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Abstract 

 

Cohesin contributes to the organisation of the mammalian genome in 3D space, but its role 

in gene regulation remains poorly understood. To address this role, I have implemented a 

system that enables temporal control over cohesin function in primary mammalian cells by 

the inducible cleavage of the essential cohesin subunit RAD21, using tobacco etch virus 

protease (RAD21-TEV). Building on previous work in the lab that had linked cohesin to the 

expression of inflammatory genes, I used RAD21-TEV to show that genes encoding key 

mediators of the macrophage inflammatory response are directly reliant on cohesin 

for their correct expression. The deregulation of these genes led to the collapse of the 

macrophage response to microbial signals. I next investigated the role of cohesin in neuronal 

gene expression, because patients with mutations in cohesin and cohesin regulators show 

intellectual disability as a feature of Cornelia de Lange Syndrome (CdLS). Using RAD21-TEV in 

mature mouse neurons, I was able to show that acute and chronic cohesin depletion resulted 

in similar deregulation of neuronal genes. This indicated that cohesin was continuously 

required for neuronal gene expression. Interestingly, cohesin-dependent neuronal gene 

expression could be rescued by restoring cohesin after a period of cohesin depletion. To test 

the relevance of these findings to human disease, I isolated neuronal nuclei from post-

mortem CdLS and control brains. RNA-sequencing showed similar gene expression changes in 

human as in mouse cohesin-deficient neurons. These studies advance our understanding of 

cohesin's role in gene regulation, and suggest that the impact of cohesin deficiency on 

neuronal gene expression may in principle be reversible. 
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Chapter 1: Introduction 

 

Our understanding of how chromatin is organised in the 3D space of the nucleus has 

developed dramatically over the past two decades. The development of chromosome 

conformation capture (3C) techniques, and the constantly decreasing cost of sequencing has 

allowed for the mapping of 3D genome organisation in ever greater detail. These have further 

been complemented by developments in super-resolution microscopy. Mechanisms of the 

drivers and facilitators of 3D genome organisation have started to be identified through 

genome editing and targeted proteolysis of architectural proteins and their co-factors. 

Organisation of the 3D genome is highly conserved across evolution and is therefore thought 

to be critical for genome function including recombination and repair, replication, and 

transcription. As the fundamental principles of 3D genome organisation have emerged, so too 

have its roles in these essential processes. 

 

 

1.1 The 3D Genome 

 

1.1.1 The different levels of 3D genome organisation 

 

The genome is organised in 3D space into structures of various sizes. At the largest scale one 

has chromosome territories, where loci preferentially interact with other loci on the same 
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chromosome as opposed to forming cross chromosome interactions (Lieberman-Aiden et al., 

2009).  

 

The genome is then further subdivided into regions known as compartments. Compartments 

are regions of interacting DNA that are defined by their epigenetic status. Compartments 

containing active/euchromatin are known as A compartments, while compartments that 

contain inactive/heterochromatin are known as B compartments (Lieberman-Aiden et al., 

2009). A and B compartments segregate in 3D space and preferentially interact with other 

compartments of the same type (Figure 1.1A).  

 

Within compartments reside domains. Domains are regions of preferentially interacting 

chromatin that span between 40kB and 3Mb (Figure 1.1A, (Dixon et al., 2012, Sexton et al., 

2012, Nora et al., 2012, Rao et al., 2014). DNA within the same domain is more likely to 

interact with itself than DNA in neighbouring domains. Domains can contain multiple genes 

and multiple regulatory elements (Rao et al., 2017, Nora et al., 2017, Lupianez et al., 2015). 

 

While compartments and domains cover large regions of DNA, within which all DNA is more 

likely to interact with itself, chromatin loops represent distinct point to point interactions 

(Figure 1.1A). Chromatin loops can be formed between specific enhancers and promoters 

(Palstra et al., 2003), but have also been reported to be formed between co-regulated genes 

(Schoenfelder et al., 2010). The number and positioning of chromatin loops varies between 

cell types, with between 3000 and 10,000 having been identified (Rao et al., 2014). Some 

chromatin loops are essential for the expression of certain genes in specific cell types, the 

function of others remains unclear. 
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The different structures of 3D genome organisation will be explained in further detail later in 

the introduction. 

 

 

 

 

 

1.1.2 Visualising the genome – from 3C to Hi-C 

 

Molecular biology techniques to study the organisation of the genome in 3D space are based 

on the chromosome conformation capture (3C) method and further 3C-based techniques 

(Figure 1.2, (Lieberman-Aiden et al., 2009, Rao et al., 2017, Schmitt et al., 2016). 

Figure 1.1 Visualisation of the genome in 3D space. This cartoon representing a Hi-C map reveals 
structures of the genome in 3D space. Structures are different sizes, compartments spanning several 
megabases are visualised as the plaid pattern, while domains, the dark red triangles, are normally 
under 1Mb. Chromatin loops are identified by the dark red points. Interactions often, although not 
exclusively, occur between convergent CTCF sites (represented by the arrows). Compartment 
interaction is indicated by the black or grey line, as A and B compartments preferentially self-interact. 
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3C relies on the combination of protein crosslinking and the ligation of proximal DNA 

fragments to observe long range chromatin interactions (Dekker et al., 2002). Cells are 

treated with formaldehyde, to stabilise chromatin structure. The crosslinked chromatin is 

digested with restriction enzymes, and the fragments are then religated. Fragments that are 

closest to each other will ligate. DNA sequencing or PCR is used to establish the frequency of 

ligation between two known genomic loci (Figure 1.2). 3C therefore allows for the 

quantification of interactions between two known regions in different conditions. While 3C 

led to discoveries highlighting the importance of genome interactions in gene regulation, it 

produces a biased view. A key deficit in 3C is that interactions are not compared with local 

background interactions so their relative strength compared to other interactions cannot be 

properly determined. In addition, the determining of what regions to assess interactions 

between rests with the experimentalist. This non-genome wide approach means more 

important 3D genome interactions may be missed, or certain interactions may be given more 

importance in gene regulation events, when in fact it is one not targeted that has therefore 

never been observed. 

 

In order to develop a more genome wide approach, circular chromosome conformation 

capture (4C) was developed (Figure 1.2). 4C allows for the study of interactions between one 

known location, and the rest of the genome (Zhao et al., 2006). Much of 4C is the same as 3C, 

cells are fixed, digested and ligated. However, 4C allows for the identification of interactions 

between a chosen locus and the rest of the genome. This relies on the formation of ligated 

rings and primers designed to ampligy in both directions from your target genomic area. 

These PCR products are then sequenced and used to map interactions. 
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The transition to fully genome wide mapping of 3D genome interactions came with the 

development of Hi-C (Figure 1.2, (Lieberman-Aiden et al., 2009). This relies on the fixation, 

digestion, ligation and massive sequencing of DNA reads to generate whole genome 

interaction maps. Other Hi-C related methods have been developed such as chromosome 

conformation capture carbon copy (5C) (Dostie et al., 2006) which relies on generating 3C 

libraries and then using many primers to tile regions of interest and map interaction. This 

generates maps of pre-selected regions. Capture-HiC involves generating Hi-C libraries, but 

using biotinylated RNA or DNA oligonucleotide probes, enriching for target sequences such 

as promoters (Dryden et al., 2014). This massively reduces the amount of DNA fragments and 

sequencing required to identify sequence specific genome wide interactions.  

 

The development of 3C techniques has been critical to furthering our understanding of the 

3D genome and its important in gene regulation, development and disease. 
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1.1.3 Architectural proteins 

 

The different levels of 3D genome organisation are controlled by a group of proteins and 

protein complexes known as architectural proteins. They work together to define boundaries 

of interactions and maintain organisation. Disruption to architectural proteins leads to 

Figure 1.2 Chromosome conformation capture based techniques. 3C based techniques are used to 
study the 3D organisation of the genome. They all involve common early steps, but differ further 
downstream depending on whether local or genome wide interactions are studied. For 5C, known 
primers (represented in blue and yellow) are used with universal primers (grey) to detect interactions. 
Hi-C involves biotinylating DNA following reverse crosslinking in order to enrich for ligated DNA 
fragments. 
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disruption of 3D genome organisation. While the regulators of compartments remain 

unknown. The sequence specific DNA binding protein CCCTC-binding factor (CTCF) and the 

protein complex, cohesin, are known to be important for determining and maintaining most 

of domain and loop structure (Rao et al., 2017, Schwarzer et al., 2017, Nora et al., 2017).  

 

Recently, other proteins such as the transcription factor Yin Yang 1 (YY1) have emerged as 

being important for mediating 3D interactions (Weintraub et al., 2017, Beagan et al., 2017). 

Enhancers and promoters are enriched for YY1 and cohesin, and the deletion of YY1 binding 

sites or the depletion of YY1 protein leads to reduced enhancer-promoter interactions 

(Weintraub et al., 2017). This raises further questions on the roles of transcription factors in 

mediating 3D genome organisation. 

 

 

 

1.1.4 Cohesin 

 

Initially identified as being essential for cell cycle progression, cohesin is now also known to 

be important for the organisation of the genome in 3D space during interphase (Rao et al., 

2017). The cohesin protein complex is a highly evolutionary conserved structure made up of 

four key subunits (Figure 1.3). In mammals cohesin contains two structural maintenance of 

chromosome (SMC) proteins, SMC1 and SMC3, and two non-SMC proteins, RAD21 (Scc1 in S. 

cerevisiae) and SA1/2. SMC1 and SMC3 form rod-shaped proteins with a hinge domain at one 

end and an ATP dependent nucleotide binding domain (NBD) at the other (Figure 1.3). The 

SMC NBD is made up of both N- and C-terminal amino acids, while the hinge domain contains 
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amino acids from the centre of the polypeptide (Nasmyth and Haering, 2009). This is due to 

the SMC proteins having antiparallel coiled coils that cause the polypeptide to double back 

onto itself. A heterodimer of SMC1 and SMC3 forms the central structure of the cohesin 

complex, where the hinge domains contact at the top and the SMC NBDs are at the bottom, 

forming a “V” shape. Bridging the gap between the SMC1 and SMC3 NBDs is the kleisin protein 

RAD21/Scc1. This results in a ring-shaped structure (Gruber et al., 2003). Less is known about 

SA1 and SA2. They bind to RAD21, and are thought to mediate interactions between other 

proteins and the cohesin complex (Remeseiro et al., 2012, Xiao et al., 2011).  

 

In mammalian cells, cohesin relies on the activity of the cohesin loading complex made up of 

proteins NIPBL and MAU2 for it to be loaded onto DNA (Nasmyth and Haering, 2009). The loss 

of NIPBL is akin to a loss of cohesin function (Schwarzer et al., 2017), and leads to a 

disorganisation of the 3D genome. It is thought NIPBL loads cohesin to DNA by recruiting it to 

DNA and stimulating its ATPase activity. The SMC1 and SMC3 proteins in cohesin are both 

able to hydrolyse ATP, and in the absence of this form rings but are unable to be loaded onto 

DNA (Gruber et al., 2006, Weitzer et al., 2003). Furthermore, work has shown that chromatin 

enters the cohesin ring through the SMC1 and SMC3 hinge domain (Buheitel and Stemmann, 

2013). Therefore, it is thought that ATP hydrolysis causes opening of the SMC1/3 hinge 

domain and the entrapment of DNA into the cohesin ring, leading to cohesin’s association 

with chromatin. 

 

Despite cohesin’s ability to bind DNA, it is unable to either load or remove itself from 

chromatin. These processes are carried out by a series of co-factors. 
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1.1.5 Cohesin loading, maintenance and removal with DNA 

 

Much like cohesin being unable to load itself onto DNA, it also relies on other proteins for it 

to dissociate from DNA. Cohesin-chromatin binding is maintained by the acetylation of SMC3 

by ECO1. Acetylation of SMC3 NBD prevents dissociation of RAD21 with SMC3, and the 

Figure 1.3 The structure of cohesin. A schematic representation of the cohesin complex and NIPBL. 
The subunits are labelled with their budding yeast and mammalian (in brackets) terms. SMC3 and 
SMC1 fold back on themselves to form the coiled-coil domains, with the hinge at the top and ATPase 
heads at the bottom. The heads associated with the alpha-kleisin RAD21 and PDS5. STAG1 and STAG2 
are associated with RAD21, and NIPBL determines cohesin loading. Adapted from Sedeno Cacciatore 
and Rowland, 2019. 
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opening of the SMC3-RAD21 gate by which cohesin is removed from chromatin (Buheitel and 

Stemmann, 2013). In order for cohesin to be removed from chromatin, SMC3 is deacetylated 

by HDAC8. SMC3 deacetylation alone is not sufficient to cause cohesin removal from 

chromatin. The protein WAPL is further required for cohesin removal presumably by opening 

the SMC3-RAD21 gate. The loss of WAPL leads to increased levels of chromatin bound 

cohesin, as well as abnormal 3D genome organisation due to increased cohesin residency 

(Kueng et al., 2006, Gandhi et al., 2006, Wutz et al., 2017).  

 

Cohesin removal also occurs through an alternative mechanism based on cleavage of the 

RAD21 kleisin protein by separase. This method is essential for progression of the cell cycle 

as cleavage of cohesin allows for the metaphase to anaphase transition, and the separation 

of chromosomes to the future daughter cell and parent cell. Separase is inhibited through the 

rest of mitosis by phosphorylation by CDK1. Once chromosomes have bioriented, separase 

can be activated leading to cleavage of RAD21. Separase mediated cleavage of RAD21 leads 

to rapid and efficient removal of the cohesin complex from DNA. 

 

 

1.1.6 CTCF 

 

CCCTC-binding factor (CTCF) is a sequence specific DNA binding protein that was initially 

identified as an insulator protein, displaying an ability to interfere with enhancer mediated 

gene regulation (Gaszner and Felsenfeld, 2006). It is now known to be important for 3D 
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genome organisation where it is found preferentially bound at domain boundaries (Rao et al., 

2014) and its disruption leads to a reduction in domain insulation (Nora et al., 2017). 

 

CTCF is highly conserved in eukaryotes and has a highly conserved DNA binding domain up of 

11 zinc-fingers (Ohlsson et al., 2001). CTCF binds between 55,000 and 65,000 sites in the 

mammalian genome (Chen et al., 2012a), many are conserved across cell-types however 30-

60% are cell-type specific (Ong and Corces, 2014). CTCF binding is thought to be at least partly 

regulated by the methylation of the CpGs in the consensus binding sequence  (Engel et al., 

2004), contributing to changes in gene expression (Lai et al., 2010, Chang et al., 2010). 

However not all CTCF sites contain CpG, and the methylation of nearby CpGs may play a role 

in CTCF binding (Kaaij et al., 2019). CTCF binding and its effect on gene expression may 

therefore have an effect on cell-type specific gene expression. Differential CTCF binding also 

occurs in the absence of changes to DNA methylation, as a result there must be alternative 

regulators that determine CTCF occupancy. 

 

While proteins such as YY1, the transcription factor Kaiso, PARP1, JUND and zinc-finger 

protein ZNF143 have been implicated in CTCF function at specific loci (Zlatanova and Caiafa, 

2009), cohesin has been identified as having the greatest role and interaction with CTCF 

genome wide (Wendt et al., 2008, Parelho et al., 2008, Rubio et al., 2008). Interactions 

between CTCF and cohesin take place between the C-terminal region of CTCF and the SA1 or 

SA2 subunits of cohesin (Kojic et al., 2018, Xiao et al., 2011). A majority of CTCF-binding sites 

are co-occupied by cohesin (Hadjur et al., 2009, Parelho et al., 2008). However, the loss of 

cohesin does not affect CTCF binding (Rao et al., 2017). Therefore, while cohesin interacts 

with CTCF, the stability and loading of CTCF on the genome is not regulated by cohesin but by 
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the methylation status of DNA and interactions with other DNA binding proteins such as 

chromatin modifiers and transcription factors. 

 

 

1.1.7 Chromatin loops 

 

Chromatin loops appear as single spots on HiC maps that show a greater interaction 

frequency than surrounding DNA (Figure 1.1A). Loops identified in an immortalised B-cell line 

were shown to frequently have a known promoter at one end, and a known enhancer at the 

other. (Enhancers are DNA sequences that exert regulatory effects on target genes. They 

often exist at sites distant from their target genes. They are discussed in greater detail later 

in the introduction.) This happened far more likely than one would expect by chance (Rao et 

al., 2014). These loops included classic known promoter-enhancer loops, including Myc and 

alpha-globin (Rao et al., 2014). Secondly, genes that have an enhancer-promoter loop are 

much more highly expressed than those that don’t (Rao et al., 2014). This suggests an 

important role for enhancer-promoter interactions in gene regulation. 

 

Loops can also be cell-type specific. As discussed previously, enhancers activation can be 

highly cell-type specific in order to regulate cell-type specific gene expression. Unique loops 

have been identified across multiple cell lines, with a corresponding increase in expression of 

the promoter targeted by its enhancer (Rao et al., 2014).  

 

A classic example of loop formation and its role in gene regulation is that of the locus control 

region (LCR) in globin gene regulation. Globin genes transition through expression during 



 26 

development. Initially embryonic globin is expressed, following by foetal, and finally adult-

type (b-globin). The expression of each globin subtype is controlled in developmentally 

appropriate manner through the generation of looped contacts between the LCR and the 

appropriate globin region during development (Tolhuis et al., 2002, Palstra et al., 2003). 

Deletion of the LCR in leads to deregulated transcription of b-globin in an erythryoblast cell 

line (Bartman et al., 2016), whereas forcing interaction between the LCR and b-globin genes 

leads to increased transcription (Bartman et al., 2016). Interestingly, the study showed that 

enhancer mediated regulation of genes seems to act through determining the number of 

active transcription sites in each cell, as opposed to the number of transcripts produced at 

each site. Forced looping between b-globin and the LCR led to an increased number of active 

b-globin alleles, but the number of transcripts generated at each transcription site remained 

the same (Bartman et al., 2016). 

 

Further studies using forced chromatin looping have demonstrated the importance of 

enhancer-promoter interactions in gene regulation. Light-activated-dynamic-looping (LADL) 

is a technique whereby inactivated Cas9 tethered to a truncated version of the CIB1 protein 

(dCas9-CBN) from Arabidopsis thaliana is forced to heterodimerise with cryptochrome2 

(CRY2) upon stimulation with blue light. By targeting two genomic regions with dCas9-CBN, 

introducing CRY2 into the nucleus, and treating cells with blue light, the two genomic regions 

are forced to interact forming a loop (Kim et al., 2019). Targeting an enhancer normally 

associated with Klf4, as well as targeting the promoter of Zfp462, both with dCas9-CBN, 

activation with blue light forced the enhancer away from its Klf4 target and generated an 

interaction instead with the Zfp462 promoter. This led to a corresponding increase in 
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expression of Zfp462. However, interestingly there was no effect on Klf4 expression despite 

the loss of its enhancer contact (Kim et al., 2019).  

