 

KC were found also to be enriched for SATB1 binding and 49.6% for SATB2. 73.9% of 

SIN3A enriched interaction sites were found also to be enriched for SATB1 binding and 

32.2% for SATB2 binding (figure 35E).  

 

Looping interactions specific to KC were found to preferentially involve fragment sites 

enriched for both RBP2 and RAD21 occupancy and also interacting fragments enriched 

for overlapping regions of SIN3A and RAD21 enrichment (figure 35F). Overall, 83.3% 

of RBP2 and 84.8% of SIN3A enriched interaction sites were found to be enriched for co-

localised RAD21, which corresponds, respectively, to ~50% of RAD21 enriched sites of 

interaction in KC (figure 35E). 
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Figure 35 (A, C & E) Level of enrichment for looping chromatin interactions involving 

chromatin regions occupied by SIN3A, RBP2 and simultaneous enrichment for histone 

modifications or binding by combinations of SIN3A, RBP2, SATB1/2 and RAD21 in KC 

in comparison with background (A) *=Fisher’s exact test, P<6E-6 (B) *=Fisher’s exact 

test P<8E-5. + = P<0.02 (E) *=Fisher’s exact test P<5E-4 (B, D & F) Comparison of 

levels of enrichment for combinations of bound RBP2, SIN3A, and chromatin 

remodellers, at regions enriched for active and repressive histone modifications involved 

in looping interactions significantly only in KC, in TC and KC, and in comparison with 

background (B) *=Fisher’s exact test, P<0.02 (D) *=Fisher’s exact test, P<5E-4 (F) 

*=Fisher’s exact test, P <0.03 
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While no co-localisation of SATB1 with C/EBPβ at sites found to be preferentially 

involved in looping interactions was detected, a substantial number of fragments bound 

by co-localised SATB2+C/EBPβ and RAD21+ C/EBPβ were found to be preferentially 

involved in looping interactions in KC. Singly, C/EBPβ was also found to be enriched at 

fragments preferentially involved in looping interaction, however significant enrichment 

for C/EBPβ alone, and when co-localised with SATB2, was detected for interactions 

identified in KC that are also conserved in TC. (figure 36).  

 

Enrichment for the co-localisation of OVO2 and C/EBPα with SATB1/2 and RAD21 was 

found only at fragments involved in interactions only found to be significant in KC. In 

addition, fragments enriched for bound SATB1+Klf4 were found to be preferentially 

involved in KC specific looping interactions. C/EBPα/β and OVO2 are expressed in the 

basal layer of the epidermis and, although little is known regarding the function Ovo2 has 

directly in regulating differentiation specific gene expression, C/EBP a and β have been 

shown to regulate the expression of EDC differentiation specific genes during the early 

stages of differentiation and, in conjunction, to regulate to regulate basal epidermal cell 

cycle arrest and commitment to terminal differentiation. (Eckert et al., 2004; Lopez et al., 

2009; Maytin and Habener, 1998; Teng et al., 2007; Wells et al., 2009).  

 

In addition, although not alone enriched at interactions, the c-Myc antagonist MXI1, of 

which SIN3A is an obligate partner (Alland et al., 1997; Rao et al., 1996), was found to 

co-localise with SATB1/2 and RAD21 at sites of looping interaction found to be 

significant only in KC (figure 36). The majority of transcription factor bound fragments 

shown to be preferentially involved in interactions in KCs were also found to be enriched 

for the enhancer mark H3K4me1 or repressive H3K27me3.  
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Figure 36 (A, C, E, & G) Level of enrichment for looping interactions involving 

chromatin regions occupied by transcription factors alone and co-localised with 

chromatin remodellers in KC in comparison with background. *=Fisher’s exact test, 

P<0.04 (B, D, F, & H) Comparison of the level of enrichment for chromatin interactions 

involving regions occupied by transcription factors alone, or bound simultaneously by 

transcription factors and bound chromatin remodellers, in interactions significant only in 

KC, significant in TC and KC, and interactions expected in background. *=Fisher’s exact 

test P<0.05.  
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5 Discussion 

5.1 BRG1 regulates the transcriptional activity and spatial nuclear position 

of the EDC locus in basal epidermal keratinocytes  

ATP-dependent chromatin-remodelling complexes play an important part in regulating 

temporal and spatial patterns of gene expression and thus are important regulators of a 

number of key developmental processes. SWI/SNF2 ATPase BRG1 is required during the 

early stages of embryonic development (Bultman et al., 2000) and has distinct 

developmental functions cell differentiation and organogenesis (Chi et al., 2003; Griffin 

et al., 2008; Indra et al., 2005). The results of this study reveal that BRG1 plays a critical 

role in regulating tissue-specific higher-order chromatin folding and transcription at the 

lineage-specific EDC locus during epidermal development. 

 

A direct target of p63 (Mardaryev et al., 2014), BRG1 is normally expressed strongly in 

the basal layer of the epidermis, most spinous keratinocytes, and to a lesser extent 

granular keratinocytes (Indra et al., 2005). Results presented here show that the successful 

K14-CreER mediated ablation of BRG1 at E10.5 results in the aberrant expression of 

differentiation specific genes encoded at the EDC and morphological abnormalities in the 

epidermis at E16.5. A reduction in the expression of the corneal layer constituent protein 

loricrin is seen, EDC gene transcript levels are altered and the developing BRG1 deficient 

dorsal epidermal layer is significantly thinner at E16.5 and appears flattened. 