 

Chromatin looping therefore appears important in regulating gene expression through 

enhancer activity. It appears that chromatin looping confers the ability for enhancers to exert 

their regulatory activity as discussed earlier by allowing enhancers to physically contact target 

promoters, leading to the regulation of cell-type specific genes and fine tuning the levels of 

expression.  

 

Cohesin and CTCF were initially identified as being potentially important for chromatin 

looping based on overlaps of chromatin immunoprecipitation sequencing (ChIP-seq) data 

(Rao et al., 2014, Hadjur et al., 2009, Parelho et al., 2008, Seitan et al., 2011). Previous work 

has shown that cohesin was preferentially bound to DNase I hypersensitive sites, many of 

which contained the consensus binding motif for CTCF, and that CTCF binding was required 

for the localisation of cohesin at these sites (Parelho et al., 2008). It was then found that a 

majority of loops are bound by CTCF and cohesin at their anchor sites (Rao et al., 2014). 

Furthermore, the consensus DNA binding sequence (5’-CCACNAGGTGGCAG-3’) for CTCF is not 

palindromic, and as such can exist in two orientations, either forward or backward. 

Overwhelming, loops are formed between two convergent CTCF sites, that is, CTCF motifs 

that point towards each other as opposed to away or in the same direction (Rao et al., 2014). 

It was shown that inverting CTCF sites disrupts loop formation without affecting CTCF binding, 

and that genes targeted by enhancers in these altered loop formations are deregulated (de 

Wit et al., 2015, Guo et al., 2015). Furthermore, the depletion of CTCF leads to the loss of 
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chromatin loops that are anchored between convergent CTCF sites, and they could be 

restored with the rescue of CTCF expression (Nora et al., 2017). 

 

While CTCF is important for demarcating the boundaries of loop formation and laying down 

the blueprint of interactions, cohesin has been shown to be important for generating the 

physical interactions and maintaining organisation. The loss of cohesin leads to the loss of 

organisation of the genome in 3D space below compartment level (Rao et al., 2017), including 

domains and chromatin loops. Mice heterozygous for the cohesin loading protein NIPBL 

display reduced interactions between the b-globin LCR and b-globin genes, and reduced 

cohesin binding at the same sites, as well as a decrease in expression of b-globin genes (Chien 

et al., 2011). Cohesin has also been shown to be essential for long-range chromatin 

interactions and gene regulation at the Ifng cytokine locus in mouse and human (Hadjur et 

al., 2009) as well as the T-cell receptor (TCR) a locus (Tcra) (Seitan et al., 2011).  

 

Chromatin loops appear to be important for the formation of enhancer-promoter 

interactions, which are through to allow enhancers to exert their regulatory effect. Examples 

have shown that the loss of chromatin looping can lead to deregulated gene expression, and 

the forcing of loops can activate genes. Additionally, high correlation between loop formation 

and expression levels also suggests their important role in enhancer mediated gene 

regulation. However, while the loss of specific chromatin loops can lead to changes in gene 

expression, the same rules have not been identified genome wide. The depletion of cohesin 

and subsequent loss of all chromatin loops leads to minimal changes in gene regulation (Rao 

et al., 2017). Therefore, while chromatin looping is certainly important in some situations, its 

role in gene regulation genome wide remains unclear. 
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What has been shown is that architectural proteins cohesin and CTCF play fundamental but 

different roles in chromatin loop formation and maintenance. CTCF is essential for laying the 

blueprint and defining regions of interactions, while cohesin is responsible for actually 

generating them. In the absence of CTCF or cohesin, 3D genome organisation is compromised. 

 

 

1.1.8 Domains 

 

The advent of high powered 3C techniques such as 4C, 5C and HiC have allowed for the study 

of 3D genome organisation at larger scales and greater resolution. One of the most striking 

discoveries was that chromosomes are subdivided into domains (Figure 1.1A, 1.4A, (Dixon et 

al., 2012, Nora et al., 2012, Sexton et al., 2012). Domains represent regions of the genome 

which are more likely to interact with themselves than surrounding regions. They can range 

in size from 40kB to 3Mb and can contain multiple genes and multiple regulatory elements 

such as enhancers (Figure 1.4A, (Rao et al., 2014). While domains can vary in structure across 

organisms and cell types, in mammals they are largely invariant across all tissues (Dekker and 

Heard, 2015). How domains interact with each other in larger organisation units known as 

compartments does however change dramatically across cell-types, and as such it has been 

suggested that domains are the building blocks of the genome in 3D space which are 

reconfigured in their associations with one another during development, but themselves do 

not change (Dekker and Mirny, 2016).  
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As discussed previously, loci within domains are more likely to interact with other loci within 

the same domain, and are relatively insulated from the loci outside of their domain. Work 

recently has shown that a function of the insulated domain is to provide a framework in which 

distal regulatory elements are more likely to interact with their target genes than with 

surrounding loci. This allows enhancers for example, to exert their regulatory effect through 

as they come into 3D proximity with their target genes. While domains do not facilitate point 

to point interactions, they merely provide a space in which certain interactions are more likely 

to occur.  

 

How domain structure is determined is still being uncovered. A majority of domains are 

bordered by convergent CTCF sites, where they are also enriched for cohesin. Domain 

formation and loop formation are therefore rooted in the same active process. Domains are 

often formed as a result of loop formation between two anchors, and the active process of 

bringing the anchors together drives formation of a preferentially interacting region in 

between them, known as a domain. Some domains are not bordered by CTCF and therefore 

their blueprint is dependent on other architectural proteins (Rao et al., 2014). The loss of 

cohesin function leads to the loss of all domains (Rao et al., 2017, Schwarzer et al., 2017). 

Together these studies provide strong evidence that cohesin is essential for the organisation 

of the genome into domains, and for facilitating interactions where the limitations of which 

have been determined by CTCF and other architectural proteins. 

 

It has also been shown that domain structure is variable but constrained at a single cell level. 

While domains differ between single-cells, their aggregate structure resembles those 

identified in bulk Hi-C. Following the depletion of cohesin, while domain like structures 
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remain, they are not represented in bulk Hi-C as the constraining activity of cohesin has been 

lost (Bintu et al., 2018), and they are randomly generated blocks of interacting chromatin. 

Cohesin is therefore not necessarily important for domain formation, but for the maintenance 

of domains where interactions are more likely to occur compared to background interactions.  

 

While the loss of cohesin leads to the loss of all domains and smaller 3D structures, the 

depletion of CTCF has a different effect on 3D organisation. The loss of CTCF leads to the 

reduction of insulation at over 80% of boundaries. Of the remaining 18% of boundaries, these 

were identified as not being bordered by CTCF and where insulation is not affected by the 

loss of CTCF (Nora et al., 2017). 

 

Inversion of CTCF sites at domain boundaries also affects their structure (Guo et al., 2015). 

Protocadherins (Pcdh) are a family of membrane bound proteins which a large number of 

variable structures. This is due to the presence of Pcdh clusters which contain “variable 

regions”. These regions contain a large number of variable exons that are alternately 

expressed in different PCDH proteins. Each variable exon is preceded by a promoter which is 

bound by CTCF. CTCF is also found at the Pcdh enhancers further downstream. These CTCF 

binding sites are positioned in a convergent orientation. Using CRISPR/Cas9, inversion of 

these CTCF sites led to the loss of interaction between the Pcdh enhancer and the variable 

exon promoters, and decreased expression of the variable exons. The same approach was 

used in the b-Globin locus with similar effect (Guo et al., 2015).  

 

This work, amongst others, has shown that CTCF orientation in mammals, as well as other as 

of yet uncovered architectural proteins, determine the direction of 3D DNA interactions, and 
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together with cohesin are responsible for determining domain organisation. In the absence 

of cohesin there are serious genome wide consequences on the 3D organisation of the 

genome including the loss of all domains. 

 

 

1.1.9 Compartments  

 

Compartments are long range self-organising regions of preferentially interacting chromatin. 

Compartments appear as a plaid pattern in Hi-C maps, and are spread over great distances. 

They are formed of genomic regions with similar chromatin modifications. Genomic regions 

containing predominantly active chromatin modifications will associated with similarly 

modified active chromatin, and form “A” compartments. On the other hand, genomic regions 

containing inactive, or silenced chromatin, display an interaction preference for each other 

and come together to form “B” compartments (Figure 1.1A, (Lieberman-Aiden et al., 2009).  

 

Since their initial discovery, compartments have been further subclassified into distinct 

groups (Rao et al., 2014). Two of them, A1 and A2, are associated with the originally identified 

A compartments. They are both gene dense, contain highly expressed genes, and are labelled 

with active chromatin marks such as H3K4me1, H3K27ac, H3K79me2 and H3K36me3. They 

are depleted at the nuclear lamina and at nucleolus-associated domains (NADs). A1 and A2 

are separated from each other by replication timing, A1 compartments finish replicating at 

the beginning of S phase, while A2 compartment DNA is replicated into the middle of S phase. 

A2 compartments are also enriched for H3K9me3, have a lower GC content and contain 

longer genes (Rao et al., 2014). 
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The other subfamilies of compartments are known as B1, B2, B3 and B4 compartments. These 

all stem from the initially more broadly defined B compartments. Subcompartment B1 is 

positively associated with H3K27me3, while depleted in H3K36me3, implying it is 

predominantly made up of heterochromatin. However, this is counterintuitive to the 

observed B1 overlap with A compartments. B2 is present at the nuclear lamina and NADs, and 

contains a majority of the pericentromeric heterochromatin. B3 is also enriched at the nuclear 

lamina, but depleted at NADs. Finally, B4, the smallest of all subcompartments as it only spans 

a total of 11Mb of DNA, is enriched for many KRAB-ZNF superfamily genes, and display both 

activating and repressive chromatin marks (Rao et al., 2014). 

 

Unlike domains, compartments are highly variable between cell types, and change during 

development and differentiation (Dixon et al., 2015, Lieberman-Aiden et al., 2009). This is 

unsurprising given they are determined by chromatin marks, and as cells develop they 

differentially activate and repress thousands of genes. 

 

The mechanisms that govern compartment formation remain largely unknown, however 

recent work has implicated phase separation as being a driver behind compartment 

formation. Heterochromatin domains have been reported to form through phase-separated 

HP1 condensates that enrich for heterochomatin factors and exclude those of euchromatin 

(Strom et al., 2017). It is appealing to think that compartments are therefore generally formed 

through homotypic interactions between chromatin modifications. 
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Cohesin does seem to play a role in some aspects of compartment organisation. Following 

the loss of cohesin, compartments display increased strength, and the number of 

compartments increases. Compartment size is also reduced (Schwarzer et al., 2017, Rao et 

al., 2017). Compartments generated following the loss of cohesin correlate better with 

transcriptional activity and chromatin states than those in control cells, suggesting that 

cohesin plays an almost antagonistic role (Schwarzer et al., 2017).  Compartment formation 

is therefore not reliant on cohesin, and the formation of domains by cohesin seems in fact to 

antagonise compartment formation and localisation (Rao et al., 2017). 

 

 

1.1.10 Loop extrusion – how cohesin generates a 3D framework 

 

While compartments are formed through self-organisation, domains and loops are reliant on 

the activity of proteins and protein complexes to generate their interactions. Cohesin is 

thought to generate 3D interactions by a process known as loop extrusion, where the cohesin 

ring physically pulls chromatin through in an active process. 

 

During mitosis, all interphase 3D genome organisation is lost as chromosomes condense. 

Therefore, when cells exit mitosis they need to reconstruct the 3D organisation of their 

genomes. Compartments, due to being largely defined by chromatin state, are most likely 

regenerated due to retained histone modifications and other proteins that remain bound to 

DNA during mitosis and that re-establish the epigenetic landscape.  
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These mechanisms however cannot dictate the re-establishment of CTCF and cohesin 

mediated interactions such as loops and domains. For these structures to be re-established a 

complex needs to be present that binds DNA, can translocate along DNA, and be blocked by 

other complexes (such as CTCF) in a directional manner. Proteins have been identified that 

have translocase ability, and helicases can translocate along DNA without unwinding it, and 

these proteins share similarities with cohesin at their ATPase domains. In addition, cohesin 

shares structural similarities with kinesins and myosins, motor protein complexes responsible 

for cytoplasmic transport. Cohesin therefore is an attractive candidate to be the extruder that 

establishes and maintains 3D genome organisation. 

 

Following the loss of cohesin function by proteolytic degradation, and the resulting loss of all 

domains and loops, its reintroduction leads to the rapid reestablishment of these structures 

(Rao et al., 2017). This supports the model that cohesin forms domains by dynamically binding 

and extruding DNA (Fudenberg et al., 2016). In this model, cohesin extrudes chromatin 

continuously as it is bound, until it reaches a “roadblock”, such as CTCF, where it stalls. This 

would explain the overlap of CTCF and cohesin binding at domain boundaries, but also explain 

the lower levels of cohesin often found in domains. The directionality of CTCF binding sites 

dictating domain formation – that domains are formed between convergent CTCF sites – also 

agrees with this model.  

 

How exactly cohesin extrudes remains unknown. Different models have been suggested 

including diffusion of cohesin by Brownian motion along chromatin, the ability for cohesin to 

be its own ATP driven motor, and the “pushing” of cohesin along chromatin by other 

chromatin bound complexes such as Pol II.  
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The diffusion of cohesin along chromatin to explain its movement does not fit with models of 

the speed at which 3D genome organisation is re-established following rescue of cohesin 

function. In addition, the “pushing” idea does not explain how loops form in inactive regions 

of the genome, and is also too slow to explain reestablishment (Rowley and Corces, 2018).  

 

SMC complexes do have ATPase activity and as such could act as their own motor. Cohesin’s 

close cousin, condensin (another SMC complex important for chromosome compaction in the 

cell cycle), has been shown to move along chromatin in vitro (Terakawa et al., 2017). In 

addition, the energy requirement for loop extrusion is in line with other cellular processes, 

and the removal of ATP followed by the loss and reintroduction of cohesin inhibited the 

reestablishment of cohesin-CTCF mediated 3D genome organisation, showing it is an ATP 

dependent process (Vian et al., 2018). Mutations that inactivate the ATPase ability of cohesin 

led to the same defects, strongly suggesting cohesin ATPase activity and loop extrusion drives 

3D genome organisation (Vian et al., 2018). 

 

Loop extrusion through cohesin motor activity seems to be the best current fit for models of 

loops extrusion. While work has yet to directly show that cohesin is able to extrude chromatin 

in eukaryotic cells, supporting evidence for the model continues to grow. 
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1.1.11 Enhancers 

 

Regulation of genes is not just determined by transcription factors and transcriptional 

machinery binding to promoter regions but also due to distal regions of DNA known as 

enhancers. They are defined as sequences of non-coding DNA that induce spatiotemporally 

precise gene regulation, however the mechanisms by which this occurs remains unknown 

(Furlong and Levine, 2018). What is known is that enhancers exert regulatory effect through 

the recruitment of combinations of sequence-specific transcription factors, which in turn 

recruit RNA polymerase II and other transcriptional coactivators to target genes (Haberle and 

Stark, 2018, Long et al., 2016). Enhancers display gene specificity and not all enhancers can 

activate all genes. 

 

Enhancers are identified based on a distinct chromatin signature. They are accessible, marked 

by H3K4me1 or H3K4ac27 and bind transcribing Pol II (Catarino and Stark, 2018). However, 

sequences that contain these features may not necessarily display “enhancer” functions, and 

need to be experimentally validated through reporter assays. Such experiments have 

highlighted the importance of enhancers in determining the diversity of gene expression 

observed across cell types and throughout development, and the resulting complexity of 

metazoa.  

 

While enhancers have been shown to be important for the dynamic regulation of genes. Not 

all genes rely on enhancers for expression. Those that do tend to be genes with precise 

spatiotemporal expression patterns, such as during development (Levine, 2010, Long et al., 
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2016), cell-type specific genes (Heinz et al., 2015), or genes which need to rapidly regulated 

in response to external stimuli, such as inflammatory response genes in macrophages (Glass 

and Natoli, 2016), and activity dependent genes in neurons (Kim et al., 2010). 

 

Multiple enhancers can control the activity of multiple genes and promoters with 

spatiotemporal precision. The gene Sonic hedgehog (Shh) relies on the differential activity of 

11 distinct enhancer elements to drive correct expression in different tissues such as the 

central nervous system, epithelia and limbs during mouse embryogenesis (Anderson et al., 

2014). Loss of specific Shh targeting enhancer elements leads to disruption of Shh regulation 

in specific tissues at specific times (Figure 1.4 A, B). Removal of the limb specific ZRS enhancer 

leads to the loss of expression of Shh only in the developing limb, leading to reduced limb 

growth, while other tissues remain unaffected (Anderson et al., 2014). 

 

The physical interaction between enhancers and promoters (Figure 1.4) are thought to be 

important for allowing enhancers to exert their regulatory effect on target genes. While 

interactions have been shown to be mediated by proteins discussed earlier such as cohesin 

and CTCF, transcription factors are increasingly being implicated as being important for 

mediating enhancer-promoter interactions. Enhancers as well as promoters contain 

transcription factor binding sites, often for the same transcription factors, or those known to 

interact with each other. There are several mechanisms proposed by which transcription 

factors can mediate 3D genome interactions. Direct oligomerisation of transcription factors 

or oligomerisation with cofactors has been proposed to form interactions between distal 

chromatin sites (Kim and Shendure, 2019). In mouse erythroid cells LIM domain binding 
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protein (Ldb1) is recruited by the cofactor Lmo2 and bridges interactions with the 

transcription factors Gata1, Tal1 and E2A (Love et al., 2014b). 

 

 

Recently stabilisation of interactions between distal genomic regions based on liquid-liquid 

phase separation has been proposed. Phase separated droplets have a composition distinct 

from the surround solution. Transcription factors are enriched for intrinsically disordered 

regions (IDRs) which have been shown to be important for condensate formation in vitro and 

in vivo (Banani et al., 2017, Boija et al., 2018, Cho et al., 2018). Enhancers that share 

Figure 1.4 Organisation of the sonic hedgehog (Shh) locus in 3D space and enhancer based 
regulation of limb development. (A) A section of a Hi-C map showing the organisation of the Shh 
locus, and the interaction between the ZRS and Shh gene. (B) The loss of the ZRS leads to the loss of 
Shh expression and abnormal hindlimb development. Adapted from (Schoenfelder and Fraser, 2019). 

A 

B 
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transcription factor binding sites have been shown to colocalise in a manner that appears to 

be phase separated, where their transcription factors are not known to oligomerise (Denholtz 

et al., 2013, Nair et al., 2019, de Wit et al., 2013). This is consistent with the possibility of 

condensate formation mediating their interactions. Phase separation however remains 

contentious and the distinction between phase separation and smaller protein-protein 

assemblies remains beyond our abilities. 

 

Metazoa have thousands of distinct cell subtypes. These unique cells must maintain their 

unique function in order for the organism to survive optimally. This requires to the precise 

regulation of cell-type specific genes. While some genes are active in all cell-types, known as 

housekeeping genes, others are highly cell-type specific. Housekeeping genes are associated 

with universal cellular functions such as homeostasis, growth, translation and transportation. 

Cell-type specific genes are genes that confer unique function onto cells, for example, making 

neurons able to form memories, and macrophages able to fight infection. Cell-type specific 

gene regulation is thought to be at least partly regulated by cell-type specific enhancer activity 

(Heinz et al., 2015, Nord et al., 2013). While the mammalian genome contains millions of 

potential enhancers, only several thousand are active in a given cell type (Consortium, 2012, 

Nord et al., 2013).  

 

Lineage determining factors are essential for the establishment and maintenance of cell-type 

specific function (Heinz et al., 2015). They are expressed during development and cell 

differentiation, and are able to prime and activate cell-type specific enhancers in a cell-type 

specific manner, conferring unique cellular function (Ghisletti et al., 2010, Heinz et al., 2010, 

Heinz et al., 2015). A classic example is that of PU.1 which is a lineage determining 
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transcription factor required for both the development of macrophages and B cells. PU.1 

binding sites are highly variable between B cells and macrophages, and PU.1 therefore 

occupies largely unique sites between the two cell types (Heinz et al., 2010). Macrophage-

specific binding sites of PU.1 overlap with the binding sites of other macrophage specific 

lineage determining transcription factors, and the same is observed in B cells. The loss of PU.1 

or associated lineage determining transcription factors revealed an interdependence on each 

other, and they require each other to bind to DNA and exert their regulatory function 

determining cell differentiation. The binding of PU.1 and associated factors is required for the 

monomethylation of H3K4, and inducing chromatin accessibility, both known enhancer marks 

(Heinz et al., 2010, Ghisletti et al., 2010).  Therefore, lineage determining transcription factors 

are thought to activate cell-type specific enhancers, which in turn regulate cell-type specific 

genes, allowing for unique cell function. 

 

Enhancers also play an important role in the dynamic regulation of genes in response to 

stimuli. For example, the regulation of inflammatory genes in macrophages relies on the 

activation and repression of many enhancer elements (Ostuni et al., 2013, Glass and Natoli, 

2016). Stimulation of macrophages with lipopolysaccharide (LPS) – a component of the 

bacterial cell wall – is used to mimic pathogen detection by macrophages. LPS activates 

downstream signalling pathways through toll-like receptor 4 (TLR4) eventually leading to the 

induction of an inflammatory gene expression program of hundreds of genes and thousands 

of regulatory elements (Bhatt et al., 2012). Work has shown that following LPS stimulation, 

regions of DNA become accessible, gain H3K27ac and H3K4me1, and begin transcribing, the 

hallmarks of enhancer activity (Ostuni et al., 2013, Kaikkonen et al., 2013). Activated 

enhancers in macrophages contain binding sites for known transcriptional regulators of the 



 42 

inflammatory gene expression program such as PU.1, STAT and JUNB, highlighting their 

importance in regulating this process (Ostuni et al., 2013). Loss of enhancer activation in 

macrophages in response to inflammatory stimuli leads to a loss of inducible gene regulation 

(Cuartero et al., 2018, Ostuni et al., 2013).  

 

Much like macrophages, neurons have an inducible gene expression program. Neurons 

upregulate genes in response to depolarisation of their membrane caused either by 

treatment with potassium chloride (KCl), or with proteins that bind to activating receptors on 

the synapse such as brain derived neurotrophic factor (BDNF). Much like in macrophages, 

following stimulation of neurons with KCl regions of DNA gain hallmark signs of enhancer 

activation, including H3K27ac and transcription (Kim et al., 2010, Malik et al., 2014). Activated 

enhancers contain binding sites for transcription factors known to be essential for the 

neuronal inducible gene expression such as FOS and ARC (Malik et al., 2014, Kim et al., 2010). 

These inducible genes are essential for the synaptic development and function, and for brain 

specific processes such as memory formation (Frey et al., 1996, Nguyen et al., 1994). 

Targeting the enhancers of the inducible gene Fos using an inactivated Cas9 fused with a 

Krüppel-associated box (KRAB) domain to induce heterochromatin formation, led to the loss 

of correct Fos regulation in response to KCl and BDNF stimulation (Joo et al., 2016). This 

highlights the importance of enhancers in the inducible gene expression program in neurons. 

 

As well as displaying high specificity such as the example above, enhancers can also display 

redundancy. More commonly, genes are controlled through the activity of multiple 

redundant enhancers that allows for resistance to genetic variation, often multiple enhancers 

need to be deleted for there to be an observable effect on target gene expression 
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(Osterwalder et al., 2018). The presence of multiple enhancer elements also allows for the 

generation of new regulatory activities through evolution, as they provide a template for 

mutation and the gaining of new spatiotemporal activation and subsequent changes to gene 

expression. 

 

It is also possible that enhancer redundancy exists in order to guarantee expression of target 

genes across cells. Should an enhancer fail in one cell, others can take over and regulate their 

target genes. By having so many redundant enhancers, different ones can fail in different cells 

across a population, but ultimately have no effect on gene regulation (Perry et al., 2011). 

 

Overall it is clear that enhancers play a crucial role in gene regulation. They allow for dynamic 

spatiotemporal transcriptional regulation, which gives rise to key processes during 

development and allows different cell types to carry out their specific functions.  

 

While the precise mechanisms that underlie enhancer function remain unknown, it is now 

known that 3D genome organisation plays a crucial role in allowing enhancers to exert their 

regulatory function on target genes (Cuartero et al., 2018, Schoenfelder and Fraser, 2019, 

Merkenschlager and Nora, 2016). In order for enhancers to exert their regulatory effect, they 

must be brought into close proximity to their target promoter to allow for recruitment of the 

transcriptional machinery. The 3D organisation of the genome provides a framework in which 

enhancers come into contact with their target promoters and through this facilitates dynamic 

enhancer driven gene regulation. 
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1.1.12 The role of 3D genome organisation in transcriptional regulation  

 

The role of 3D genome organisation in gene regulation still remains relatively unknown. Initial 

work focused on specific loci where expression was known to be regulated by a key enhancer, 

such as the T-cell-receptor and b-Globin loci (Seitan et al., 2011, Palstra et al., 2003). Here it 

was shown that the loss of cohesin or loss of interactions had detrimental effects on gene 

expression. With the advent of Hi-C, questions related to how genome wide changes to 

genome organisation affect changes in gene expression have started to be addressed. 

 

The importance of chromatin loops in gene regulation has been studied relatively extensively. 

Their importance in gene regulation are easier to define and understand than that of larger 

3D genome structures such as domains. Chromatin loops bring together genes with highly 

specific enhancers for correct expression, often in complex systems where a significant 

degree of variable transcripts are produced. Chromatin loops have been shown to be essential 

for the regulation of globin genes during development, and manipulation of chromatin 

looping can induce changes in gene expression (Deng et al., 2014). The identification of 

thousands of chromatin loops and their subsequent disappearance following cohesin, led to 

minimal effect on gene expression (Rao et al., 2017). This suggests that there are some 

chromatin loops that are essential for gene regulation in specific cells and at certain stages, 

the majority of chromatin loops are non-essential for correct gene regulation. 

 

Understanding the functional relevance of A and B compartments in regulating gene 

expression is less clear and remains a challenge as we lack the knowledge and tools to freely 
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manipulate them. Histone modifications and chromatin compaction are sufficient to trigger 

A – B compartment switching, suggesting transcription factor and chromatin modifier DNA 

binding events can drive conformation changes at the compartment level (Stadhouders et al., 

2019). 

 

Much like chromatin loops, the role of domains in gene expression has not been fully 

understood. While specific examples have been identified where domain formation and 

function is essential, the loss of domains by cohesin depletion does not lead to much 

transcriptional deregulation (Rao et al., 2017, Schwarzer et al., 2017). The importance of 

domains in constraining interactions and facilitating preferable enhancer-promoter 

interactions suggests they are essential for gene regulation. It also implies that correct 3D 

genome organisation does not just facilitate interactions, but drives them, allowing for 

enhancer control of gene regulation by insulation. This would lend itself to the idea that 

enhancers are able to activate genes in their domain relatively indiscriminately, or at the very 

least gene expression within domains would be relatively coordinated. Work has shown that 

during the differentiation of embryonic stem cells (ESCs) into neural progenitor cells, genes 

in the same domain tend to be more correlated in expression than those in neighbouring 

domains (Nora et al., 2012).  

 

Work from Lupianez and colleagues showed that structural variations due to genomic 

deletions, duplications and inversions at the EPHA4 domain in humans causes abnormal limb 

development such as brachydactyly and polydactyly. This domain, and the surrounding 

domains, contain genes essential for the regulation of limb development, such as WNT6, IHH, 

EPHA4 and PAX3. Mouse models replicating the human genomic variations showed changes 
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in interactions at these domains, and the mimicking of the human limb abnormalities. 

Inversion of one domain boundary led to repositioning of limb enhancers into the same 

domain as the Wnt6 gene. This led to increased interactions with the gene and its 

upregulation in limb tissues where the enhancers were active (Lupianez et al., 2015). 

 

Work focused on understanding the role of cohesin in gene expression has been ongoing, well 

before the current understanding of the scale of 3D genome organisation, and the importance 

cohesin plays in it. 

 

During T-cell-receptor rearrangement, gene segments distributed over several Mb of DNA are 

transcribed and recombined in a development specific fashion (Stanhope-Baker et al., 1996, 

Jhunjhunwala et al., 2009), and it is essential for determining cells for differentiation. Cohesin 

binding at the T-cell-receptor a (Tcra) locus is found at key regions such as the Tcra enhancer 

and promoter, and forms a boundary that excludes neighbouring genes as well as the 

neighbouring T-cell-receptor segments that are expressed at different developmental stages 

(Seitan et al., 2011).  When cohesin was depleted through the genetic removal of Rad21, there 

was a decrease in expression of Tcra and an increase in expression of surrounding genes. The 

loss of cohesin led to a loss of interactions between the Tcra promoter and enhancer, as well 

as the in-between Tcra segments. As a result, thymocytes displayed abnormal T-cell-receptor 

rearrangement, and abnormal differentiation (Seitan et al., 2011).  

 

Work discussed later in this thesis shows that cohesin, and by extension 3D genome 

organisation is essential for the inflammatory response in macrophages (Cuartero et al., 

2018). In the absence of correct domain formation and 3D organisation, inducible genes in 
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macrophages in response to the mimicking of a pathogen are unable to be correctly 

regulated, and their enhancers fail to induce (Cuartero et al., 2018). Additionally, work will 

show that cohesin, and by extension 3D genome organisation, is required for the expression 

of cell-type specific genes in neurons (unpublished).  

 

These examples, suggest that 3D organisation is highly important for gene regulation. 

However, the field remains somewhat murky. Others have shown that total cohesin loss has 

a very limited effect on gene regulation with only 146 genes changing expression level by 

more than 1.75-fold (Rao et al., 2017). While the loss of cohesin loading protein NIPBL in 

hepatocytes led to the significant deregulation of 1124 genes, but gene ontology showed no 

functional enrichment (Schwarzer et al., 2017).  

 

The discrepancies in studies may be explained by several factors. Many studies are done in 

cell lines in a steady-state, unchallenged in an artificial environment. Therefore, these cells 

do not undergo many changes in gene regulation. It is in these settings where the most 

minimal changes in gene expression are observed (Rao et al., 2017). Cells which are exposed 

to external stimuli and need to respond with a transcriptional program, suffer from greater 

deregulation following the loss of 3D organisation (Cuartero et al., 2018). Macrophages need 

cohesin, and therefore 3D organisation to generate a transcriptional response to microbial 

signals, and it is emerging that 3D genome organisation also plays a key role in cell 

development and differentiation (Zheng and Xie, 2019). Perhaps in order to really understand 

the importance of the 3D genome we need to use primary cells, or in vivo studies, that 

challenge systems to be dynamic and undergo changes in transcription. Then we might start 

to understand the importance of 3D genome. Finally, discrepancies in studies arise from each 
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author’s own definition of “significant” gene regulation changes. The use of expression fold-

change as a measure of significance, and by extension the importance of 3D genome 

organisation can be misleading. Often small fluctuations in lowly expressed genes can have 

dramatic consequences on the ability for cells to function. Low level expression of cytokines 

in macrophages before encountering a pathogen is essential for mounting an immune 

response (Bhatt et al., 2012). Disruption of lowly expressed genes may therefore have 

dramatic consequences on organismal function.  

 

More work needs to be done in a variety of systems in order to understand when and where 

correct 3D genome organisation is so essential in gene regulation and cell function, and to 

potentially develop a set of rules and an understanding of which genes and processes rely on 

it the most. 

 

 

1.2 Models for understanding 3D genome organisation in gene 

regulation 

 

 

1.2.1 Using proteolytic cleavage to investigate protein function – the RAD21-

TEV system  

 

In order to address questions related to 3D genome organisation in gene expression, systems 

based on the proteolytic cleavage of architectural proteins such as CTCF or RAD21 have been 
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developed (Nora et al., 2017, Natsume et al., 2016, Rao et al., 2017, Tachibana-Konwalski et 

al., 2010). These systems offer distinct advantages over more conventional genetic knock-out 

and RNAi based systems. They can be more precisely temporally controlled, and the loss of 

protein is rapid. Genetic depletion of RAD21 takes up to three days, however similar levels of 

cohesin depletion can be achieved through proteolytic cleavage in a matter of hours. Genetic 

knock-outs and RNAi are not always efficient, and the degree of loss of protein is often greater 

using proteolysis-based systems. The timing and degree of protein depletion can be adjusted 

in proteolysis systems, and is often reversible, allowing for dosage dependent as well as 

rescue experiments (Natsume et al., 2016, Nora et al., 2017, Rao et al., 2017, Tachibana-

Konwalski et al., 2010, Cuartero et al., 2018). Genetic and RNAi based cohesin depletion 

systems also lead to the presence of confounding effects, Firstly, the key requirement for 

cohesin in cell-cycle means that data taken from genetic depletions and RNAi experiments 

often have serious confounding effects on gene regulation and organisation, as cells can 

undergo aberrant cell cycle (Wendt et al., 2008, Kagey et al., 2010, Nitzsche et al., 2011). 

Secondly, knock-on effects of cohesin depletion on gene regulation can also lead to changes 

in gene regulation not directly caused by cohesin depletion. The rapid nature of proteolytic 

cleavage means that proteins can be depleted quickly to minimise secondary effects caused 

by aberrant cell cycle and knock-on changes from defective gene regulation. 
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A common proteolytic system currently being used is the auxin-inducible degron (AID) (Figure 

1.5A). In AID, a plant-specific degradation pathway, controlled by the phytohormone, auxin, 

is introduced into non-plant cells. Endogenous proteins are fused with an AID tag, and cells 

are forced to express the auxin responsive F-box protein TIR1. Treatment of the cells with 

auxin leads to the rapid degradation of the AID fused protein. Removal of auxin from cells 

leads to the termination of auxin activated degradation and the rescue of protein expression 

(Natsume et al., 2016). The system has been widely employed to study the role of 

A B 

Figure 1.5 AID and TEV based systems for targeted proteolytic cleavage. (A) A schematic 
representation of the AID degron system. Forced expression of OsTIR1 and addition of auxin leads to 
recruitment of the ligase complex and the degradation of an AID tagged protein following 
polyubiquitinylation. (B) Schematic representation of modified cohesin complex where RAD21 
contains two TEV cleavage sites, which upon TEV protease expression is degraded. The endogenous 
separase site is marked by the arrow. Adapted from (Pauli et al., 2008). 
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architectural proteins in 3D genome organisation and gene regulation with success (Rao et 

al., 2017, Nora et al., 2017). Its use however remains limited to cell lines, and no mouse 

models yet exist. This means primary cells cannot be studied. As discussed previously, the lack 

of clarity on the importance of 3D genome organisation on gene expression and cell function 

may arise from the lack of investigation into the role of 3D genome organisation in primary 

cells and in vivo studies. The AID system has yet to break this barrier. Secondly, the system is 

leaky. AID fused proteins in cells expressing TIR1 experience significant levels of depletion 

even before the addition of auxin (Nora et al., 2017), although this seems dependent on what 

protein is tagged in what cell type, and which promoter is used to drive TIR1 expression 

(Natsume et al., 2016). If there is leakiness however, changes in gene expression as well as 

cell function may be less dramatic than expected due to the already low baseline. 

 

An alternative proteolytic system is that based on the tobacco etch virus (TEV) protease. The 

TEV protease is a viral protease that is not found in animals. It identifies and cleaves a specific 

sequence, the TEV sequence. Introduction of a TEV cleavage site into cohesin proteins and its 

cleavage by the TEV protease has been successfully used in yeast, flies and mouse oocytes 

(Uhlmann et al., 2000, Tachibana-Konwalski et al., 2010, Pauli et al., 2008) (Figure 1.5B).  

 

Kim Nasmyth (University of Oxford, Department of Biochemistry) kindly provided our group 

with mice where RAD21 has been modified to be targetable by TEV protease. Two TEV 

cleavage sites were inserted in the flexible polypeptide region between the N- and C-terminal 

domains of RAD21 (RAD21-TEV). Cleavage of RAD21-TEV by TEV protease leads to cohesin 

dissociation from chromatin, much like the during the cell cycle when separase cleaves 

RAD21, leading to cohesin dissociation from chromatin and triggering sister-chromatid 
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disjunction. A Myc epitope tag was fused to the C-terminal of RAD21, allowing for its 

identification using molecular biology techniques.  

 

Mice which are homozygous for RAD21-TEV, that is where both alleles of Rad21 have been 

modified with the TEV cleavage site, are embryonically lethal, dying shortly before birth. 

However, many primary cells can be taken from RAD21-TEV homozygous embryos before 

death and grown in culture, including neurons, macrophages and fibroblasts. These cells 

express only cleavage RAD21, allowing for degradation of cohesin in primary cells. This 

overcomes an obstacle posed by the AID system where primary cell containing AID tagged 

architectural proteins have yet to be developed. This is especially important as using primary 

cells is key to furthering our knowledge of the importance of 3D genome organisation in gene 

regulation. 

 

The development, adaptation and utilisation of the RAD21-TEV system in primary cells forms 

the bulk of this thesis. It is now an established powerful tool to study the role of cohesin in 

gene regulation in primary cells across a variety of conditions.  