 

Indra et al (2005) have previously reported that the conditional deletion of BRG1 results, 

at E18.5, in abnormal flattening of the dorsal epidermis, altered lipid processing, and 

increased permeability of the epidermal barrier. Data published by Indra et al and 

findings reported here together demonstrate that ablation of BRG1 during the early stages 

of epidermal development does not effect a change in levels of epidermal cell 

proliferation or apoptosis at either E18.5 or E16.5. However, these authors report that, 

although apparently flatter at E18.5, the thickness of the epidermal layer is not affected by 

ablation of BRG1, suggesting that between E16.5 and E18.5 there is an as yet unknown 

mechanism that operates to compensate for the effect BRG1 deficient has in the 
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epidermis at E16.5. In addition, while these authors report a change in the expression of 

transglutaminases required for assembly of the CE, the K14-Cre driven ablation of BRG1 

was found not to impact upon the expression of loricrin (Indra et al., 2005). More work is 

needed to explain these differences and to fully define the impact developmental 

epidermal ablation of BRG1 has upon epidermal gene expression and the structure of the 

epidermal compartment.  

 

It has previously been found that in the basal epidermal layer of p63
-\-

 mice, BRG1 is 

among a number of chromatin-remodelling associated factors that exhibit reduced 

expression levels in the absence of p63. In the skin of p63
-\-

 mice, arrested epidermal 

development correlates with marked changes in the higher-order folding of the chromatin 

fibre at the EDC. Preferentially located towards the nuclear periphery when inactive, with 

the up-regulation of transcription at the EDC during normal epidermal stratification the 

EDC moves inwards towards the nuclear interior. While located at the nuclear periphery 

prior to the onset of epidermal stratification, at E16.5, during epidermal stratification, the 

EDC is found to occupy a predominantly more internal position within a nuclear domain 

enriched for nuclear speckles. In contrast, in epidermal keratinocytes lacking p63 the 

nuclear location of the EDC locus remains peripheral. Notably, it has been shown that the 

above-described changes in the nuclear position of the EDC occur independently of 

neighbouring widely expressed gene loci, including RPS27 (Mardaryev et al., 2014).  

 

Here it is shown that the conditional ablation of BRG1 early during epidermal 

development results not only in changes in the transcript prolife of EDC genes but also in 

the nuclear position of the EDC within the basal layer of the epidermis, which at E16.5 in 

BRG1 deficient basal keratinocytes is located predominantly towards the nuclear 

periphery. The K14-CreER driven ablation of BRG1 prior to epidermal stratification does 

not affect the nuclear position of the neighbouring ubiquitously expressed RPS27 gene 

locus, which appears to be constitutively located toward the nuclear interior during 

epidermal stratification and is not affected by an absence of p63.  

 

It is well established that BRG1 acts to regulate gene transcription by catalysing changes 

in the arrangement and structure of nucleosomes at target gene proximal regulatory 

elements and co-associates with other transcriptional regulators at regulatory elements 
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(De et al., 2011; Euskirchen et al., 2011). Interestingly it has been shown that 

recombinant BRG1 protein is capable of nucleosomal remodelling (Phelan et al., 1999), 

however BRG1 naturally acts as part of the multi-subunit SWI/SNF complex and variable 

subunit composition potentially confers substantial functional diversity (Hargreaves and 

Crabtree, 2011; Narlikar et al., 2013). Transcription-associated changes in the higher-

order chromatin folding and extra-territorial positioning of the interferon-γ (IFNγ) 

response genes IRF1 and the MHC TAP1, HLA-DRA, and CIITA genes upon induction by 

IFNγ has been shown to require the STAT1 dependent recruitment of BRG1 to selected 

gene promoters (Christova et al., 2007). Additionally, it has been shown transcriptional 

regulation of the CIITA locus involves the recruitment of BRG1 to distal regulatory 

elements and BRG1 dependent long-range interaction of CIITA distal regulatory elements 

(Ni et al., 2008).  

 

ChIP-Seq studies show BRG1 binding is enriched for at intergenic regions and evidence 

suggests BRG1 is involved widely in modulating chromatin structure and nuclear 

organisation, including the sub-structural organisation of nuclear lamina-associated 

compartments (De et al., 2011; Ho et al., 2009; Yu et al., 2013). Chromatin looping and 

long-range gene regulation at the α-globin locus requires BRG1 recruitment to distal α-

globin gene regulatory elements (Kim et al., 2009a) and BRG1 is also required for 

chromatin looping and long-range gene regulation at the β-globin locus in erythroblast 

G1E cells cultured ex vivo (Kim et al., 2009b) and at the T-helper 2 (TH2) cytokine locus 

(Cai et al., 2006). In the erythroleukemic K562 cell line, integrated analysis of ENCODE 

Hi-C and ChIP-Seq data has revealed BRG1 occupancy is enriched for at a cluster of 

interactions between regions of chromatin characterised by DNase hypersensitivity, 

monomethylated H3K4, and binding by specific transcriptions factors (Lan et al., 2012).  

  

Here ChIP-Seq was performed to map regions enriched for BRG1 binding events 

throughout the EDC. In combination with ChIP-Seq mapping of candidate enhancers 

marked by monomethylated H3K4 and acetylated H3K27, it was found a number of core 

promoter and enhancer regions throughout the EDC are enriched for bound BRG1. 

Among enhancers enriched for bound BRG1, candidate poised or active enhancers 

characterised by enrichment for monomethyated H3K4 were identified, as were several 

putative active enhancers marked by their enrichment for acetylated H3K27. The results 
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of this ChIP-Seq analysis together with microscopy based analysis of the spatial dynamics 

of the nuclear positioning of the EDC and neighbouring RPS27 loci during epidermal 

development and following the ablation of p63 and BRG1 suggest BRG1 mediates p63 

regulated tissue-specific chromatin folding at the EDC.  

 

A substantial amount of data has been generated by separate studies of different model 

systems that pertains the extent to which the positioning of genes relative to the main 

body of CT is dependent upon transcriptional state (de Wit and de Laat, 2012; Dekker et 

al., 2013; Egecioglu and Brickner, 2011). High levels of active gene expression and a 

high gene density have been shown to correlate with the positioning of loci at the 

periphery of, or outside of, the main body of CT (Chambeyron and Bickmore, 2004; 

Chambeyron et al., 2005; Mahy et al., 2002a; Morey et al., 2007; Morey et al., 2009; 

Volpi et al., 2000; Williams et al., 2002). Despite the predominance of mRNA transcripts 

and small spliceosomal snRNPs peripheral to CT (Zirbel et al., 1993), however, the 

surface of CT do not per se provide a permissive environment for transcription: units of 

transcription are not restricted to the periphery of CT and data indicate macromolecular 

components of the transcription machinery can permeate compact chromatin domains. In 

addition there is considerable variability in the relationship between transcriptional 

activity and the position of different individual genes and gene clusters relative to the 

territory periphery (Mahy et al., 2002b; Markaki et al., 2010; Misteli, 2007; Verschure et 

al., 2003; Verschure et al., 1999).  

 

It is posited instead that the co-association of active genes within domains enriched for 

RNAPII transcription factories and splicing speckles at the periphery of CT and within 

inter-territory lacunae, while not intrinsically necessary for transcription, may be involved 

in facilitating the efficient transcription of highly expressed genes and the formation of 

regulatory chromatin interactions in cis and in trans. Indeed, targeting the β-globin LCR 

to a number of unrelated genes has been shown to result in the increased association of 

several of these genes with RNAPII transcription factories at the edge of, or outside of 

CT, and with a degree of concomitant transitional up-regulation (Noordermeer et al., 

2008).  
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In mouse basal epidermal keratinocytes it was observed here that, while the overall 

number of splicing speckles present in basal keratinocyte nuclei is not reduced as a 

consequence of the K14-CreER driven ablation of BRG1, the peripheral localisation of 

the EDC locus in the absence of BRG1 coincides with a significant reduction in the 

spatial proximity of the EDC locus with speckles. These results parallel earlier findings 

showing that the peripheral localisation of the EDC in the absence of p63 activity 

correlates with the reduced appropinquity of the EDC with nuclear speckles that can not 

be explained by an overall reduction in the number of nuclear speckles present in p63
-\-

 

keratinocyte nuclei (Mardaryev et al., 2014).  

 

During normal epidermal ontogenesis, it is not clear whether the EDC moves into a 

domain already enriched for splicing factors or whether these factors aggregate around 

the activated EDC locus. More work is needed to understand the dynamics of the 

association of the active EDC with nuclear speckles the individual components of nuclear 

speckles (Spector and Lamond, 2011) and vice versa. Importantly, movement of the EDC 

during normal epidermal stratification precedes full activation of the EDC, which is 

reached in terminally differentiating keratinocytes of the mature adult epidermis. While it 

is clear transcription and co-transcriptional splicing is not restricted to speckles, the co-

localisation of the active EDC with speckles located within a transcriptionally permissive 

nuclear domain may confer strategic benefits in maintaining high levels of transcription at 

the EDC, as required for keratinocyte differentiation and formation of the epidermal 

barrier. More works is also needed to elucidate the exact nature of this observed 

interaction between the EDC and speckles. 

 

Additionally it should be noted that in human keratinocytes it has been shown, much as 

for the MHC region, that activation of the EDC is associated with looping of the EDC out 

from it’s corresponding CT. While in human lymphoblasts the MHC is positioned outside 

of it’s corresponding CT, the inactive EDC has been shown to occupy an internal position 

within it’s CT. However, the active EDC occupies a predominantly extra-territorial 

position in differentiating human primary keratinocytes cultured ex vivo and to a lesser 

extent also in basal keratinocytes (Williams et al., 2002). Variation in the observed 

dynamics of the nuclear localisation of the mouse and human EDC loci may stem from 

differences in the structure of chromatin at and contiguous the EDC locus in humans and 
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mice. Although the EDC is highly evolutionarily conserved, the location of a gene desert 

region at the murine EDC substantially alters the local chromatin environment of the 

EDC region in mice in comparison with that of the EDC in humans and other primate 

species (figure 35).  

 

Figure 37 Structure of the human and mouse EDC regions. Based upon the UCSC 

genome browser Homo sapiens Hg18 and Mus musculus Mm9 genome assemblies. GC 

per cent and MULTIZ genome alignment tracks are shown. The location of human and 

mouse S100 gene families is denoted in blue.  

 

Chromatin remodelling by SATB1 and CHD4 is also implicated in the regulation of EDC 

gene expression. P63 has also been shown to regulate the Stab1, the ablation of which 

leads to a change in the overall volume of the EDC locus detected following FISH of 

probes spanning the EDC. The ablation of the NuRD complex ATPase component CHD4, 

which is posited to work in concert with lineage-specific transcription factors to mediate 

transcriptional activation during T cell development (Williams et al., 2004), results in the 

abnormal expression of epidermal markers of differentiation encoded at the EDC 

(Kashiwagi et al., 2007). Functional interactions between BRG1, as well as other 

chromatin remodellers, and transcription factors known to directly regulate EDC gene 

expression, such as members of the AP1, AP2, and OVO1, remain to be elucidated and 

further study is required to identify the molecular mechanisms by which BRG1 acts to 

modulate EDC gene expression.  
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5.2 Higher-order chromatin folding and potential mechanisms of long-range 

gene regulation at the EDC  

Analyses of the higher-order folding of chromatin at the EDC and flanking regions 

presented here map a network of long-range interactions involving a large number of 

developmentally regulated EDC genes and candidate gene regulatory elements marked by 

combinations of enrichment for H3K4 mono-methylation, enrichment for both H3K4me1 

and H3K27 acetylation, and also chromatin binding factor occupancy.  

 

A hierarchy of multiple distinct topological domains, ranging in size from hundreds of 

kilo bases in size to multi mega-base scale domains, were detected at the murine EDC in 

keratinocytes. Using 3D-FISH it was found that chromatin at the murine EDC locus is 

more tightly folded when active in keratinocytes than when inactive in thymocytes. 