 

 

1.2.2 Macrophage inflammatory gene expression 

 

Macrophages are immune cells present in all tissues of the body. They monitor and respond to the 

tissue environment and play key roles in homeostasis, development and immune response.   
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Macrophages respond to a variety of danger signals in response to invading pathogens or 

injury (Figure 1.6A). Different danger signals are detected in different regions in the cell via 

different mechanisms. The cell surface associated transmembrane Toll-like receptor 4 (TLR4) 

is responsible for the sensing of LPS (Chow et al., 1999). TLR3 on endosomes detects double-

stranded RNA following phagosomal viral uptake. In the cytoplasm, RIG-1 senses double-

stranded RNA as well, and cGAS sense DNA. Endogenous danger signals such as extracellular 

ATP and HMGB1 (a chromatin associated protein important for transcription) are both 

released following injury and trigger a macrophage response (Figure 1.6A). The goal of a 

macrophage in response to the wide variety of danger signals is ultimately to clear tissue of 

invaders, repair damage and restore homeostasis (Medzhitov and Horng, 2009). 

 

Each signal triggers a distinct inflammatory gene expression program and modification of the 

regulatory landscape in order to elicit the appropriate response (Figure 1.6B). The 

inflammatory gene expression program has a time dependent and hierarchical structure. 

Genes are expressed in waves following LPS stimulation. The first genes to be expressed are 

primary targets, which in turn regulate the expression of secondary targets, and so on, giving 

the program its hierarchical nature (Bhatt et al., 2012). 



 54 

 

 

 

 

Activation of the LPS-dependent gene expression program in macrophages is controlled by a 

large number of transcription factors. Several key transcription factors that regulate the 

inflammatory response are already expressed before LPS stimulation. These transcription 

factors are generally located in the cytoplasm and their signal-dependent activation leads to 

Figure 1.6 Macrophages respond to surrounding danger signals and generate a transcriptional 
response. (A) A schematic illustrating some of the stimuli that trigger changes in gene expression in 
macrophages. Stimuli can be both from exogenous and endogenous sources. (B) LPS activation of the 
TLR4 receptor leads to downstream signalling and activation of transcription factors, including NF-kB 
and IRF. These then translocate to the nucleus where they bind to regulatory elements and promoters. 
Along with other transcription factors they recruit RNA Pol II leading to inducible gene expression.  

A 

B 
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translocation to the nucleus (Figure 1.6B). This group includes proteins such as interferon 

(IFN) regulatory factors (IRFs), cAMP responsive-element-binding protein 1 (CREB1) and NF-

kB. These transcription factors are responsible for the regulation of primary response genes 

(Medzhitov and Horng, 2009). More transcription factors are newly generated following LPS 

stimulation. They regulate the expression of inducible genes following the primary response 

genes and the continuing waves of gene expression following LPS stimulation. They can 

maintain inflammatory gene activation over a prolonged period of time often through 

positive feedback loops. Finally, lineage-specific transcription factors also play an important 

role in regulation inflammatory gene expression in response to LPS. These transcription 

factors, including PU.1, IRF8 and RUNX1 are not exclusively expressed in macrophages, they 

can also be found in other immune cells such as B cells. These transcription factors determine 

the chromatin state of inducible genes, determining cell and stimulus specific responses 

(Medzhitov and Horng, 2009). 

 

Enhancers also play an important role in the stimulus specific regulation of the inflammatory 

gene expression program in macrophages. They can be separated into three main categories, 

constitutive, poised and latent. Constitutive and poised enhancers are marked by accessible 

chromatin and active chromatin marks before exposure to external stimuli such as LPS. 

Constitutive enhancers are marked by both H3K4me1 and K3K27ac, while poised lack the 

acetylation mark, and gain it following activation. Latent enhancers are inaccessible and do 

not have active chromatin marks, but gain these characteristics upon stimulation. Following 

exposure to LPS, latent enhancers are bound by lineage specific transcription factors such as 

PU.1, and stimulus specific transcription factors such as STAT1/6. They are then given active 

chromatin marks and made accessible. Due to enhancers being enriched for the motifs and 
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binding of inflammatory associated transcription factors, and the wide-ranging changes in 

enhancer activation following LPS stimulation of macrophages, they are thought to be 

important for the regulation of inflammatory gene expression. Indeed the loss of STAT 

activation and subsequent loss of enhancer activation, leads to deregulated inflammatory 

gene expression (Ostuni et al., 2013). 

 

The inducible inflammatory gene expression program in macrophages provides an ideal 

model to further our understanding of the role of 3D genome organisation in transcriptional 

regulation. The macrophage transcriptional response to LPS is highly stereotyped and 

understood, therefore changes can easily be identified. The same is true for changes to 

chromatin marks associated with enhancer activation and repression. The importance of 

enhancers in macrophage inducible gene expression, allows for the testing of the supposed 

role of 3D genome organisation in gene regulation. If cohesin is lost and therefore enhancer-

promoter contacts disorganised, can enhancers still exert their regulatory function? 

 

Work from the lab, has shown that cohesin is required for the inflammatory gene expression 

program in macrophages. In the absence of cohesin, inducible gene expression in response 

to LPS is deregulated. While constitutive enhancers are largely unaffected, enhancers that are 

either induced or repressed in response to LPS fail to be properly regulated. Those that fail 

are enriched for interferon stimulated response elements (ISRE) and PU.1 binding sites, while 

those for NF-kB remain inducible. Inflammatory gene expression could be partly rescued by 

providing cohesin deficient macrophages with IFN during LPS stimulation (Cuartero et al., 

2018). Work in this thesis discusses whether the effects on inducible gene expression 

observed in cohesin deficient macrophages is due to a direct or indirect role of cohesin. Does 
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cohesin directly regulate inducible gene expression, or is their deregulation a secondary result 

due to cohesin’s requirement elsewhere in the cell? 

 

 

1.2.3 Neuronal gene expression and function 

 

Neurons are the primary cell of the brain. They drive behaviour through learning and memory, 

and are responsible for giving us the ability to think and exert higher cognitive function. There 

are hundreds of different neuronal subtypes in the human brain, localised to different 

regions, with specialised anatomies and functions. At their core though, neurons share a 

common theme. They are communicators, cells made up of a cell body and thousands of 

dendrites that branch out and interact with other surrounding cells through junctions known 

as synapses. Through synapses information is transmitted throughout the brain, as well as to 

muscles and glands. Synapses are highly malleable, and can be strengthened or weakened, 

and even removed entirely throughout life (Schafer et al., 2012, Citri and Malenka, 2008). 

Memory and learning is rooted in these synaptic changes, in a process known as synaptic 

plasticity. Synapses communicate through the release of neurotransmitters. 

Neurotransmitters are released from one neuron, at the pre-synaptic terminal, and diffuse 

across the synaptic cleft, where they bind to receptors of other neurons at the post-synaptic 

terminal.  

 

Activation of synapses and the passing of information from one neuron to another triggers an 

event known as an action potential. Action potentials occur as a result of changes to the 

membrane potential of a neuron, and are electrical impulses that travel along the cell. Action 
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potentials are facilitated by the presence of ion channels on neurons, that allow for the 

movement of K+, Na+, Cl- and Ca2+ in and out of cells.  

 

Like all cells, in order to carry out their specific functions, neurons express a wide variety of 

cell-type specific genes. Genes responsible for synaptic plasticity, neurotransmitter 

production, neurotransmitter receptors, ion channels, and all the transcription factors that 

drive these genes are just some examples.  

 

Germline mutations to cohesin proteins and associated factors lead to the disease known as 

Cornelia de Lange Syndrome (CdLS, discussed in further detail below). The mouse model of 

CdLS, a Nibpl+/- mouse, display abnormal behaviour, such as increased repetitive behaviour, 

abnormal anxiety behaviours, and decreased learning and memory (Chien et al., 2011, Fujita 

et al., 2017). Cohesin deficient neurons also display abnormal dendritic and synaptic 

development (Fujita et al., 2017). NIPBL has also been shown to be important for neuronal 

cortical migration (van den Berg et al., 2017). The role of cohesin in neuronal gene expression 

however remains unclear. While differentially expressed genes were identified in Smc3+/- 

mouse pups, this was confined to one time point, 7 days after birth (Fujita et al., 2017). 

Furthermore, RAD21 depletion by CRISPR in cerebellar neurons had a limited effect on gene 

expression, with few genes being deregulated and only in response to behavioural tests 

(Yamada et al., 2019). Constitutively cohesin depleted animal models, such as Nipbl+/- and 

Smc3+/- undergo abnormal development (Fujita et al., 2017, Kawauchi et al., 2009). The 

changes seen in neuronal gene expression in these mice do not reflect the ongoing 

requirement for cohesin in regulation neuronal gene expression. Defects in development and 

lineage commitment could well account for the changes observed. Gene expression changes 
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in CRISPR RAD21 depletion were mild, potentially due to the low level of cohesin depletion, 

and as such the role of cohesin in neuronal gene regulation remains unknown. Therefore, as 

part of my thesis, I sought to understand the role of cohesin neuronal gene regulation. 

 

Speaking more broadly than just understanding the role for cohesin in neuronal gene 

expression, neurons provide an ideal model to understand what types of genes are regulated 

by cohesin and 3D genome organisation. They are primary cells, which provide a more 

realistic insight into 3D genome organisation and gene regulation then cell lines. They are an 

active cell that even when grown in culture are communicating with each other and 

undergoing synaptic plasticity. This can also be further manipulated through stimulation with 

molecules such as BDNF and KCl, as discussed previously. Neurons are also post-mitotic, 

therefore any changes in gene expression caused by cohesin deficiency cannot be due to 

defective cell cycle. Finally, we can generate primary neurons from the RAD21-TEV mouse. 

This allows us to achieve temporal control of cohesin depletion and understand the role of 

cohesin in neuronal gene expression. 

 

 

1.2.4 Cornelia de Lange Syndrome 

 

Diseases caused by germline mutations to proteins in and associated with the cohesin 

complex, are known as cohesinopathies. These include the Cornelia de Lange Syndrome 

(CdLS) and Roberts Syndrome. 
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Roberts Syndrome is caused by mutations to ESCO2 which is required for cohesion 

establishment in the cell cycle. Patients with Roberts Syndrome display chromatid cohesion 

defects and aneuploidy most likely as a result from defective chromosome segregation during 

the cell cycle. Robert Syndrome cells also have abnormal cell cycle with extended metaphase 

and anaphase (Vega et al., 2005). The loss of correct cohesin function in the cell cycle due to 

ESCO2 mutations is highly likely to lead to abnormal development and be the driver of the 

symptoms of Roberts Syndrome, including slow growth, cognitive impairment and limb 

defects. 

 

CdLS is caused by mutations to genes including NIBPL, SMC1A, SMC3, RAD21 and HDAC8 

(Krantz et al., 2004, Tonkin et al., 2004, Kline et al., 2018). The vast majority, around 70% of 

cases, are caused by mutations to NIPBL. The prevalence of CdLS is somewhere between 

1:10,000 and 1:30,000 (Kline et al., 2007). It is clinically diagnosed based on a distinctive 

craniofacial appearance and the presence of limb malformations. As patients age they also 

display cognitive impairment. CdLS exists as a spectrum, and not all patients display the same 

phenotypes, or the same severity (Figure 1.7) (Kline et al., 2018). There are also patients that 

display CdLS-like phenotypes, but do not pass all the test to be defined as having CdLS. These 

are caused by mutations to genes not involved in cohesin function, such as BRD4 and 

ANKRD11 (Figure 1.7) (Olley et al., 2018, Parenti et al., 2016).  

 

Patients with CdLS can display a wide range of symptoms. Patients can suffer from defects in 

the gastrointestinal tract, visual impairment, hearing loss, seizures as well as others. 

Symptoms are wide ranging with few being consistently found in all patients. However, one 

feature that is found across all CdLS patients is cognitive impairment. While there is some 
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evidence for structural brain abnormalities, the number of CdLS brains investigated remains 

too low to draw any significant conclusions (Schrier et al., 2011, Vuilleumier et al., 2002).  

 

 

 

 

Experimental perturbation of cohesin expression during development results in abnormal 

neuronal morphology, migration, defective gene expression and behavioural abnormalities 

(Fujita et al., 2017, van den Berg et al., 2017, Kawauchi et al., 2009, Remeseiro et al., 2012). 

However, it is not known whether defects in gene expression arise primarily from an essential 

role for cohesin in early development, during neuronal specification and lineage commitment, 

or whether cohesin is continually required by post-mitotic neurons. This is of interest because 

neurodevelopmental syndromes, such as Rett Syndrome, can benefit from postnatal 

interventions that correct aberrant gene expression (Cobb et al., 2010, Guy et al., 2007).  

 

Figure 1.7 CdLS is a spectrum disease and can be caused by mutations to multiple genes. The 
spectrum of CdLS contains patients with classic CdLS where they have a loss of function mutation to 
a cohesin related gene, as well as patients who display several similar phenotypes but do not direcrtly 
qualify as having CdLS (CdLS-like). Patients with cohesin mutations and CdLS can display all canonical 
symptoms or the minimal number of symptoms and to varying degrees of severity. Patients with CdLS-
like symptoms have mutations in genes not associated with cohesin function, and also overlapping 
symptoms but not those required for CdLS diagnostic certainty. 
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Identifying changes in gene expression following neuronal exit from the cell-cycle and 

development would allow us to ascertain if cohesin is continuously required in neuronal gene 

expression. Secondly, it remains unknown whether changes in gene expression caused by 

cohesin deficiency can be rescued. If there is a chance for postnatal intervention, this would 

need to be established first. Finally, there has been no characterisation of gene expression 

changes in patients with CdLS. If we want to understand the disease better, as well as the role 

of cohesin in neuronal gene expression, CdLS patient brain samples must undergo RNA-seq 

to determine their transcriptional profile. In this thesis I aim to address all three of these 

issues, to further our understanding of the role of cohesin in gene expression and the effect 

on CdLS patients. 
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1.3 Aims of this study 

 

As our understanding of how chromatin is organised in 3D space grows, the physiological 

relevance of 3D genome organisation remains unknown. New techniques based on 

proteolytic cleavage systems allow for the interrogation of cohesin in gene regulation and 

cellular function. Furthermore, little is known about changes in gene regulation in real-life 

cohesin deficient scenarios, such as CdLS. Therefore, my thesis focuses on the establishment 

of a proteolytic cleavage system to remove cohesin function, and the use of this system to 

understand how and when cohesin is important for gene regulation. 

 

Knowing that cohesin deficient macrophages are unable to regulate inducible gene 

expression, to what extent does this directly rely on cohesin function? Is cohesin required by 

every inducible gene to be expressed, or is it a key few regulators that determine the 

regulation of the whole system? I will investigate this using rapid cohesin degradation 

following by LPS stimulation and RNA-seq. 

 

To understand the role of cohesin in neuronal gene expression, outside of its requirement 

during development, I will generate RAD21-TEV neurons before removing cohesin function. 

Any changes detected by RNA-seq will only be due to an ongoing requirement for cohesin, 

and will establish if cohesin is continually required by neurons. This data will also contribute 

to our understanding on 3D genome organisation in gene regulation of primary cells, in the 

absence of abnormal cell cycle. 
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Thirdly, understanding how permanent changes to gene expression are following the loss of 

cohesin function could be promising for the potential treatment of CdLS. If changes in gene 

expression caused by the loss of cohesin function, postnatal intervention, such as in Rett 

Syndrome could be developed (Cobb et al., 2010, Guy et al., 2007). Using the RAD21-TEV 

system, and the temporal control of cohesin depletion it offers, I will manipulate cohesin 

levels to deplete it followed by restoration, analysing gene expression changes at each stage. 

 

Finally, our understanding of gene regulation in cohesin deficient humans remains woefully 

slim. No data has been collected on the transcriptional activity of humans with CdLS. Such 

insight is vital to further our understanding of CdLS and the role cohesin plays in human 

neuronal function. Using post-mortem tissue from patients with CdLS, I will analyse the 

transcriptome of CdLS neurons, and identify changes in gene expression. 
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Chapter 2: Materials and Methods 

 

2.1 Materials 

 

2.1.1 Antibodies 

 

Rad21  Rabbit polyclonal to Rad21 (ab992; Abcam). Diluted 1:1000 for western blot. 

c-Myc Mouse monoclonal to c-Myc 9E10 (sc-40; Santa Cruz Biotechnology). Diluted 

1:100 for western blot, 1:500 for immunofluorescence. 

b - Actin Mouse monoclonal to b-Actin AC-15 (sc-69879; Santa Cruz Biotechnology). 

Diluted 1:5000 for western blot. 

v5 Mouse monoclonal to v5 tag clone V5-10 (V8012; Sigma-Aldrich Company). 

Diluted 1:250 for immunofluorescence. 

TUJ1 Mouse monoclonal to Tubulin-Beta 3 (801213; BioLegend). Diluted 1:500 for 

immunofluorescence. 

LAMINB Goat polyclonal to Lamin B1 C20 (sc-6216; Santa Cruz Biotechnology). Diluted 

1:2500 for western blot. 

GAD67 Mouse monoclonal to glutamic acid decarboxylase (MAB5406; Millipore). 

Diluted 1:500 for immunofluorescence. 

NEUN Mouse monoclonal to NeuN (ab104224; Abcam). Diluted 1:1000 for 

immunofluorescence. 

NEUN-488 Rabbit monoclonal to NeuN (ab190195, Abcam). Diluted 1:2000 for FACS. 
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GAPDH Mouse monoclonal to glyceraldehyde-3-phosphate dehydrogenase (ab8245; 

Abcam). Diluted 1:15000 for western blot. 

CD11b- FITC Rat monoclonal conjugated with FITC to CD11b (561688; BD Biosciences). 

Diluted 1:100 for FACS. 

F4/80-PE Rat monoclonal conjugated with PE to F4/80 (12-4801-82; eBioscience). 

Diluted 1:200 for FACS. 

 

 

2.1.2 Cell lines 

 

HEK293T Commercially available human embryonic kidney cell line used for lentivirus 

production. 

HEK293T-GP Commercially available human embryonic kidney cell line that stably expresses 

retroviral Gag-Pol, used for retrovirus production. 

L929 Commercially available mouse fibroblast line used to generate conditioned 

media for macrophage differentiation. 