Correspondingly, domains comprising a large proportion of pairwise interactions 

occurring between loci located several mega-base pairs apart were detected using 5C 

technology. While conserved domain boundaries were detected at both the active and 

inactive EDC, in KC and TC respectively, organisation of chromatin at the EDC within 

domains appeared markedly more structured in keratinocytes, suggesting a continuum of 

preferential chromatin interactions shape the topology of chromatin at the active EDC. 

The majority of chromatin interactions in keratinocytes were found to involve regions 

corresponding to the position of core promoter and proximal regulatory regions, which 

suggest a large number of these interactions may have specific functions in the regulation 

of gene transcription.  

 

While local enrichment for active the histone modifications H3K27ac and H3K4me1, in 

combination or alone, was not found to be significantly associated with the formation of 

chromatin loops, candidate non-promoter proximal regulatory regions enriched for 

binding by transcription factors and chromatin remodelling proteins, were found to be 

preferentially involved in looping interactions, including interactions involving candidate 

regulatory regions located at flanking regions outside of the EDC. Transcription factor 

binding and enrichment for bound SATB1/2 and RAD21 were found predominantly at 

potentially lineage-specific interactions found to be significantly represented only in 

keratinocytes.  
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Although less abundant than interrogated sites of interactions enriched for mono-

methylated H3K4 or acetylated H3K27, sites enriched for tri-methylated H3K27 were 

found to be preferentially involved in looping interactions with multiple gene partners. 

Differences in the degree of distribution of H3K27me3 and active marks mapped at sites 

of interaction reflect differences in genome-wide patterns of enrichment for H3K27me3 

and for the active marks H3K4 methylation an H3K27 acetylation, which tend to be 

enriched at focal points corresponding to promoter regions and putative distal regulatory 

elements. In contrast, H3K27 tri-methylation, which here was found to be distributed 

broadly across interactions involving distal interacting fragments as well as proximal 

regions, is found variously distributed at focal points corresponding to promoter regions, 

in broad blocks of enrichment at intergenic regions, and at gene bodies (Heintzman et al., 

2007; Pauler et al., 2009).  

 

Several studies support a role for PRC2 and enrichment for tri-methylation of H3K27 at 

focal regions corresponding to promoters and key developmentally regulated genes in 

regulating the expression of developmental genes and cell fate decisions in ES and 

lineage committed cells (Azuara et al., 2006; Barski et al., 2007; Bernstein et al., 2006; 

Bracken et al., 2006; Lee et al., 2006b; Mikkelsen et al., 2007; Zhao et al., 2007). In the 

basal epidermal layer, PRC2/EZH2 has previously been shown to inhibit AP1 binding at 

late-stage differentiation associated EDC gene promoters in basal keratinocytes during 

epidermal morphogenesis. The depletion of H3K27 tri-methylation accompanies 

embryonic keratinocyte stratification and terminal differentiation, enabling AP1 mediated 

transcriptional activation (Ezhkova et al., 2009), although the functions of PRC2 and 

H3K27me3 in adult keratinocytes are less well understood.  

 

Co-enrichment for H3K27me3 at regions also enriched for active histone marks and 

transcription factor binding was detected specifically at the ~50% of sites of interaction 

identified in KC not also represented significantly in TC. Poised enhancer elements are 

marked by enrichment for H3K4me1, and potentially also H3K27me3, and in un-

differentiated cells may be involved in readying lineage-specific genes for response to 

developmental cues (Creyghton et al., 2010). Similarly, promoters marked by a bivalent 

chromatin state – that is promoter elements enriched for both H3K4me3, a histone mark 
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associated with active promoters, and H3K27me3 – are implicated in regulating the 

expression of developmentally expressed genes (Bernstein et al., 2006; Cui et al., 2009; 

Harmston and Lenhard, 2013). The relationship between looping in cis between gene 

regulatory elements and histone modifications is still poorly understood and further study 

is required to establish if, and if so how, long-range gene regulation involving poised or 

bivalent enhancer and promoter elements is involved in regulating the expression of 

developmentally expressed genes in epidermal progenitor cells.  

 

Binding by the JARID1 family H3K4 specific histone de-methylase RBP2, which has 

been shown to interact physically with PRC2 to regulate the transcription of 

developmental genes, was also found to be associated with the formation of looping 

interactions specific to keratinocytes. In murine ES cells, RBP2 activity has been reported 

to play a critical role in the suppression of an array of developmentally regulated PRC2 

targets (Pasini et al., 2008). Here, the keratinocyte-specific preferential looping of regions 

simultaneously bound by RBP2 and enriched for H3K27me3 at the EDC region in 

proliferating keratinocytes was observed. Genome-wide mapping studies report RBP2 

localises to H3K4me3 occupied promoter regions where it functions as a transcriptional 

repressor, although preferential looping interaction involving regions bound by RBP2 

(Kdm5b) and enriched for H3K4me1 was also detected here. Only the JARID1 family 

members PLU1 and SMCX (RBP-2-like), however, have been previously shown to bind 

H3K4me1 enriched distal regions (Outchkourov et al., 2013).  

 

A substantial proportion of sites, including regions enriched for active and repressive 

histone marks, bound by SATB1 were found to be preferentially involved in looping 

interactions, specifically those interactions specific to keratinocytes. SATB1 has been 

shown to regulate transcription at the MHC class I and TH2 cytokine loci (Cai et al., 2006; 

Kumar et al., 2007) and in thymocytes to comprise a cage-like scaffold to which MAR 

regions are tethered (Cai et al., 2003; Cai et al., 2006). In basal epidermal keratinocytes, 

SATB1 is directly regulated by p63, which binds the core promoter region of the murine 

SATB1 gene (Fessing et al., 2011). Using FISH of probes spanning the murine EDC 

locus in basal keratinocytes, it has previously been shown that chromatin compaction at 

the EDC locus in basal epidermal keratinocytes is regulated SATB1. The volume 

occupied by chromatin at the EDC central domain has been shown to increase following 
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the ablation of SATB1 and to coincide with the perturbation of programmes of 

differentiation-specific EDC gene expression (Fessing et al., 2011).  

 

Here, SATB2 was also found to be enriched at regions involved in the formation of 

keratinocyte-specific chromatin loops, including, H3K4me1 enriched and H3K27me3 

enriched regions found to be preferentially involved in looping interactions. Closely 

related to SATB1, the SATB2 protein has been shown to exhibit cell- and tissue-specific 

patterns of association with AT-rich DNA sequences that demarcate putative MARs 

(Alcamo et al., 2008; Britanova et al., 2005; Dobreva et al., 2003; Szemes et al., 2006) 

and is involved in the regulation of cell- and tissue-specific developmental programmes 

of gene expression (Alcamo et al., 2008; Britanova et al., 2005; Britanova et al., 2008; 

Britanova et al., 2006; Dobreva et al., 2006; Dobreva et al., 2003; Szemes et al., 2006). 

SATB2 has also been shown to modulate local chromatin structural states and to interact 

with HDAC1 and metastasis associated protein MTA2, a component of the NuRD 

complex (Britanova et al., 2008; Gyorgy et al., 2008).  

 

In ESC, SATB1 and SATB2 have also been reported to directly bind the Nanog locus and 

work in opposition to one another to regulate Nanog expression and ESC plasticity 

(Savarese et al., 2009). However, the independent activity of SATB1 and SATB2 is 

implicated in the regulation of additional genes encoding pluripotency factors and factor 

associated with ESC differentiation (Savarese et al., 2009) and in trophoblast stem cells, 

the knockdown of either SATB1 or SATB2 has been shown to promote stem cell 

differentiation at the expense of self-renewal (Asanoma et al., 2012).  

 

Significant co-localisation of SATB1 and SATB2 at sites of keratinocyte-specific looping 

interaction was identified here, although only a partial overlap between SATB1 and 

SATB2 at interacting chromatin regions was observed. However, a striking degree of 

enrichment for co-localisation between SATB2 and the RBP2 histone HK4 de-methylase 

at sites of looping interaction was observed, with almost all SATB2 bound sites also 

found to be occupied by RBP2.  

 

Concordant with earlier, published, findings SATB2 was also found frequently to co-

localise with the HDAC complex partner protein SIN3A. An obligate MXI1 partner 
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involved in the suppression of c-Myc responsive genes, SIN3A acts to recruit HDACs to 

chromatin but has also been implicated in promoting transcriptional activation 

(Silverstein and Ekwall, 2005). Co-localisation of SATB2 and MXI1 was also found to be 

associated with the formation of keratinocyte-specific looping interactions, which likely, 

in part at least, reflects the interaction of MXI1 with SIN3A co-associated with SATB2. 

SIN3A has also been shown to negatively regulate gene expression in a HDAC-

independent manner and to interact with BRG1 and BRM containing SWI/SNF 

complexes (Sif et al., 2001).  

 

Co-localisation of SATB2 with C/EBPβ was found to be substantially associated with the 

formation of looping interactions and a large proportion of SATB2 bound sites of 

chromatin interaction were also found to be bound by C/EBPβ. SATB2 was also found to 

co-localise with Ovo2 and C/EBPα at sites found to be preferentially involved in 

keratinocyte-specific looping interactions. Further work is needed to establish if, and if 

so, how, SATB2 plays a functional role in regulating higher-order chromatin folding at 

the EDC. However findings presented here together with published data would appear to 

suggest that SATB2 acts as a MAR-bound docking site that mediates recruitment of 

transcriptional co-repressors, and potentially also co-activators, to multiple gene 

regulatory regions at the EDC region. In B cells, although not in non-lymphoid cell lines, 

SATB2 has been shown to positively regulate transcription in a manner shown to be 

modulated by the activity of the SUMO-E3 protein ligase PIAS1 (Dobreva et al., 2003).  

 

Co-localisation of SATB1 with RBP2 and SIN3A found here to be associated with 

chromatin looping, although in comparison with SATB2, SATB1 was found to more 

frequently to bind independently of RBP2 and SIN3A. In T cells, SATB1 attachment to 

MARs has been shown to recruit the NuRD HDAC and ACF/CHRAC nucleosome 

remodelling complexes to chromatin (Yasui et al., 2002). However upon phosphorylation 

by PKC, SATB1 has also been shown to recruit the pCAF histone acetyltransferase in T 

cells (Pavan Kumar et al., 2006). While knockdown of SATB1 has been shown to perturb 

normal programmes of EDC gene expression and to lead to changes in the higher order 

chromatin structure of the EDC, the mechanisms involved in SATB1 mediated 

transcriptional regulation at the EDC in epidermal progenitor cells and differentiating 

keratinocytes are not yet understood.  
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Preferential interaction between a small proportion of SATB1 bound sites also occupied 

by C/EBPα and Ovo2 was also found, although in comparison with SATB2, SATB1 was 

found to also co-localise less frequently with transcription factors at sites of interaction. 

These findings suggest that SATB1, but not SATB2, may also be involved in functions at 

the EDC independent of the recruitment of transcriptional regulators to gene regulatory 

regions through control of global higher-order chromatin folding at the locus.  

 

Substantial co-localisation of SATB1 and the cohesin sub-unit RAD21 at regions 

involved in the formation of keratinocyte-specific chromatin loops was also observed. An 

abundantly expressed multi-protein complex, cohesin comprises a SMC1/SMC3 

heterodimer bound by RAD21 and STAG proteins. Together these proteins form a ring-

like structure (Peters et al., 2008) that mediates chromatid cohesion during cell division 

(Diaz-Martinez et al., 2008) and also the formation of looping chromatin interactions 

involved in transcriptional regulation in interphase nuclei (Kagey et al., 2010; 

Merkenschlager and Odom, 2013; Parelho et al., 2008; Peters et al., 2008; Phillips and 

Corces, 2009; Schmidt et al., 2010).  