 

2.1.3 Primers 

 Table 1. Primers for genotyping 

Primers Orientation Sequence 5’ – 3’ 
Scc1 Forward 

Reverse 
KT315F: GAA GGT CAT GGT TGG CAG AT 
KT630R: CAA TCC AAG CTT CAT TTG TAT TT 

NEX  
Multiplex 

4: GAG TCC TGG AAT CAG TCT TTT TC 
5: AGA ATG TGG AGT AGG GTG 
6: CCG CAT AAC CAT TGA AAC AG 
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TEV Forward 
Reverse 

KT442FG: CAG CGA GAT GTC ATC GGT TA 
KT443RG: TCA TTC TCC GAT CCA CTT CC 

 

 Table 2. Primers for cloning 

Primers Orientation Sequence 5’ – 3’ 
EcoR1 v5 Fwd Forward AAT GAA TTC GGT AAG CCT ATC CCT AAC CCT 
EcoR1 Tev Rev Reverse ATT GAA TTC TCA CCC TTG CGA GTA CAC C 
Lenti Backbone 
Fwd 

Forward GGT TCT ATC TCC TTC GAA GC 

Lenti Backbone 
Rev 

Reverse TGA TGT ACA AGT AAA GCG GC  

NLS Tev Fwd Forward ACA AAA AAG CAG GCT TCG AAG GAG ATA GAA CCG CCA CCA 
TGG CTA GCC CTA A 

NLS Tev Rev Reverse GAA AGC TGG GTC CTA GCG GCC GCT TAA TCA ACT TTT C 
UbcP IRES Fwd Forward TGA TTA AGC GGC CGC TAG GAC CCA GCT TTC TTG TAC 
UbcP IRES Rev Reverse CTC GGA GGA GGC CAT GGT GGA CCG GTA AGC TTA TC 
RFP Fwd Forward GCT TAC CGG TCC ACC ATG GCC TCC TCC GAG GAC GTC ATC 

AAG GAG TTC 
RFP Rev Reverse TAG AGT CGC GGC CGC TTT ACT TGT ACA TCA GGC GCC GGT 

GGA GTG GCG GC 
 

Table 3. Primers for Protocadherin B 4C 

 

 

 

 

Locus Primers Orientation Sequence 5’ – 3’ 
 
 
 
 
 
Protocadherin 
Beta 

C234 4C 
mHiNl 
HS1820R 

 
Reverse 

CAA GCA GAA GAC GGC ATA CGA GAT CTG TGT GAC 
TGG AGT TCA GAC GTG TGC TCT TCC GAT CAA TCC CAA 
CCT AAG ACA GC 

C233 4C 
mHiNl 
HS1820F1 

 
Forward 

AAT GAT ACG GCG ACC ACC GAG ATC TAC ACT CTT TCC 
CTA CAC GAC GCT CTT CCG ATC TAT TCA ATC AGG CCT 
TTT AAG CT 

C235 4C 
mHiNl 
HS1820F2 

 
Forward 

CAA GCA GAA GAC GGC ATA CGA GAT TGG CGT GAC 
TGG AGT TCA GAC GTG TGC TCT TCC GAT CAA TCC CAA 
CCT AAG ACA GC 

C23 4C 
mHiNl 
HS1820F3 

 
Forward 

CAA GCA GAA GAC GGC ATA CGA GAT TCT GGT GAC 
TGG AGT TCA GAC GTG TGC TCT TCC GAT CAA TCC CAA 
CCT AAG ACA GC 
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Table 4. Primers for Ifnar1 4C 

Locus Primers Orientation Sequence 5’ – 3’ 
 
 
 
 
 
 
 
Ifnar1 

C180 4C 
Ifnar1For 

 
Forward 

AAT GAT ACG GCG ACC ACC GAG ATC TAC ACT 
CTT TCC CTA CAC GAC GCT CTT CCG ATC TAG 
TCC ACT GGC TCG AAT CCT G 

C181 4C 
Ifnar1 
ReIndex2 

 
Reverse 

CAA GCA GAA GAC GGC ATA CGA GAT ACA TGT 
GAC TGG AGT TCA GAC GTG TGC TCT TCC GAT 
CTT GGG TGC TAC CCT CAG CT 

C201 4C 
Ifnar1 
ReIndex9 

 
Reverse 

CAA GCA GAA GAC GGC ATA CGA GAT CTG AGT 
GAC TGG AGT TCA GAC GTG TGC TCT TCC GAT 
CTT GGG TGC TAC CCT CAG CT 

C202 4C 
Ifnar1 
ReIndex10 

 
Reverse 

CAA GCA GA AGA CGG CAT ACG AGA TAA GCG 
TGA CTG GAG TTC AGA CGT GTG CTC TTC CGA 
TCT TGG GTG CTA CCC TCA GCT 

C203 4C 
Ifnar1 
ReIndex11 

 
Reverse 

CAA GCA GAA GAC GGC ATA CGA GAT GTA GGT 
GAC TGG AGT TCA GAC GTG TGC TCT TCC GAT 
CTT GGG TGC TAC CCT CAG CT 

 

Table 5. Primers for Egr2 4C 

 

 

 

 
Locus 

Primers Orientation Sequence 5’ – 3’ 

 
 
 
 
 
 
 
Egr2 

C184 4C 
Egr2For 

Forward AAT GAT ACG GCG ACC ACC GAG ATC TAC ACT 
CTT TCC CTA CAC GAC GCT CTT CCG ATC TGT 
TCG TTT CCT GGC TCC AAG 

C184 4C 
Egr2ReIn
dex4 

Reverse CAA GCA GAA GAC GGC ATA CGA GAT CAC TGT 
GAC TGG AGT TCA GAC GTG TGC TCT TCC GAT 
CTG ACA GAA GCC ACC AAG ACA CTG 

C184 4C 
Egr2ReIn
dex15 

Reverse CAA GCA GAA GAC GGC ATA CGA GAT CGT AGT 
GAC TGG AGT TCA GAC GTG TGC TCT TCC GAT 
CTG ACA GAA GCC ACC AAG ACA CTG 

C184 4C 
Egr2ReIn
dex19 

Reverse CAA GCA GAA GAC GGC ATA CGA GAT CCA CGT 
GAC TGG AGT TCA GAC GTG TGC TCT TCC GAT 
CTG ACA GAA GCC ACC AAG ACA CTG 

C184 4C 
Egr2ReIn
dex20 

Reverse CAA GCA GAA GAC GGC ATA CGA GAT ATC AGT 
GAC TGG AGT TCA GAC GTG TGC TCT TCC GAT 
CTG ACA GAA GCC ACC AAG ACA CTG 
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Table 6. Primers for Cebpb 4C 

Locus Primers Orientation Sequence 5’ – 3’ 
 
 
 
 
 
 
 
 
Cebpb 

C186 4C 
Cebpb For 

Forward AAT GAT ACG GCG ACC ACC GAG ATC TAC ACT 
CTT TCC CTA CAC GAC GCT CTT CCG ATC TGT 
TCG TTT CCT GGC TCC AAG 
 

C187 4C 
Cebpb 
ReIndex5 

Reverse CAA GCA GAA GAC GGC ATA CGA GAT CAC TGT 
GAC TGG AGT TCA GAC GTG TGC TCT TCC GAT 
CTG ACA GAA GCC ACC AAG ACA CTG 

C210 4C 
Cebpb 
ReIndex22 

Reverse CAA GCA GAA GAC GGC ATA CGA GAT CGT AGT 
GAC TGG AGT TCA GAC GTG TGC TCT TCC GAT 
CTG ACA GAA GCC ACC AAG ACA CTG 
 

C211 4C 
Cebpb 
ReIndex23 

Reverse CAA GCA GAA GAC GGC ATA CGA GAT CCA CGT 
GAC TGG AGT TCA GAC GTG TGC TCT TCC GAT 
CTG ACA GAA  GCC ACC AAG ACA CTG 

C212 4C 
Cebpb 
ReIndex25 

Reverse CAA GCA GAA GAC GGC ATA CGA GAT ATC AGT 
GAC TGG AGT TCA GAC GTG TGC TCT TCC GAT 
CTG ACA GAA GCC ACC AAG ACA CTG 

 

 

2.2 Methods 

 

2.2.1 Genomic DNA extraction and genomic PCR 

 

Mouse tails for genotyping were lysed in 100µl of lysis buffer (10mM TRIS (pH 7.5), 100mM 

NaCl, 10mM EDTA, 0.5%N-Lauroylsarcosine sodium salt), incubated at 55oC overnight.  

 

All reagents used from here on were from New England Biolabs (New England Biolabs), unless 

otherwise specified. Genomic DNA was amplified using 0.625U of Standard Taq Polymerase 

in a final reaction volume of 25µl, with 1X Standard Taq Reaction buffer, 0.2mM dNTPs (Life 
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Technologies, Invitrogen), 0.2µM primers, and 1µL DNA as prepared above. Brought to a final 

volume of 25µl with nuclease free water. PCR amplification was performed using the 

following cycle: 3 minutes at 95oC, followed by 39 cycles of denaturation at 95oC for 30 

seconds, primer annealing at 55oC for 30 seconds, and elongation at 72oC for 30 seconds. PCR 

products were separated by electrophoresis on 1% agarose gels and visualised by SYBR Safe 

staining (Thermofisher). The one exception was for the PCR reaction to detect NEX, where 

the primer annealing was 58 oC. 

 

 

2.2.2 Primary neuron cell culture 

 

Plates were prepared day before dissection, coated overnight at room temperature with poly-

D-lysine (A-003-E; Merck) (0.1mg/ml in ddH2O,). Before the dissection, poly-D-lysine coated 

plates were washed three times with sterile water, and plating media (MEM Eagle’s with 

Earle’s BSS, 10% filtered foetal calf serum (FCS, Biosera), 0.45% glucose, 1mM sodium 

pyruvate, 2mM glutamine, antibiotics (100U/ml Penicillin and 100µg/ml Streptomycin) (all 

from Life Technologies, Invitrogen)) was added, and they were subsequently placed in an 

incubator at 37oC and 5% CO2. For immunofluorescence, poly-D-lysine/laminin precoated 

glass coverslips (Corning, Cat#354087) were placed in 24-well plates and 500µl of plating 

media was added and placed in incubator prior to dissection. For generation of RAD21-TEV 

neurons, embryonic day 13.5 mice were removed from pregnant mothers after cervical 

dislocation, for all other genotypes mice were dissected at embryonic day 17.5. The embryos 

were removed and placed in a petri dish containing ice cold dissection medium (HBSS Ca2+ 
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and Mg2+ free, 1mM sodium pyruvate, 0.1% glucose, 10mM HEPES (all from Life Technologies, 

Invitrogen)) on ice. Samples were taken from each embryo for genotyping. All dissection was 

done in ice cold dissection medium. Using scissors, the head was removed from the embryo. 

Forceps were then used to remove the skin, and developing skull. The brain was then 

removed from the head and the two hemispheres separated, and the cortex isolated from 

each hemisphere and placed together in a 15ml falcon tube containing 1ml of dissection 

medium. The cortex was then washed twice with 1ml of dissection medium. Cortex was then 

resuspended in 450µl of dissection medium and 50µl of 2.5% trypsin (Life Technologies, 

Invitrogen) added and mixed. The cortex in trypsin was incubated at 37oC for 20 minutes. 

Following trypsin treatment, 20µl of DNase (DN-25; Sigma Aldrich. 1% wt/vol) was added and 

tissue incubated for a further 3 minutes at room temperature. The trypsin/DNase solution 

was then removed and the tissue washed twice with 1ml room temperature plating medium. 

The cortices were then resuspended in 2ml of plating medium and dissociated using a plastic 

Pasteur pipette by going up and down between 6 and 8 times, or until a homogenous cell 

suspension was achieved. Cells were then strained using a 70µm cell strainer and counted. 

Isolated cortical neurons were plated at 125,000/cm2. After 2 hours, plating medium was 

removed and replaced with pre-warmed maintenance medium (Neurobasal medium, 0.5X B-

27 Supplement, 2mM glutamine and antibiotics (100U/ml Penicillin and 100µg/ml 

Streptomycin) (all from Life Technologies, Invitrogen)). Following three days in vitro, cells 

were transduced overnight with lentivirus at a multiplicity of infection of 1. Maintenance 

media was replaced the following morning with 50% fresh/50% conditioned maintenance 

media, and so on every third day. Two days after transduction 5µM AraC was added. For cells 

undergoing imaging, initial maintenance media was also supplemented with 2.5% FBS, and 

AraC was omitted.   
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2.2.3 Primary macrophage cell culture 

 

For the generation of RAD21-TEV primary macrophages, embryonic day 13.5 mice were 

removed from pregnant mothers culled via cervical dislocation. Samples were taken from 

each embryo for genotyping. The foetal liver was removed from embryos in Ca2+ and Mg2+ 

free phosphate buffered saline (PBS, Invitrogen) supplemented with 10% foetal calf serum 

(FCS, Biosera). The removed foetal liver was then transferred to 2ml of room temperature 

macrophage media (Iscove’s Modified Dulbecco’s Medium (IMDM) supplemented with 1mM 

sodium pyruvate, 2mM glutamine, antibiotics (100U/ml Penicillin and 100µg/ml 

Streptomycin), 0.05mM b-mercaptoethanol (all from Life Technologies, Invitrogen), and 20% 

L929 conditioned medium), and resuspended until a homogenous single cell solution had 

been achieved. Cells were then seeded at a density of 450,000/cm2 on non-attaching plates. 

Two days after plating macrophage media was removed and cells were resuspended in 2ml 

of retroviral containing supernatant and 4µg/ml Polybrene (Merck), and centrifuged at 1,250g 

for 90 minutes, at 37oC. Following 6 to 8 days, 500nM 4-hydroxytamoxifen (4-OHT), or carrier 

(ethanol) was added for 8 hours. Where indicated, cells were treated with LPS (2h, 10ng/ml). 

In order to remove macrophages from plates, they were treated with accutase (Merck) for 5 

minutes at room temperature. The top 20 – 30% GFP-expressing cells were sorted for RNA 

and protein analysis. 
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2.2.4 L929 conditioned media production 

 

L929 cells were cultured in Iscove’s Modified Dulbecco’s Medium (IMDM) supplemented with 

1mM sodium pyruvate, 2mM glutamine, antibiotics (100U/ml Penicillin and 100µg/ml 

Streptomycin), and 0.05mM b-mercaptoethanol (all from Life Technologies, Invitrogen). To 

prepare L929 conditioned media for macrophage differentiation, L929 cells were grown until 

80% confluent, and their media replaced. Conditioned media was collected 10 days later and 

filtered through a sterile 0.22µm filter before being stored at -20oC.   

 

 

2.2.5 HEK 293 cell culture 

 

HEK293T and HEK293T-GP were cultured in Iscove’s Modified Dulbecco’s Medium (IMDM) 

supplemented with 1mM sodium pyruvate, 2mM glutamine, antibiotics (100U/ml Penicillin 

and 100µg/ml Streptomycin), and 0.05mM b-mercaptoethanol (all from Life Technologies, 

Invitrogen). HEK293 and HEK293T cells were passaged every two days to maintain the 

population at less than 80% confluence. 

 

 

2.2.6 Lentivirus production 

 

In order to generate lentivirus to make neurons express the ERt2-TEV inducible system, the 

FUG vector containing the ERt2-TEV insert, was co-transfected with CMV∆8.9 and CMV-VSV-
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G into HEK293T cells using polyethylenimine (PEI, 24765-2, Polysciences Inc.) (Auer. et al., 

2011). Briefly, 6x106 HEK293T cells were plated on a 0.0005% poly-L-lysine (Sigma Aldrich) 

coated 10cm2 plate in HEK293T media (Iscove’s Modified Dulbecco’s Medium (IMDM) 

supplemented with 1mM sodium pyruvate, 2mM glutamine, antibiotics (100U/ml Penicillin 

and 100µg/ml Streptomycin), and 0.05mM b-mercaptoethanol (all from Life Technologies, 

Invitrogen)). The following day, 12µg vector DNA, 6.5µg CMV∆8.9 and 3.5µg CMV-VSV-G (all 

1µg/µl) were mixed with 51µg of PEI (1µg/µl) in 3000µl of Optimem (Invitrogen) per 10cm2 

plate. HEK293T media was replaced with 5ml of Optimem, and the 3.1ml of DNA/PEI mix 

added, per 10cm2 plate. After 7 hours HEK293T the transfection media was replaced with of 

37oC fresh Optimem media. 48 hours later Optimem, now containing viral particles, was 

pooled and centrifuged at 1500g for 3 minutes, before being filtered through 0.45µm PVDF 

syringe filters (SLHV033RS, Merck). The resulting supernatant was ultracentrifuged  at 

17000RPM for 3 hours (Beckman Coulter L-80 XP Ultracentrifuge, Beckman Coulter SW-28 

Rotor) in Ultra-Clear tubes (344058, Beckman Coulter). Following ultracentrifugation the viral 

pellet was resuspended in 100µl ice cold PBS on a shaker for 1 hour, before being aliquoted.  

 

 

2.2.7 Retrovirus production 

 

In order to generate retrovirus to make macrophages express the inducible ERt2-TEV system, 

the pMIG retrovirus vector containing the ERt2-TEV insert, was co-transfected with pCL-Eco 

packaging vector, into 293T-GP using a calcium phosphate protocol (Cobb. et al., 2000). 

Briefly, DNA-containing preciptates were formed by slowly adding 500µl HEBS buffer (280nM 

NaCl, 10mM KCl, 1.5mM Na2HPO4.2H2O, 12mM glucose, 50mM HEPES free acid, pH 7.05 in 
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distilled water) to 500µl of a 0.4M CaCl2 solution containing 4µg of MSCV plasmid DNA and 

4µg of vector DNA. 1ml of DNA precipitate was then slowly added to a 60-80% confluent 

10cm2 plate of HEK293T-GP cells cultured in 9ml of HEK293T-GP media. Cells were fed with 

fresh media 24 hours post-transfection, and supernatant containing retrovirus particles were 

harvested at 48, 60, 72 and 84 hours post-transfection and pooled. 

 

 

2.2.8 Retrovirus transduction of foetal liver cells 

 

After 2 days in culture, foetal liver cells were transduced by resuspending 4x106 cells in 2ml 

of viral supernatant supplemented with 4µg/mL polybrene (Sigma) in a single well of a 6-well 

plate. Plates were then centrifuged at 900g for 90 minutes at 37oC, followed by incubation in 

viral supernatant for a further 3 hours at 37oC before viral supernatant was replaced with 

fresh macrophage media (HEK293T media supplemented with 20% L929 conditioned media). 

 

 

2.2.9 Lentiviral transduction of primary neurons 

 

After 3 days in culture, neurons were infected overnight with concentrated lentivirus at a MOI 

of 1.5. The following morning media was changed to 50% fresh neuronal maintenance media, 

and 50% conditioned maintenance media from cells of the same biological replicate. 
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2.2.10 Isolation of nuclei from post-mortem human tissue 

 

In order to isolate nuclei from human brain for RNA-seq, human tissue had to be homogenised 

and nuclei purified. 50-250mg of human cortical tissue was homogenised in a dounce 

homogeniser containing 1ml of homogenisation buffer (250mM sucrose, 25mM KCl, 5mM 

MgCl2, 10mM Tris buffer pH 8.0, 1µM DTT, 1X Proteinase Inhibitor w/o EDTA (Roche), 0.4U 

µl-1 RNaseIn (AM2684, ThermoFisher) 0.2U µl-1 Superasin (AM2696, ThermoFisher), 1µM 

DAPI). Tissue was homogenised using 5 strokes of the loose pestle, followed by 10 – 15 strokes 

of the tight pestle. An additional 2ml of homogenisation buffer was added to homogenised 

brain, and all 3ml of passed through a 0.45µm filter. Homogenate was transferred to 

Eppendorf tubes and centrifuged at 1000G for 8 minutes at 4oC.  