 

In conjunction with the mediator complex, cohesin has been shown to regulate the 

formation cell-type specific chromatin loops between distal and proximal regulatory 

elements (Kagey et al., 2010; Phillips-Cremins et al., 2013). Phillips-Cremins et al (2013) 

have revealed that while networks of conserved interactions occur between regions of 

chromatin characterised by bound CTCF and cohesin, enrichment cohesin and the 

mediator complex is associated with the formation of cell-type specific chromatin 

domains within TADs that comprise cohesin dependent interactions between enhancer 

and proximal promoter elements involved in the long-range transcriptional regulation of 

lineage-specific genes (Phillips-Cremins et al., 2013).  

 

Data presented here show that binding by the cohesin subunit RAD21 is strongly 

associated with chromatin looping at the EDC region in keratinocytes. Chromatin regions 

bound by cohesin/RAD21 and also co-localised RBP2 and SIN3A were also found to be 

preferentially involved in keratinocyte-specific looping interactions, as were regions 
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bound by co-localised cohesin/RAD21 and the transcription factors MXI1, C/EBPα, 

C/EBPβ, OVO2 and also KLF4.  

 

Concordant with previously published findings, enrichment for bound cohesin/RAD21 

and CTCF was detected at sites of interaction found to be present consistently in both TC 

and KC but not at sites found to be specific to KC. CTCF occupied invariant CTCF 

binding sites are prevalent through out the genome (Kim et al., 2007) and the co-

localisation of CTCF and cohesin is implicated in the formation of looping chromatin-

chromatin interactions and long-range gene regulation (Peters et al., 2008; Phillips and 

Corces, 2009; Wendt et al., 2008).  

 

Phillips-Cremins et al (2013) have recently reported co-localised bound cohesin and 

CTCF appear to anchor chromatin interactions that are conserved between cell types and 

which comprise conserved TADs and sub-domains within TAD (Phillips-Cremins et al., 

2013). In contrast, these authors report binding by RAD21 independently of CTCF is 

associated with the co-localisation of RAD21 with the mediator complex and regulation 

of lineage-specific long-range interactions between gene regulatory elements involved in 

controlling gene transcription (Phillips-Cremins et al., 2013). Further work is needed to 

more robustly analyse the cell-type specificity of patterns of chromatin factor binding 

reported here but these data suggest distinct patterns of chromatin binding factor 

occupancy characterise potentially regulatory keratinocyte-specific chromatin interactions 

spanning the EDC region.  

 

Although these results show enrichment for BRG1 binding was detected at regions 

involved in chromatin interactions in keratinocytes, the level of enrichment for BRG1 at 

regions brought together by chromatin looping was not found to be significant in 

comparison with the overall distribution of BRG1 binding at the EDC and neighbouring 

regions. Therefore, although, as discussed in the above section, data presented here 

demonstrate that BRG1 modulates the nuclear re-positioning and transcriptional activity 

of the EDC locus and transcriptional regulation of the EDC during epidermal ontogenesis, 

5C data do not show that BRG1 is involved in the formation or maintenance of chromatin 

loops potentially involved in long-range gene regulation at the EDC region in the 

postnatal epidermal cells.  



149 

6 Conclusions  

1. BRG1 binds multiple loci at the murine EDC and, in epidermal progenitor cells, is 

involved in regulating the specific nuclear positioning of the EDC locus relative to 

visible nuclear sub-compartments within the 3D nuclear space during 

morphogenesis of the epidermal barrier. The activity of BRG1 in basal 

keratinocytes acts to modulate the expression of developmentally regulated 

differentiation-specific genes encoded at the EDC during epidermal stratification 

in utero.  

2. In keratinocytes and in thymocytes, chromatin is folded into several topological 

domains at the 5.3Mb regions on mouse chromosome 3 that spans the EDC. In 

keratinocytes, chromatin at the central part of the EDC locus is more compacted 

than when inactive in thymocytes and forms a more restricted set of spatial 

interactions in comparison.  

3. The majority of spatial chromatin interactions identified at the EDC region in 

keratinocytes involve gene promoters. A substantial number of these interactions 

also involve candidate enhancer elements marked by enrichment for H3K4me1 

alone or enrichment for both H3K4me1 and H3K27ac.  

4. Regions anchoring the spatial chromatin interactions identified at the EDC region 

are enriched for bound genome organisers SATB1 and SATB2, as well as for the 

cohesin complex subunit RAD21, which suggests these proteins may control 

higher-order chromatin folding at the EDC.  

5. Previously shown to modulate chromatin compaction and transcription at the EDC 

in the stratified epidermis, results presented here suggest SATB1 acts to regulate 

transcription at the EDC by tethering chromatin loops at the EDC region and by 

facilitating the docking of chromatin remodelling enzymes involved in 

transcriptional regulation at sites of interaction.  

6. These data suggest cohesin also is involved in organising global chromatin folding 

at the EDC region and in facilitating the recruitment of transcriptional regulatory 

to sites of looping interaction.  

7. Findings presented here in addition indicate SATB2 acts to recruit or dock 

transcriptional regulators at sites of looping interaction involving loci located 

within, and outside of, the EDC, although evidence generate here suggest SATB2 
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is not independently involved in organising global chromatin folding at the EDC 

region.  

8. Enrichment for the transcriptional co-repressors, including RBP2, and the PRC2-

EZH1/2 associated mark H3K27me3 was found to be associated with the 

formation of looping interactions at the EDC. While the formation of looping 

interactions was not found to be associated with markers of transcriptional 

activation alone, candidate poised enhancers and promoters characterised by both 

active and repressive epigenomic marks were found to be preferentially involved 

in looping interactions.  

In summary, these findings suggest that higher-order chromatin folding at the EDC 

brings together proximal and distal gene regulatory elements involved in the 

coordinated regulation of transcription at the locus in epidermal progenitor cells 

before full activation of differentiation-specific genes, as required for terminal 

keratinocyte differentiation. Results presented here suggest RPC2 and RBP2 

complexes act to hold interacting gene regulatory elements at the EDC in a “poised” 

state in epidermal progenitor cells prior to differentiation.   
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7 Future directions  

1. Data presented here correlate patterns of chromatin binding factor occupancy with 

the formation of chromatin loops at the EDC. Further analyses of data generated 

as described here are needed in order to robustly determine the cell-type 

specificity of looping interactions occurring at the EDC and between loci located 

at and outside of the EDC. Similarly, more work is needed to determine to what 

extent chromatin binding factors found here to be enriched at sites of looping 

interaction are involved in the formation of lineage-specific interactions between 

gene regulatory elements.  

2. Further data are required to ascertain the functionality of lineage-specific looping 

interactions occurring at the EDC and between loci located at and outside of the 

EDC that involve candidate regulatory elements and enhancer-associated long 

non-coding RNAs.  

3. Functional studies are required to establish if SATB2 is required for long-range 

gene regulation at the EDC and to what extent binding by SATB2 at the EDC and 

flanking regions is required for the orchestration of developmental programmes of 

EDC gene expression.  

4. Knockdown of SATB1 has been shown to impact upon the transcription of EDC 

genes however a high resolution 3D FISH and 3C-technology based study of 

chromatin folding at the EDC in SATB1 knockout mice is needed to establish 

whether or not, and the extent to which, SATB1 shapes the formation of specific 

looping interactions between regulatory elements involved in the long-range 

regulation of gene transcription.  

5. Questions regarding the epidermal phenotype of BRG1 ablation during epidermal 

development need to be addressed and further work is needed to understand the 

mechanisms by which BRG1 activity impacts upon gene expression at the EDC.  

6. Further study is required to establish if, and if so the extent to which, chromatin 

folding and long-range gene regulation at the EDC region depends upon inter-

dependent functions of SATB1/2 proteins, cohesin, and additional transcriptional 

regulators.  

7. Future study could establish whether PRC2-EZH1/2 and RBP2 directly interact to 

co-ordinately regulate the suppression of premature differentiation-specific gene 
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expression at the EDC locus in epidermal progenitor cells and if PRC2-EZH1/2 

and RBP2 are recruited to ‘bivalent domains’ at the EDC.  
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8 Appendix 

Probe BAC name 
Featured 

Gene 
BAC start* BAC end* gene start* gene end* 

Rps27 RP23-480F10 Rps27 89997746 90169775 90016591 90017569 

       
EDC RP24-318N12 S100a6 90284072 90451873 90416816 90418336 

 
RP24-61G19 Lor 91716002 91899804 91884193 91887064 

 
RP24-248L10 Ivl 92215201 92392463 91887064 92377637 

 
RP24-341I21 Lce3c 92634255 92806759 92748408 92749652 

 
RP23-425P7 S100a10 93215624 93411886 93359039 93368567 

       
Gabpb2 RP24-363H12 Gabpb2 94926338 95086569 94985688 95021864 

 RP23-301G22 - 91894818 92021235 - - 

 RP23-425P7 S100a11 93215624 93411886 93324418 93330210 

 RP24-75K3 Lce3b 92583402 92766349 92736901 92738020 

Table A1 Labelled DNA probe BACs (*Mm9/GRC37)  

 

Buffer/medium Composition 

1X TE (Tris/EDTA) 

buffer, pH 8.0 

100mM TRIS-HCl 

10mM Ethylenediaminutesetetraacetic acid (EDTA)  

1X TBE (Tris-Borate-

EDTA) buffer 

89mM Trizma® Base/Tris Base 

89mM Boric Acid 

2mM Ethylenediaminutesetetraacetic acid (EDTA) 

Low calcium medium 

for primary mouse 

keratinocyte (PMK) 

culture 

Lonza® no calcium EMEM containing:  

4% chelex-treated foetal bovine serum (FBS); 

0.05mM Calcium chloride, CaCl2; 

0.4µg/mL hydrocortisone; 

5µg/mL insulin; 

10mg/mL epidermal growth factor (EGF); 

10
-10

 M cholera toxin; 

2 x 10
-9

 M 3,3’,5 triiodo-L-thyronine (T3); 

2mM L-glutaminutese; 

100U/mL penicillin; 

100µg/mL streptomycin 

Collagen coat for 

primary mouse 

keratinocyte (PMK) 

culture 

0.97X Hanks Balanced Salt Solution (HBSS) 

9.70µg/mL Bovine Serum Albuminutes (BSA) 

19.40mM 4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid 

(HEPES) 

0.97X Vitrogen-100® Collagen  

1X PBS (Phosphate 

buffered saline) pH7.4 

137mM Sodium chloride, NaCl 

2.7mM Potassium chloride, KCl 

4.3mM Sodium phosphate dibasic, Na2HPO4 

1.47mM Potassium phosphate monobasic, KH2PO4 

T-cell medium 

Gibco® RPMI medium 1640 (ATCC modification) 

10% foetal bovine serum 

0.1X 2-mercaptoethanol (ME)  
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Loading buffer  

10% (w/v) Ficoll 400 (Sigma) 

Orange G  

Xylene cyanol 

Table A2 Buffers and cell culture media 

Buffer Composition 

Lysis buffer 2.5% Glycerol  

50mM hydroxyethyl piperazineethanesulfonic acid (HEPES) 

140mM Sodium chloride, NaCl 

0.5% NP40 (Sigma) 

0.25% Triton X-100 

1mM Ethylenediaminutesetetraacetic acid (EDTA) 