 

Meanwhile 29% and 50% iodixanol solutions were prepared from iodixanol medium (250mM 

sucrose, 150mM KCl, 30mM MgCl2, 60mM Tris buffer pH 8.0) and iodixanol 60% (D1556, 

Sigma). Supernatant was removed from pelleted tissue, and tissue was resuspend in 

homogenisation buffer to 250µl. A further 250µl of 50% iodixanol was added to the 

resuspended tissue and gently mixed. 500µl of 29% iodixanol was added to a fresh Eppendorf, 

and the iodixanol/tissue mix gently layered on top. Samples were then centrifuged at 13000G 

for 40 minutes at 4oC. 

 

Supernatant was removed from pelleted nuclei using aspirator to remove all myelin. Nuclei 

were then resuspended in 1ml wash buffer (PBS, 1% BSA, 0.2U/µl RNaseIn (AM2684, 

ThermoFisher)) and passed through a 0.22µm filtered FACS tube. Washed nuclei were then 
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transferred to a fresh Eppendorf and pelleted by centrifugation at 500G, for 5 minutes at 4oC. 

This wash step and centrifugation was repeated once more. 

 

Following the final wash, pelleted nuclei were resuspended in antibody staining solution (PBS, 

1% BSA, 0.2U/µl RNaseIn (AM2684, ThermoFisher), 1:200 NeuN antibody). For negative 

control, antibody was excluded. Nuclei were then stained for one hour in cold room on 

rotation before being sorted on BD Fusion. 

 

2.2.11 Fluorescent activated cell sorting – FACS 

 

Cells were centrifuged at 1200rpm for 5 minutes, and 5x105 resuspended in 50µl of blocking 

buffer with primary antibody at the appropriate dilution. These were then incubated at room 

temperature for 20 minutes. Following staining, cells were centrifuged for 2 minutes at 500g 

and resuspended in 500µl FACS buffer (PBS Mg2+ and Ca2+ free, 2% FCS, 2mM EDTA). Cells 

were then analysed using the BD LSR II. Antibodies used for FACS are listed in section 2.1.1. 

 

To sort RAD21-TEV macrophages that were GFP positive and therefore contain the ERt2-TEV-

IRES-GFP construct, cells were centrifuged at 500g for 5 minutes, and resuspended in FACS 

buffer and submitted for FACS purification using the FACSAria or BD Fusion cell sorters (BD 

Biosciences).  
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2.2.12 Western blot 

 

Cells were resuspended in 1ml of ice cold PBS with cOmplete proteinase inhibitor (Roche, 

Cat#18970600), and centrifuged at 3000g for 5 minutes at 4oC. Whole cell extracts were 

prepared by lysis of cells (5 minutes at 95oC and subsequent vortexing) in protein sample 

buffer (50mM Tris-HCl pH6.8, 1% SDS, 10% glycerol) followed by quantification using Qubit. 

Following quantification 0.001% Bromophenol blue and 5% beta-mercaptoethanol were 

added. 

 

Sodium dodecyl sulphate-polyacrylamide gel electrophoresis (SDS-PAGE) was carried out with 

the Bio-Rad minigel system. 20µg of protein sample and the benchmark pre-stained protein 

ladder (Invitrogen) were loaded and separated on a 7.5% acrylamide pre-cast resolving gel 

(Biorad) using Tris-glycine electrophoresis buffer (1.5% Tris, 7.2% glycine, 0.5% SDS). Resolved 

gels were blotted to a polyninylidene fluoride transfer membrane (Millipore) in transfer 

buffer (48mM Trizma base, 39mM glycine, 0.037% SDS and 20% methanol) using the trans-

blot semi-dry electrophoretic transfer apparatus (BioRad). Membranes were incubated for 1 

hour with fluorescent blocker (Millipore) followed by incubation with primary antibody 

diluted in blocker at an appropriate dilution overnight at 4oC, with agitation. After washing 

three times in wash buffer (1.2g/L Tris pH7.4, 8.75g/L NaCl) for 10 minutes, blots were 

incubated with secondary fluorescent antibodies at 1:10000 (anti-rabbit and anti-mouse 

antibodies purchased from Life Technologies) in blocker for 1 hour at room temperature, 

followed by three more 10-minute washes in wash buffer. Detection was measured using the 

LI-COR Odyssey imaging system and analysed on Image Studio Lite. 
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2.2.13 RNA extraction and sequencing 

 

RNA extraction was performed using the PicoPure RNA Isolation Kit (ThermoFisher) and 

residual DNA eliminated using RNase-Free DNase Set (Qiagen). One brief amendment to the 

protocol was made for neuronal RNA extraction; cells were washed once with RNase-Free 

PBS before Extraction Buffer was added directly into the wells. 

 

RNA sequencing was performed from three biological replicates per condition. For RAD21-

TEV macrophages, 100ng of RNA were used to prepare libraries using the NEBNext Ultra II 

Directional RNA Library Prep Kit for Illumina using ribozero ribosomal RNA (rRNA) depletion. 

Libraries for RNA-sequencing of RAD21-TEV neurons were prepared using 200ng of RNA and 

the NEBNext Ultra II Directional RNA Library Prep Kit for Illumina with polyA enrichment. 

Library quality and quantity were assessed on a bioanalyzer and Qubit, respectively. Libraries 

were sequenced on an Illumina Hiseq2500 (v4 chemistry), generating 40 million paired-end 

100bp reads per sample, and analysed as stated below. 

 

Paired-end 100bp sequencing reads were aligned against Ensembl mouse genome (NCBIM37) 

or human genome (hg38) with Tophat2 (2.0.11;(Kim et al., 2013). Reference sequence 

assembly and transcript annotation that obtained from Illumina iGenomes 

(https://support.illumina.com/sequencing/sequencing_software/igenome.html). Gene-

based read counts were obtained using featureCounts function from Rsubread Bioconductor 

package (1.24.2; (Liao et al., 2013, Liao et al., 2014). Normalisation was performed in DESeq2 
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Bioconductor package (1.24.0; (Love et al., 2014a) and data was rlog transformed to allow for 

visualisation by PCA and heatmaps. Differentially expressed gene (DEG) analysis was also 

performed with DESeq2 and DEGs were defined with Benjamini-Hochberg adjusted P-

value<0.05. Gene ontology analysis was performed with goseq Bioconductor package 

(1.24;(Young et al., 2010)). After converting mouse gene symbol to human gene symbol using 

the report of Human and Mouse Homology retrieved from Mouse Genome Informatics (MGI, 

http://www.informatics.jax.org), Gene Set Enrichment Analysis (GSEA 2.2.0;(Mootha et al., 

2003, Subramanian et al., 2005)) was then performed with GseaPreranked tool using 

Hallmarks gene set (h.all.v5.2.symbols.gmt).  

 

 

 

2.2.14 DNA delivery into primary neurons 

 

Neurons were transfected between 7 and 12 days in vitro with pcDNA3-mRFP, a gift from 

Doug Golenbock (Addgene #13032), or FUG-TEVP, using Lipofectamine 2000 (Invitrogen). For 

each well of 1.25x105 cells, 1µg of chosen plasmid (at 1µg/µl), and 2µg of Lipofectamine 2000 

(Invitrogen) were mixed in 100µl of Neurobasal media supplemented with 2mM glutamine 

and 0.5X B-27 (both Life Technologies, Invitrogen), and left to incubate at room temperate 

for 30 minutes. Following incubation, cell media was replaced with fresh Neurobasal media 

supplemented with 2mM glutamine and 0.5X B-27 (both Life Technologies, Invitrogen), and 

the 100µl of transfection mix added to the wells. Cells were left in the incubator at 37oC for 2 

hours before transfection reaction media was replaced with conditioned neuronal 

maintenance media. 
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2.2.15 Immunofluorescence (IF) 

 

Antibodies for IF can be found in section 2.1.1. Samples were fixed with 500µl of warmed 4% 

sucrose and 4% paraformaldehyde (PFA) in PBS for 10 minutes at room temperature. Fixed 

samples were washed twice with PBS and then permeabilised with 500µl of permeabilization 

solution (0.3% Triton X-100 in PBS) for 10 minutes at room temperature. Samples were then 

washed with PBS and blocked in 500µl of blocking solution (0.1% Triton X-100, 10% Normal 

Goat Serum (Vector) in PBS) for 1 hour at room temperature. Primary antibody was diluted 

in staining solution (0.1% Triton X-100, 2% Normal Goat Serum in PBS) at specific dilutions 

and added to samples in a humidified chamber and incubated at 4oC overnight. Samples were 

washed three times for ten minutes with PBS. Following washes, samples were incubated 

with secondary antibodies coupled to appropriate fluorophores (Molecular Probes) diluted 

1:500 in staining solution for 1 hour at room temperature in a dark humidified chamber. 

Samples were then washed three times for ten minutes with PBS and mounted in Vectashield 

with DAPI (Vector Laboratories,). 

 

Samples were visualised using a TCS SP5 Leica laser scanning confocal microscope. Images 

were processed using Leica Confocal Software and FIJI.  

 

 

2.2.16 Cell cycle analysis – Propidium Iodide (PI) staining 
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Cells were collected, counted and 5x105 centrifuged at 1200rpm for 5 minutes. Cells were 

then incubated in 1ml of PI-Saponin solution (2.5% RNAse A (Invitrogen), 2.5% propidium 

iodide solution (Sigma), 0.03% Saponin (Sigma) in PBS), at room temperature in the dark for 

30 minutes. Cells were then analysed using the BD LSR II (BD Biosciences). Data were analysed 

using the FloJo software.  

 

 

2.2.17 Chromosome Conformation Capture – 4C 

 

0.5 x 106 neurons or macrophages were used for each 4C procedure. Macrophages were 

sorted following treatment with 4-OHT to enrich for cohesin depleted cells, while neurons 

were scraped, both cell types were then pelleted by centrifugation at 300g for 5 minutes at 

room temperature. Cells were resuspended in 10ml of PBS and 670µl of 16% formaldehyde 

solution (Thermofisher, Cat# 28908), to bring to a final concentration of 1%, was added. 

Samples were mixed by inverting and incubated at room temperature for 10 minutes. 

Following formaldehyde treatment, 712.5µl of 2M glycine solution was added, to a final 

concentration of 0.125M, to quench the reaction. Samples were mixed by inversion and 

incubated at room temperature for 5 minutes. Samples were then centrifuged for 10 minutes, 

at 1000G and at 4°C, and supernatant was discarded. Cell pellets were now flash frozen in 

liquid nitrogen and stored at -80°C until all had been collected for downstream procedures.  
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Crosslinked cells were thawed on ice and resuspended by pipetting up and down 10 times in 

950µl of ice-cold NP-40 lysis buffer (10mM TRIS-HCL, 150mM NaCl, 0.5% NP-40, 1X Roche PI). 

Samples were then incubated for 15 minutes on slow rotation in cold room, and then 

centrifuged at 2500G for 5 minutes at 4°C, and supernatant was discarded. Resuspension in 

NP-40 and centrifugation steps were repeated. Pelleted nuclei were then washed once with 

500µl of 1X NEB Buffer 2 (NEB, Cat# 7002) and centrifuged at 2500G for 5 minutes at 4°C, and 

supernatant was removed. Pellet was gently resuspended in 50µl of sodium dodecyl sulfate 

(SDS) solution (1X NEB Buffer 2, 0.5% SDS) and incubated at 62°C for 8 minutes. Following 

incubation, 170µl of Triton X-100 solution (1X NEB Buffer 2, 1.47% Triton X-100) was added 

to quench SDS. Samples were mixed well and incubated at 37°C, at 900RPM for 15 minutes. 

Samples then undergo their first digestion. 30µl of 1X NEB Buffer 2 and 100U of restriction 

enzyme (HindIII (NEB, R0104) for neuronal PCDHB 4C, and MboI (NEB, R0147) for macrophage 

4C) is added to samples and chromatin is digested overnight at 37°C at 900RPM. A further 

100U of restriction enzyme is added the following morning and digestion continued for a 

further 2 hours. Samples were then incubated at 65°C for 20 minutes to inactivate restriction 

enzymes. Add 950µl of ligation reaction mix (120µl 10X NEB T4 DNA ligase buffer (NEB, 

B0202), 100µl 10% Triton X-100, 6µl of 20mg/ml Bovine Serum Albumin (BSA), 5µl of 400U/µl 

T4 DNA ligase (NEB, M0202) and 719µl of H2O) to samples. Mix by inverting and incubate at 

room temperature for 6 hours on slow rotation. Degrade protein by adding 25µl of 30mg/ml 

proteinase K (NEB, P8107) and 120µl of 10% SDS, and incubating at 55°C for 30 minutes. Add 

130µl 5M NaCl and incubate overnight at 65°C. 

 

For DNA precipitation of digested DNA 3µl of 20mg/ml RNase A was added to samples and 

incubated at 37°C for 45 minutes. An equal volume of phenol-chloroform was added and 
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samples vortex for 1 minute. Samples were then centrifuged for 5 minutes at 3500G at room 

temperature and the supernatant was retained. 1/10 volume of 3M sodium acetate (pH 5.2) 

and 2.5X volume of ice cold 100% ethanol was then added to samples. Samples were then 

mixed vigorously by hand for 1 minute and placed at -80°C for 45 minutes. Samples were then 

centrifuged for 20 minutes at 14000G at 4°C and the supernatant was removed. 1ml of room 

temperature 75% ethanol was added to the pellet, and centrifuged again for 5 minutest at 

14000G at 4°C. Supernatant was removed and the pellet air dried. DNA was then dissolved in 

130µl of 10mM Tris Buffer (pH 7.5). 

 

Following precipitation, DNA underwent a second round of digestion. 10µg of DNA in 36µl of 

H2O was mixed with 46µl of digestion buffer (10µl 10X NEB CutSmart Buffer (NEB, B7204)) 

and second restriction enzyme added (30U of NlaIII (NEB, R0125) for neuron PCDHB and 

macrophage 4C). Samples were mixed gently and incubated overnight at 37°C. 

 

Following second digestions samples undergo a second ligation followed by DNA purification. 

Restriction digest was inactivated by incubating samples at 65°C for 25 minutes. Samples were 

then incubated in 2.7ml of ligation mix (1X NEB T4 DNA ligase buffer, 2µl of 400U/µl T4 DNA 

ligase) at 16°C overnight. Following ligation reaction, 1/10 volume of 3M sodium acetate (pH 

5.2) and 2.5X volume of ice cold 100% ethanol was added to the ligation reaction. Samples 

were then mixed vigorously and incubated at -80°C for 45 minutes. Samples were then 

centrifuged for 30 minutes at 14000G at 4°C. Supernatant was removed and 2ml of 75% 

ethanol was added. Samples were then centrifuged for 5 minutes at 14000G at 4°C, and the 

pellets dried at room temperature. DNA was then resuspended in 50µl of 10mM Tris buffer 
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(pH 7.5), and 4C templates purified using a Roche High-Pure PCR Product Purification kit 

(Roche, 11796828001).  

 

DNA was sequenced using an Illumina HiSeq 2500 platform. Sequence data was analysed 

using the 4Cseqpipe software suite (van de Werken et al., 2012) as detailed below. 

Data analysis for 4C-seq: 
a) Sequence extraction for each 4C viewpoint was down using an in-house script (python 
v2.7.5) shown below: 
 
#!/usr/bin/env python 
import re 
def extraction(INPUT_FILE,OUTPUT_FILE): 
 fjob=open('%s' % OUTPUT_FILE,'w') 
 for eachLine in open('%s' % INPUT_FILE): 
  m1=re.search('^@HWI-',eachLine) 
  m2=re.search('^\+',eachLine) 
  if m1 is not None or m2 is not None: 
   fjob.write(eachLine);each=f.next();fjob.write('%s\n' % each[16:46]) 
 fjob.close() 
extraction(INPUT_FASTQ,OUTPUT_FASTQ) 
 
b) Then, extracted sequences was analysed using the 4Cseqpipe software suite (Version 0.7), 
which is a user-friendly and complete software package for analyzing 4C-seq experiments 
containing sequence extraction, mapping, normalization, and generation of contact profiles 
around the viewpoint (van de Werken et al., 2012) 
 
. The detailed setting of the 4Cseqpipe was: 
 
1) Converting fastq files to "raw" format: 
perl 4cseqpipe.pl –fastq2raw \ 
-ids ID1 \ 
-rawdir directory \ 
-fastq_fn input_file_name \ 
-convert_qual 1 
 
2) Mapping valid 4C-Seq procucts to restriction fragments in the genome: 
perl 4cseqpipe.pl –map \ 
-ids ID1 \ 
-trackset_name trackset_name \ 
-binsize bin_size \ 
-trackdb_root database_file_name \ 
-rawdir root_file_name 
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3) Normalizing and generating near-cis domainograms: 
perl 4cseqpipe.pl –nearcis \ 
-ids ID1 
-trackset_name trackset_name \ 
-expname experiment_name \ 
-stat_type mean \ 
-trend_resolution 40000 \ 
-plot_from 5'_start_coordinate \ 
-plot_to 3'_start_coordinate \ 
-figure_fn figure_file_name 
 
"-stat_type" indicates the type of statistic to calculate and plot. In this work, 4Cseqpipe was 
used to calculate the mean of values in sliding windows of size 2-50kb. "-trend_resolution" 
shows the setting of resolution used (size of window in basepairs) at which the main trend 
will be plotted, with resolutions from 2-50kb plotted below the main trend using a color-code. 
Mus musculus genome assembly MGSCv37 (mm9) was used for the mapping. 
 

Primers used for 4C can be found in tables 3, 4, 5 and 6. 

 

 

2.2.18 Cloning strategy 

 

For generation of the lentiviral plasmid FUG-TEVP, cloning was performed by PCR 

amplification from appropriate cDNA using Phusion Taq (Invitrogen) and primers listed in 

Table 2, restriction digestion, gel purification of fragments, and ligation using T4 DNA ligase 

(New England Biolabs) into the target vector. The v5-ERt2-TEVP cDNA was amplified from the 

ERt2-TEVP-ERt2-LL construct previously generated in the lab, with the addition of 5’ and 3’ 

EcoR1 site overhangs. Cas9 was removed from FUGt2aCas9, a gift from Dr. Bryan Luikart 

(Addgene plasmid #75346), using EcoR1 restriction enzymes, and the v5-ERt2-TEVP cDNA 

generated previously ligated in.  
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TETOnTEVP lentiviral plasmid was generated by Gibson Assembly. cDNA was generated using 

primers listed in Table 2, and Q5 Polymerase (New England Biolabs), before being assembled 

in Gibson Assembly Mastermix (New England Biolabs). The UbcTetON backbone components 

were amplified from Lenti-iCas9-Neo, a gift from Dr. Qin Yan (Addgene plasmid #85400). NLS-

TEVP cDNA was generated from NLS-TEV-pRNA construct, a kind gift from Dr. Kikue Tachibana 

(IMBA, Austria).  