0.1X volume of Protease inhibitor cocktail solution (Sigma) 

Buffer A 10mM Tris HCl pH8.0 

200mM Sodium chloride, NaCl 

1mM Ethylenediaminutesetetraacetic acid (EDTA) 

0.1X volume of Protease inhibitor cocktail solution (Sigma) 

Sonication buffer 10mM hydroxyethyl piperazineethanesulfonic acid (HEPES) 

0.5% sodium dodecyl sulphate (SDS) 

1mM Ethylenediaminutesetetraacetic acid (EDTA) 

0.1X volume of Protease inhibitor cocktail solution (Sigma) 

Dilution buffer 13.33mM Tris HCl, pH 8.0 

200mM Sodium chloride, NaCl 

1.33% Triton X-100 

1.33mM Ethylenediaminutesetetraacetic acid (EDTA) 

0.1X volume of Protease inhibitor cocktail solution (Sigma) 

Wash buffer 1 150mM NaCl 

20mM Tris HCl, pH 8.0 

2mM Ethylenediaminutesetetraacetic acid (EDTA) 

0.1% sodium dodecyl sulphate (SDS) 

1% Triton X-100 

0.1X volume of Protease inhibitor cocktail solution (Sigma) 

Wash buffer 2 500mM NaCl 

20mM Tris HCl, pH 8.0 

2mM Ethylenediaminutesetetraacetic acid (EDTA) 

0.1% sodium dodecyl sulphate (SDS) 

1% Triton X-100 

0.1X volume of Protease inhibitor cocktail solution (Sigma) 

Wash buffer 3 250mM LiCl 

10mM Tris HCl, pH 8.0 

1mM Ethylenediaminutesetetraacetic acid (EDTA) 

0.1% sodium dodecyl sulphate (SDS) 

1% NP40 

Elution buffer 100mM NaHCO3 

1% SDS 

Table A3 CHIP-Seq Solutions 

 

Antigen Host Dilution Manufacturer 

ChIP 

H3K4me1 Rabbit 
1μg/3-4μg of 

chromatin 
Abcam, Cambridge, UK 

H3K27ac Rabbit 1μg/8-9μg of Abcam, Cambridge, UK 
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chromatin 

Smarca4/BRG1 Rabbit 

1μg/2μg of 

chromatin 

Santa Cruz Biotechnology, Santa Cruz, CA, 

USA 

SATB1  Rabbit 
1μg/6-7μg of 

chromatin 
Abcam, Cambridge, UK 

RAD21 Rabbit 
1μg/6-7μg of 

chromatin 
Abcam, Cambridge, UK 

H3K27me3 Rabbit  
1μg/6-7μg of 

chromatin 
Active Motif, La Hulpe, Belgium  

FACS 

FITC-Ly-6A/E 

(Sca-1) 
Rat 1:2500 eBioscience Ltd., Hatfield, UK 

APC-CD49f 

(α6) 
Rat 1:2500 eBioscience Ltd., Hatfield, UK 

Table A4 Antigen  
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Figure A1 (A) Percentage of proliferating (Ki47 positive) of K14BRG1
Δ/Δ

 and wild type 

(WT) epidermal keratinocytes. (B) Distribution of apoptotic epidermal keratinocytes as 

marked by terminal deoxynucleotidyl transferase dUTP nick end labeling (TUNEL) in 

wild type (WT) and K14BRG1
Δ/Δ

 E16.5 histological sections. 

K14BRG1
Δ/Δ

 

WT 
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A. 

 

B. 

 

Figure A2 (A) Alternating 5C primer design spanning 89908091 to 95191527bp on murine chromosome 3 (Mus musculus assembly mm9/GRC 

build 37). Figure A2 (B) Raw count 5C pairwise interaction matrixes. KC and TC 5C library replicates. Left = KC replicates 1 and 2; right = TC 

replicates 1 and 2. 

Forward Reverse Unused 
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Figure A3 Comparison between 5C and 4C (Prof Vladimir A. Botchkarev and Dr Andrei Mardaryev, unpublished data) interaction counts 

involving restriction fragments spanning the loricrin gene locus. Green=4C interaction profile. Blue and red= 5C Lor anchored interaction 

profile generated for replicates 1 and 2.  
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Figure A4 (A) Histograms of the relative radial position of Lor at E16.5 in 

K14CreER/BRG1
fl/fl 

(BRG1 ep
-\-

) and control (wild type) basal epidermal keratinocyte 
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nuclei presented as a percentage of the corresponding average nuclear radius. (B) 

Histograms of the average nuclear radius at E16.5 in K14CreER/BRG1
fl/fl 

(BRG1 ep
-\-

) 

and control (wild type) basal epidermal keratinocytes. (C) Histograms of the inter-locus 

distance (nm) between Lor and Rps27 in K14CreER/BRG1
fl/fl 

(BRG1 ep
-\-

) and control 

(wild type) basal epidermal keratinocyte nuclei. (D) Histograms of the inter-locus 

distance between Lor and Rps27 in K14CreER/BRG1
fl/fl 

(BRG1 ep
-\-

) and control (wild 

type) basal epidermal keratinocyte nuclei presented as a percentage of the corresponding 

average nuclear radius. 
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Figure A5 Histograms of the inter-locus distance between A-B (Chr3:91,958,027- 

92,674,876) and B-C (Crh3:92,674,876- 93,313,755) at the EDC in neonate C57BL/6 

freshly isolated normal collagen adherent keratinocytes (KC), C57BL/6basal neonate 

basal epidermal keratinocytes, and in thymocytes freshly isolated from 8 week old 

C557BL/6 mice.  

 

 

Figure A6 Average count of SC35 nuclear positive speckles detected at the midsection of 

E16.5 K14BRG
Δ/Δ

 and wild type (WT) basal keratinocyte nuclei using immuno-FISH. 

Error bars show SEM.  
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