 

All vectors were sequenced by GeneWiz (Beckman Coulter) to ensure correct insert 

orientation and that no mutations had occurred during the PCR reactions. 
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A 

B 

Figure 2.1 Vectors used and generated for inducible control of TEV protease (A) Amplified ERt2-
TEV protease was inserted in place of hCas9, between two EcoR1 sites, downstream of the T2A. 
(B) NLS-TEV protease was inserted downstream of the tetracycline response element, in place of 
Cas9, while mRFP1 was inserted in place of NeoR/KanR element downstream of the IRES. The 
EGFP and P2A sites were removed from Lenti-iCas9-Neo. 
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2.2.19 Plasmid construction and bacteria transformation 

 

All enzymes and buffers used in this section were purchased from New England Biolabs (New 

England Biolabs Ltd, Herts, UK). For generation of the FUG-TEVP lentiviral vector, 2µg of v5-

ERt2-TEV, and 2µg of the FUGt2acas9 vector were digested with EcoR1-HF enzyme for 1 hour 

at 37oC. Digested vector was treated with calf intestinal alkaline phosphatase (CIP) for 20 

minutes at 37oC in the same digestion mix. Digested products were run on a 1% agarose gel 

and the correct size bands were gel purified using QIAquick Gel Extraction Kit (Qiagen) 

following manufacturer’s instructions. Then 50ng of the vector and a three-molar excess of 

the insert were ligated with 1µl (400U) of T4 DNA Ligase in T4 DNA Ligase buffer for 20 

minutes at room temperature.  

 

In order to introduce the ligated FUG-TEVP vector into bacteria and use it to produce larger 

amounts of the construct, 10µl of the ligation product was transformed into 50µl of One Shot 

Stbl3 E. coli (ThermoFisher). The 10µl of the ligation product was mixed with 50µl of bacteria 

and placed on ice for 30 minutes. The transformation mixture was then incubated at 42oC for 

45 seconds, before going back on ice for a further 5 minutes. Following these incubation steps, 

250µl of room temperature S.O.C Medium (ThermoFisher) was added and the bacteria placed 

at 37oC on a horizontal shaker at 300rpm, for 1 hour. 

 

To produce the TETOnTEVP lentiviral vector, the four fragments (lenti backbone, RFP, NLS-

TEVP and Ubc-IRES) were generated by PCR reaction using Q5 polymerase according to 

manufacturer’s instructions (New England Biolabs). Fragments were then run on a 1% agarose 

gel and gel excised using Qiaquick Gel Extraction Kit (Qiagen). Fragments were then incubated 
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in Gibson Assembly Mastermix (New England Biolabs) for 1 hour at 50oC with a three-molar 

excess of RFP, NLS-TEVP and Ubs-IRES fragments to 400ng of lenti backbone fragment. 

 

In order to introduce the TETOnTEVP vector into bacteria and use it to produce larger 

amounts of the construct, the ligation product was added to 20µl of 5X KCM buffer (0.5M KCl, 

0.15M CaCl2, 0.25M MgCl2) and the total volume was adjusted to 100µl with H2O. 100µl of 

competent DHS5a bacteria (Invitrogen) was added to the mixture and incubated on ice for 

20 minutes. 250µl of pre-warmed to 37oC Lysogeny Broth (LB) was added to the 

transformation mixture and bacteria were incubated at 37oC with agitation for 1 hour. 

 

For both FUG-TEVP and TETOnTEVP vectors, transformed bacteria were plated into LB agar 

supplemented with 50µg/µl of ampicillin and incubated overnight at 37oC. Individual colonies 

were picked and transferred to 3ml of LB broth with 50µg/µl ampicillin and left overnight at 

37oC with agitation. DNA was extracted from exponentially growing cultures with a miniprep 

(Qiagen) or maxiprep kit (Zymo) according to manufacturer’s instructions. 
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Chapter 3: The role of cohesin in macrophage inflammatory gene 

expression 

 

3.1 Introduction 

 

Organisation of the genome in 3D space is thought to facilitate gene regulation by providing 

a framework through which regulatory elements such an enhancers can come into contact 

with and exert their regulatory effect on target genes (Dowen et al., 2014, Hnisz et al., 2016, 

Merkenschlager and Nora, 2016, Rao et al., 2014). The removal of architectural proteins, as 

well as CTCF binding sites and domain boundaries, results in the loss or alteration of 3D 

genome organisation (Rao et al., 2017, Schwarzer et al., 2017, Nora et al., 2017, Lupianez et 

al., 2015, Seitan et al., 2011). However, while some specific genes have been shown to require 

correct 3D genome organisation for expression, (Seitan et al., 2011, Narendra et al., 2015, 

Jiang et al., 2017), and there are other transcriptional changes caused by DNA damage due to 

cohesin’s requirement for maintaining chromosome integrity during the cell cycle (Lavagnolli 

et al., 2015, Kagey et al., 2010), the loss of cohesin or CTCF has shown a limited impact on 

gene regulation. Even the total loss of cohesin or CTCF does not result in clear gene regulatory 

phenotypes (Rao et al., 2017, Nora et al., 2017). 

 

This raises the possibility that the importance of 3D genome organisation has been 

overstated, or that current models of studying transcriptional regulation do not highlight or 

test the requirement for correct 3D genome organisation.  
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An inviting system that has yet to be studied is the role of 3D genome organisation on 

inducible gene expression. Models so far have looked at steady state changes in gene 

regulation in response to loss of 3D genome organisation (Nora et al., 2017, Rao et al., 2017), 

yet inducible responses, such as the myeloid inflammatory gene expression program have yet 

to be investigated. Here hundreds of genes, and thousands of regulatory elements, are 

dynamically controlled in response to external stimulus (Bhatt et al., 2012, Ostuni et al., 2013, 

Glass and Natoli, 2016). This requires an exceptionally high level of regulatory control.  

 

In macrophages, activation of Toll-like receptor 4 (TLR4) by the bacterial cell wall component 

lipopolysaccharide (LPS) triggers an inducible gene expression program (Bhatt et al., 2012). 

Transcription factors and cytokines are activated early, and trigger the auto- and paracrine 

induction of secondary response genes (Bhatt et al., 2012). Previous work in the lab (Cuartero 

et al., 2018) showed that genetic depletion of cohesin led to the deregulation of the LPS 

responsive inflammatory gene expression program in macrophages (Figure 3.1A).  

 

While it is clear cohesin is required for inducible gene expression in macrophages, it remains 

unknown whether cohesin is directly regulating inducible genes or their deregulation is a 

secondary effect of the loss of cohesin. In this chapter I use the RAD21-TEV proteolytic 

cleavage system in order to identify direct cohesin targets, and understand whether cohesin 

is directly regulating inducible gene expression.  
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3.2 Inducible genes are sensitive to cohesin dosage 

 

In order to study the role of cohesin in gene regulation of myeloid cells, macrophages were 

generated from the bone marrow of Rosa26ERt2-cre/ERt2-cre Rad21lox/lox mice, where exons 5 and 

6 of the gene coding for the essential cohesin subunit RAD21 are flanked by loxP sites. 

Addition of 4-hydroxy-tamoxifen (4-OHT) led to the removal of these exons and a reduction 

in RAD21 protein level over the course of 2 to 3 days (Figure 3.1A). As macrophages are 

quiescent, the loss of cohesin and any subsequent changes in gene regulation, are not caused 

by cohesin’s role in the cell cycle.  

 

In order to understand the role of cohesin in gene regulation, Rosa26ERt2-cre/ERt2-cre Rad21lox/lox 

macrophages were depleted of cohesin and analysed by RNA-seq. The overall effect on gene 

regulation was limited, as expected (Nora et al., 2017, Rao et al., 2017, Schwarzer et al., 2017, 

Seitan et al., 2011)  with only 22% of constitutive genes effected by the loss of cohesin (Figure 

3.1B). However, inducible genes were much more effected with over 50% deregulated even 

at baseline, preceding LPS treatment (Figure 3.1B). In LPS treated Rad21-deleted 

macrophages, the proportion of deregulated inducible genes increased to 58% following 2h 

LPS treatment, and 75% after 8h LPS treatment (Figure 3.1B, C).   

 

Inducible genes in macrophages are largely proinflammatory (Bhatt et al., 2012, Chen et al., 

2012b, Glass and Natoli, 2016), genes related to inflammatory expression were largely 

downregulated in Rad21-deleted macrophages (FDR = 0.0, Figure 3.1D).  
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The data show that cohesin is required for inducible gene expression in macrophages. 

However, it is unknown whether this requirement stems from inducible genes directly relying 

on cohesin for expression. In Rad21-deleted macrophages, cohesin takes 24h to be removed, 

and is absent for 2 to 3 days before gene expression is analysed (Cuartero et al., 2018). 

Therefore, inducible genes may be deregulated in the absence of cohesin due to secondary 

effects as opposed to being directly reliant on cohesin for expression. In order to understand 

what genes are directly reliant on cohesin for expression, and if this includes inducible genes, 

one needs to remove cohesin rapidly and in a temporally controlled manner. 
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Figure 3.1 Cohesin is required for inflammatory gene expression (A) Immunoblot analysis of RAD21 
protein expression following Rad21 deletion in mature macrophages (B) Fraction of significantly 
deregulated (p < 0.05, DESeq2) LPS inducible genes (Bhatt et al., 2012) (n = 560) and constitutively 
expressed genes (n = 10,780) at baseline, and after 2h and 8h LPS induction (C) Heat map of inducible 
gene expression in control and Rad21-/- macrophages at baseline, 0h and 8h LPS induction. Inducible 
gene classes indicated on the left (Bhatt et al., 2012) (D) GSEA of inflammatory response genes in 
Rad21-/- macrophages (normalized enrichment score (NES) = -2.03, FDR = 0) 
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3.3 Generation of RAD21-TEV macrophages from foetal liver 

 

In order to identify immediate targets of cohesin in macrophages, we used the RAD21-TEV 

mouse model developed and kindly provided by Kim Nasmyth (Tachibana-Konwalski et al., 

2010).  The RAD21-TEV mouse model was developed in order to allow for rapid and inducible 

cohesin depletion through proteolytic cleavage of the key cohesin subunit, RAD21. Tobacco 

etch virus (TEV) cleavage sites are short sequences that when integrated into proteins can be 

targeted by the TEV protease and lead to cleavage of the targeted peptide. Having been 

previously shown in yeast and fly that insertion of TEV cleavage sites into Scc1/Rad21 leads 

to loss of cohesin function (Uhlmann et al., 2000, Oliveira et al., 2010) Tachibana et al. 

adapted the system to mouse. Three TEV cleavage sites were inserted into exon 8 of Rad21, 

as well as addition of a c-Myc tag at the C-terminal to allow for easy targeting in molecular 

biology techniques. 

 

Mouse embryos where RAD21-TEV was the sole source of RAD21 were generated through 

animal breeding. This allowed for the isolation and culture of a wide range of cells in which to 

study the role of cohesin in gene regulation. Following on from previous work in the lab, we 

were interested in identifying genes directly regulated by cohesin in macrophages. In order 

to generate RAD21-TEV macrophages, fetal liver was removed from embryonic day 14.5 

RAD21-TEV embryos and cultured in the presence of macrophage colony stimulating factor 

(MCSF) conditioned media. Macrophages can be identified through the combined expression 

of Adrge1 (F4/80) and Itgam (CD11B), as well as no longer being mitotic. 
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In order to test that fetal liver cells explanted from RAD21-TEV embryos were capable of 

producing macrophages, cells were stained after 7 days in culture in the presence of MCSF 

with CD11b antibody conjugated to FITC, and F4/80 antibody conjugated to PE. They were 

then analysed using fluorescent automatic cell sorting (FACS), where 96% were found to be 

CD11b+ and F4/80+, compared to fewer than 1% in the isotype control (Figure 3.3A). In order 

to understand whether the explanted RAD21-TEV fetal liver cells were still proceeding 

through the cell cycle, or had become post-mitotic following 7 days in MCSF conditioned 

media, they were stained with propidium iodide (PI). Propidium iodide intercalates into DNA 

and fluoresces, allowing for the visualisation of cellular DNA content using FACS. Cells were 

found to be largely non-cycling as only 5% of cells were in S phase, and 7.2% in G2 (Figure 

3.2B). 

 

Figure 3.2 RAD21-TEV foetal liver produces macrophages (A) Flow cytometric analysis of macrophage 
markers CD11b and F4/80 on RAD21-TEV macrophages (B) DNA content of RAD21-TEV macrophages, 
and % of cells in G1, S and G2 
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These results show that foetal liver cells explanted from RAD21-TEV embryos and grown in 

the presence of MCSF conditioned media are capable of producing macrophages. They can 

therefore be used to study the role of cohesin in macrophage gene regulation. 

 

 

3.4 Characterisation of RAD21-TEV proteolytic cleavage in macrophages 

 

In order for RAD21-TEV to be cleaved and cohesin function impaired, the TEV protease needs 

to be introduced into the system. In order to temporally control the cleavage of cohesin a 

fusion protein had been developed in the lab previously. TEV protease is fused with a 

modified estrogen receptor (ERt2) (Figure 3.3A), where ERt2 is no longer responsive to its 

endogenous ligand, estradiol, and instead binds 4-hydroxytamoxifen (4-OHT) (Feil et al., 

1997). In the absence of 4-OHT this fusion protein resides in the cytoplasm, however upon 4-

OHT application the ERt2 fusion translocates to the nucleus. Due to cohesin only being 

present in the nucleus, this allows for the temporal control of RAD21-TEV cleavage. The ERt2-

TEV protease fusion also contains a v5 epitope tag allowing for the tracking of the TEV 

protease. The fusion construct is in a retroviral vector, pMSCV-IRES-GFP (pMIG), where the 

ERt2-TEV protease expression is driven by the MSCV promoter, and infected cells also express 

GFP.  

 

In order to only analyse changes to cells where TEV protease was expressed, cells were 

isolated using FACS, based on GFP expression, before downstream analysis (Figure 3.3B). 

First, we identified GFP+ cells from a pMIG transduced population, from these GFP+ cells, the 

top 30% based on GFP intensity were selected for analysis in order to select those with 
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maximal TEV protease expression (Figure 3.3B). Following treatment with 4-OHT for 8 hours, 

the top 30% GFP+ macrophages progressively lost RAD21-TEV protein expression until they 

had an average residual level of 10.25% (Figure 3.3C). 

 

This demonstrates that RAD21-TEV macrophages can be inducibly and rapidly depleted of 

RAD21-TEV and cohesin function through activation of the ERt2 fused TEV protease, allowing 

for analysis of direct cohesin targets in gene expression. 

 

 

 

 

 

Figure 3.3 Depletion of RAD21-TEV in mature macrophages (A) Design of the pMIG retroviral insert 
containing TEV protease fused to ERt2 used to infect cells (B) Flow cytometric analysis of macrophages 
without infection, following infection, and the top 30% GFP+ used for downstream analysis (C) 
Immunoblot analysis of RAD21-TEV protein expression in top 30% GFP+ macrophages after 0h and 8h 
4-OHT treatment, bar graph showing quantification of RAD21-TEV protein expression based on 
fluorescent immunoblotting after 0h, 2h, 4h and 8h 4-OHT treatment (mean ± s.e.m of 2 -4 biological 
replicates per time point) 
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3.5 Rapid RAD21-TEV cleavage leads to transcriptional deregulation 

 

In order to identify direct cohesin targets, RAD21-TEV was depleted from macrophages for 8 

hours, and RAD21-TEV depleted macrophages were then subjected to RNA-seq. Following 

cohesin depletion, 1034 genes were significantly deregulated (adj P < 0.05 based on DEseq2 

analysis of 3 biological replicates), with 331 up- and 703 downregulated (Figure 3.4A). The 

majority of these genes (557 of 1034) were also deregulated by Rad21 deletion (P < 2.22 x 10-

16, odds ratio = 2.65). Acute cohesin depletion resulted in the deregulation of genes associated 

with processes including signaling (adj P = 3.33 x 10-8), inflammatory response (adj P = 7.93 x 

10-7), immune system (adj P = 9.23 x 10-6) and inflammation mediated by chemokine and 

cytokine signaling (adj P = 2.44 x 10-8). Acute cohesin depletion also resulted in the 

preferential deregulation of inducible (Bhatt et al., 2012) over constitutive genes (P < 2.22 x 

10-16, odds ratio = 4.44, Figure 3.4B). A 2-hour pulse of LPS further deregulated genes in 

macrophages acutely depleted of cohesin (P < 2.22 x 10-16, odds ratio = 3.54, Figure 3.4B). 

Inflammatory response genes were preferentially downregulated (Figure 3.4C). Transcripts 

downregulated following acute cohesin cleavage included key regulators of inducible gene 

expression such as transcription factors (Fos, Jun, Irf2, Myc, Ets2, Prdm1/Blimp1, Egr2, Cebpa, 

Cebpb), cytokines (Il1b), chemokines (Ccl3, Ccl7, Ccl9), chemokine receptors (Ccr1, Ccr3, Ccr5) 

and receptors for inflammatory mediators (Ifnar1, Ifnar2, Ifngr1). These data show the 

cohesin directly regulates inducible gene expression in macrophages, and is required for the 

expression of genes associated with immune system and inflammatory response. 
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3.6 Mechanisms of cohesin regulation of the inflammatory response 

 

Cohesin dependent genes have previously been identified through an enrichment for cohesin 

binding (Seitan et al., 2011) as well as proximity to enhancers and superenhancers (Rao et al., 

2017, Ing-Simmons et al., 2015, Schwarzer et al., 2017). In order to identify whether genes 

deregulated following the acute depletion of cohesin were indeed direct cohesin targets, we 

assessed whether they were enriched for cohesin binding and enhancer proximity. Cohesin 

a

Figure 3.4 Rapid cohesin depletion leads to transcriptional deregulation, affecting inducible genes 
and inflammatory response (A) Volcano plot of significantly deregulated genes (p < 0.05, DESeq2, 3 
biological replicates) in RAD21-TEV macrophages following 8h of 4-OHT treatment and RAD21-TEV 
depletion (B) Changes in constitutive and inducible gene expression in response to RAD21-TEV 
cleavage, and changes in inducible gene expression following 8h RAD21-TEV cleavage and an additional 
2h LPS treatment, identified by DESeq2 analysis of RNA-seq (p < 0.05, 3 biological replicates per 
treatment and time point) (C) GSEA of inflammatory response genes at baseline following 8h RAD21-
TEV depletion (NES = -1.46, FDR = 0.05) 

331 

703 
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binding was defined where RAD21 peaks were identified within 10kb of the gene body, based 

on previously published macrophage RAD21 ChIP-seq (Cuartero et al., 2018).  Enhancer and 

superenhancer proximity were defined by a gene body being within 40kb of the enhancer or 

superenhancer, which were themselves defined by previously published H3K27ac in 

macrophages (Cuartero et al., 2018). These features of cohesin dependent genes can be seen 

by the IFN receptor genes Ifnar1 and Ifnar2 (Figure 3.5A). Genes deregulated after acute 

cohesin depletion in RAD21-TEV macrophages were enriched for cohesin binding (P < 0.01, 

Figure 3.5B). Deregulated inducible genes were more likely than deregulated constitutive 

genes to overlap with cohesin binding sites (Figure 3.5B). Genes deregulated after acute 

cohesin depletion in RAD21-TEV macrophages also displayed an enrichment for enhancer 

proximity (P < 10-9, Figure 3.5C), with deregulated inducible genes showing greater 

enrichment for enhancer proximity than deregulated constitutive genes (Figure 3.5C).  

 

Local contacts at inducible genes in macrophages, such as Egr2, are known to be reconfigured 

following stimulation with LPS (Cuartero et al., 2018). This is thought to play a role in the 

dynamic regulation of these inducible genes. In order to assess whether inducible genes that 

were identified as being direct cohesin targets based on RNA-seq data, as well as cohesin 

binding and enhancer proximity, had aberrant interactions following acute cohesin depletion 

we performed circular chromosome conformation capture (4C) analysis. 4C analysis of the 

inducible genes Egr2, Ifnar1, and Cebpb showed a striking reduction of local interactions 

between the genes and surrounding regions which includes enhancers and superenhancers 

(Figure 3.5D) following acute cohesin depletion. This loss of interactions at baseline, and the 

inability to generate new interactions in the absence of cohesin, contributes to the 
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transcriptional deregulation observed at these genes at baseline, and following LPS 

stimulation, after acute cohesin depletion. 

Figure 3.5 Features of cohesin dependent genes and 4C analysis of chromatin contacts (A) 
Characteristic features of deregulated cohesin dependent genes, that are involved in the regulation 
of inducible gene expression, examples are in bold. Figure also shows RAD21 ChIP-seq peaks, 
enhancers, and super-enhancers (SEs) mapped at indicated time points following LPS treatment (B) 
Deregulated constitutive and inducible genes are enriched for cohesin binding (RAD21 peaks within 
10kB at baseline) (C) Deregulated constitutive and inducible genes are enriched for enhancer 
proximity (within 40kB of macrophage SE) (D) Chromosomal coordinates and deregulated genes (in 
bold), as well as inducible gene marker, enhancers, SEs, CTCF binding sites and TADs. Interactions 
between Egr2, Ifnar1 and Cepbp promoters before and after 8h RAD21-TEV cleavage (n = 3) 

a

b c

d
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3.7 How do direct targets of cohesin regulation contribute to the loss of LPS 

responsive gene regulatory network 

 

Inducible gene expression in response to LPS is organised in a hierarchical network (Figure 

3.6A). Early events such as the induction of transcription factors and cytokines, are required 

for the correct regulation of downstream genes, which in turn can affect even more 

downstream targets (Bhatt et al., 2012, Chen et al., 2012b, Glass and Natoli, 2016). As a result 

of this expanding downward propagation of signals, hierarchical transcriptional systems are 

susceptible to failure if keys upstream regulators are disrupted. In macrophage LPS response 

these key upstream regulators include TLRs and IFN receptors, and transcription factors.  

 

Longer periods of cohesin deficiency in macrophages leads to an increase in the percentage 

of deregulated inducible genes (Figure. 3.6B). In response to acute cohesin depletion in 

RAD21-TEV macrophages, 24% of inducible genes were deregulated at baseline. This fraction 

increased to 56% following two days of cohesin depletion in Rad21-deleted macrophages. 

These differences were mirrored following 2h treatment with LPS, with 39% of inducible 

genes being deregulated in acutely cohesin depleted macrophages, compared to 58% in 

Rad21-deleted macrophages (Figure 3.6B). Key upstream inducible genes, including Ifnar1, 

Il1b, were deregulated following acute cohesin depletion. 

 

Deregulated inducible genes following acute cohesin depletion in RAD21-TEV macrophages 

were enriched for the markers of cohesin dependency; cohesin binding and enhancer 

proximity (Figure 3.6C). However, as deregulation of inducible genes spread to include most 
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inducible genes following Rad21 deletion in macrophages, it was no longer focused on 

cohesin bound and enhancer proximal genes (Figure 3.6C).  

 

These finding are consistent with the logic of inducible gene expression program discussed 

above. Key regulators of the inducible gene program are directly reliant on cohesin for 

expression, and as they fail, the knock-on effect leads to eventual collapse of the majority of 

the LPS transcriptional response. 

 

 

 

 

 

Figure 3.6 Hierarchical nature of inducible gene expression and the effect on longer term cohesin 
depletion (A) Model illustrating the hierarchical nature of inducible gene expression. Nodes represent 
genes and their products, edges indicate regulatory relationships (B) Proportion of significantly 
deregulated inducible genes following 8h of RAD21-TEV cleavage and genetic deletion of Rad21 (C) 
Features of immediate cohesin targets are diluted as deregulation is prolonged in the extended 
absence of cohesin 

RAD21-TEV RAD21-/-

a b 

c 
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3.8 Discussion 

 

The loss or disruption of 3D genome organisation has previously shown a limited impact on 

gene expression (Rao et al., 2017, Schwarzer et al., 2017, Ing-Simmons et al., 2015). This 

brought into question the importance of genome organisation in gene regulation. However, 

work from the lab identified that cohesin, and correct 3D genome organisation, is essential 

for inflammatory gene expression in macrophages (Cuartero et al., 2018). This suggests that 

3D genome organisation is important for changes in cell state and dramatic shifts in gene 

expression that require a complex change in regulatory process. The role of 3D genome 

organisation has therefore been underestimated by other studies focusing on cell lines in 

steady-state conditions. 

 

Despite showing that cohesin and 3D organisation are important for inducible gene 

expression in macrophages in response to LPS, whether the process was directly controlled 

by cohesin remained unknown. In order to question this, RNA-seq needed to be carried out 

after rapid cohesin depletion. Here I show that the RAD21-TEV system can be used to 

generate macrophages from foetal liver progenitors, and that cohesin depletion can be 

achieved rapidly with temporal control. 

 

Following the rapid loss of cohesin, RNA-seq confirmed that a selection of key upstream 

inducible genes are indeed directly regulated by cohesin. The hierarchical nature of the 

inducible inflammatory gene expression program means that deregulation of these key 

upstream regulators leads to widespread deregulation following longer cohesin depletion 

(Cuartero et al., 2018). 
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Inducible genes deregulated following the loss of cohesin display altered enhancer 

interactions, supporting the idea that 3D genome organisation affects gene expression 

through generating a framework by which enhancers can interact with their target genes and 

exert regulatory effect.  

 

Although cohesin is required for cell proliferation (Nasmyth and Haering, 2009), many cancers 

accumulate cohesin mutations, including human acute myeloid leukaemia (AML) (Kon et al., 

2013, Cancer Genome Atlas Research et al., 2013, Thota et al., 2014). Cells are still able to 

cycle as cohesin is in excess in cells of what is required for cell cycle progression (Heidinger-

Pauli et al., 2010), however modest reduction in cohesin function affect the development and 

function of multiple organ systems in humans (Deardorff et al., 1993). This suggests correct 

gene expression is highly sensitive to cohesin dosage.  

 

In haematopoietic stem and progenitor cells (HSPCs), reduced cohesin function shifts the 

balance of the system between self-renewal differentiation, and leads to the increased 

proliferation of immature progenitors (Mazumdar et al., 2015, Mullenders et al., 2015, Viny 

et al., 2015, Galeev et al., 2016). Inflammatory signals induce differentiation in HSPCs 

(Baldridge et al., 2010, Essers et al., 2009, Mossadegh-Keller et al., 2013, Nagai et al., 2006, 

Zhao et al., 2014). Here, along with previous work in the lab (Cuartero et al., 2018), I show 

that the requirement for cohesin for expression of inflammatory gene expression may explain 

the inability for cohesin deficient HSPCs to differentiate, as cohesin deficient myeloid cells are 

unable to respond to and induce inflammatory gene expression program. This may explain 

the significant presence of cohesin mutations in human AML. 



 108 

Chapter 4: The role of cohesin in neuronal gene regulation and 

function 

 

4.1 Introduction 

 

Disruption to 3D DNA organisation through genomic deletions, or due to mutations to key 

genome organiser proteins such as cohesin and CTCF can cause human disease (Lupianez et 

al., 2015, Spielmann et al., 2018, Deardorff et al., 1993). Heterozygous or hypomorphic 

germline mutations to cohesin and associated co-factors causes the disease CdLS (Deardorff 

et al., 1993). Patients with CdLS suffer from a variety of symptoms including abnormal growth, 

facial abnormalities and organ defects (Deardorff et al., 1993). In addition, all CdLS patients 

show a degree of intellectual disability, and 60 – 65% have autism spectrum disorders(Moss 

et al., 2012). 

 

Transcriptional deregulation, caused by potential abnormalities in 3D genome organisation in 

CdLS patients, is likely to contribute significantly to the neuronal dysfunction observed. 

Neurons formed during development and young age do not divide again, and a very small 

number are replaced in specific regions (Aimone et al., 2014). It is not known whether defects 

in gene expression in CdLS arise primarily from an essential role for cohesin early in 

development, or whether cohesin is required continuously by post-mitotic neurons. This is of 

interest because neurodevelopmental syndromes, such as Rett Syndrome, can benefit from 

postnatal interventions that correct deregulated gene expression (Cobb et al., 2010, Guy et 

al., 2007).  
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In order to identify what genes and functions are deregulated in the neurons of a mouse 

model of CdLS (Kawauchi et al., 2009), previous work in the lab looked at changes in gene 

regulation of Nipbl+/- neurons.  In addition, to understand the potential contribution of the 

continuous requirement of cohesin in neuronal function and gene regulation, previous work 

utilised the NexCre mediated conditional deletion of Rad21 in immature post-mitotic neurons 

(Goebbels et al., 2006, Hirayama et al., 2012) (Figure. 4.1, 4.2, 4.3).  

 

As explained below, these results show that cohesin is required for the expression of cell-type 

specific genes in neurons, both after lifetime and post-mitotic depletion. In addition, cohesin 

is required for correct neuronal morphological maturation after exiting the cell-cycle.  

 

The similarities in gene expression between constitutively cohesin deficient Nipbl+/- neurons 

and conditionally cohesin depleted NexCreRad21lox/lox suggested the possibility of a cohesin 

dependent gene expression program in neurons.  

 

In order to address this, we used the RAD21-TEV proteolytic cleavage system (Tachibana-

Konwalski et al., 2010). Controlling the time of cohesin depletion allowed for the removal of 

cohesin and study of transcriptional change in the absence of confounding factors in 

morphologically mature neurons. Using the RAD21-TEV system, we are able to address 

whether cohesin is required for neuronal gene expression following maturation, and if there 

is a cohesin dependent gene expression program in neurons. 
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In addition, the ability to remove cohesin in morphologically identical neurons allows us to 

question the role of cohesin in immediate early gene (IEG) regulation. IEGs are a group of 

genes transcriptionally activated in response to external stimuli to neurons. In the absence of 

IEG induction following stimulation, memory formation is inhibited (Frey et al., 1996, Nguyen 

et al., 1994).  Activation of IEGs and correct regulation has previously been associated with 

enhancer activation and recruitment (Kim et al., 2010, Joo et al., 2016), therefore we wanted 

to understand the potential role for cohesin in IEG transcription. 

 

This chapter describes unpublished work from the lab done previously, which shows shared 

changes in gene regulation at different stages of cohesin depletion, suggesting a cohesin 

dependent gene expression program in neurons. It also shows the establishment of the 

RAD21-TEV system in neurons, its effectiveness, and use in identifying cohesin dependent 

gene expression programs in neurons as well as the studying the role of cohesin in IEG 

regulation. 

 

 

4.2 NIPBL+/-  neurons display abnormal gene regulation 

 

In order to better understand the role of NIPBL, in neuronal gene expression we established 

explant neuronal cultures from Nipbl+/- mice, an established mouse model of CdLS (Kawauchi 

et al., 2009) . Nipbl+/- neurons display a mild reduction in Nipbl transcript, and protein (Fig 

4.1A, B). In order to understand the role of Nipbl in neuronal gene regulation, primary cortical 

neurons from Nipbl+/- mice were cultured and subjected to RNA-seq. RNA-seq showed 

significant deregulation (adjp < 0.05) of 330 genes, most of which were downregulated (251 
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down- and 69 upregulated) (Fig 4.1C). Downregulated genes in Nipbl+/- neurons were related 

to neuronal processes including synaptic transmission, connectivity, neuronal development, 

and signalling as shown by gene ontology analysis. (Fig. 4.1D). Gene ontologies from 

upregulated genes showed a much lower significance value than downregulated and no real 

functional enrichment or relationship with neurons (Fig. 4.1D). The data show that NIPBL, and 

therefore cohesin, is required in neurons for the expression of genes related specifically to 

neuronal function. Genes related to neuronal function are downregulated after a partial 

reduction in NIPBL. 

  

 

 

 

 

 

 

Figure 4.1. Nipbl+/- neurons display abnormal gene regulation. (A) Nipbl mRNA levels in wild-type and 
Nipbl+/- neurons determined by qRT-PCR and represented as relative to wild-type levels. Hprt and Ubc 
were used for normalisation. (B) Fluorescent western blots for NIPBL and LAMINB in Nipbl+/- and wild-
type neurons (left). Quantificaiton of NIPBL protein levels based on western blot analysis (right). 
LAMINB was used for normalisation. (C) Volcano plot of significantly deregulated genes (adjP < 0.05) in 
Nipbl+/- neurons analysed by RNA-seq after 10 days in culture (n = 3 biological replicated). (D) Gene 
ontology analysis of biological functions for up- and downregulated genes in Nipbl+/- neurons 
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4.3 Conditional cohesin deletion in post-mitotic neurons 

 

Cohesin is required for key processes in the cell cycle, such as sister chromatid cohesion, 

chromosome segregation, and DNA repair (Nasmyth and Haering, 2009). As a result, changes 

in gene expression caused by constitutive cohesin depletion, such as those observed in 

Nipbl+/- neurons, may arise due to abnormalities in cell cycle or lineage commitment. To 

resolve this, and to understand the requirement for cohesin in neuronal gene regulation, 

cohesin function must be selectively abolished in cells following their exit from the cell cycle. 

Therefore, we combined Rad21lox, a conditional allele of the gene encoding key cohesin 

subunit RAD21 (Seitan et al., 2011), with NexCre, where cre expression is limited to post-

mitotic neurons (Goebbels et al., 2006, Hirayama et al., 2012).  

 

Explant cortical cultures of E18.5 NexCre/+ Rad21lox/lox mice contained >95% neurons, as 

identified by pan-neuronal marker MAP2, and <1% GFAP+ astrocytes, and IBA1+ microglia 

(Figure 4.2A). Rad21 mRNA expression was reduced by ≈75% (75.3 ±0.1%, n=18) in NexCre/+ 

Rad21lox/lox explant cortical cultures (Figure 4.2B), and immunoblotting showed a 

corresponding reduction in Rad21 protein (76.9 ±0.1% n=6, Figure 4.3B). 

 

In order to isolate RNA specifically from cells where CRE was expressed, we combined NexCre 

mediated deletion of Rad21 with NexCre activated expression of an epitope-tagged ribosomal 

subunit (Rpl22-HA RiboTag), followed by high throughput sequencing of Rpl22-HA Ribotag 

associated mRNA (RiboTag RNA-seq). This approach allowed us to identify 1028 down- and 

572 upregulated genes in in NexCre/+ Rad21lox/lox cortical neurons (Figure 4.2C). To ask what 

functions are associated with differentially expressed genes in cohesin deficient neurons, we 



 113 

carried out gene ontology analysis (Figure 4.2D). Genes important for signalling, nervous 

system development, synaptic transmission and neuronal function were preferentially 

downregulated (Figure 4.2D). No comparable function enrichment was apparent for 

upregulated genes (Figure 4.2D).  

 

Genes deregulated in Nipbl+/-  cortical neurons were also significantly likely to be deregulated 

in NexCre/+ Rad21lox/lox neurons (Figure 4.2E), especially those which were downregulated 

(Figure 4.2E). Overlapping genes and pathways affected by life-long (Nipbl+/-) and post-mitotic 

(NexCre/+ Rad21lox/lox) cohesin depletion included neurotransmitter receptors (GABAergic, 

glutamatergic and others), components of the Wnt, ephrin and netrin signalling pathways, 

potassium channels, and key mediators of cell adhesion such as cadherins and contactins 

(Figure 4.2F). Genes important for dendrite and synapse development and maintenance were 

also affected, as well as a selection of transcription factors (Figure 2.3G). Some of these genes, 

shown in red, have previously been implicated in intellectual disability and autism based on 

the SFARI database (Figure 4.2F).  

 

These data show that cohesin is required for neuronal gene expression, and that changes in 

gene expression caused by post-mitotic loss of cohesin are highly similar to those seen in life-

long cohesin deficiency. Genes deregulated by the loss of cohesin are associated with cell-

type specific processes and most are downregulated, with upregulated genes showing no 

functional enrichment. Cohesin therefore appears required for the expression of cell-type 

specific genes in neurons. 
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Figure 4.2 Cohesin deletion in post-mitotic neurons and changes in gene expression. (A) Neuronal 
cultures from E17.5 – E18.5 mouse embryos were stained with neuronal (MAP2), astrocyte (GFAP) and 
microglia (IBA1) markers. Quantificaiton of markers showed >95% neuronal purity. (B) qRT-PCR 
analyses of Rad21 mRNA expression in NexCre Rad21lox/lox and Rad21+/+ cultures. Hprt  and Ubc  were 
used for normalisation (to, left). RAD21 protein quanitifcaiton in NexCre Rad21lox/lox and Rad21+/+ 

cultures, LAMINB was used for normalisation (top, right). Immunoblot of RAD21 protein levels in NexCre 
Rad21lox/lox , Rad21lox/+ and Rad21+/+ cultures. (C) Volcano plot showing log2 fold change (FC) versus 
significance (-log10 of adjP values) of significantly deregulated genes based on Ribotag RNA-seq from 
NexCre Rad21lox/lox versus NexCre Rad21+/+ neurons. Rad21 is indicated in red. (D) Gene ontology analysis 
of biological functions of deregulated genes in NexCre Rad21lox/lox neurons (E) Overlap of significantly 
deregulated genes (left) and only significantly downregulated genes (right) between NexCre Rad21lox/lox 

and Nipbl+/- neurons (F) Examples of shared significantly deregulated genes between NexCre Rad21lox/lox 

and Nipbl+/- neurons, and their associated functions. Genes associated with autism spectrum disorder 
are highlighted in red. 
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4.4 Role of cohesin in neuronal maturation 

 

Many downregulated genes in NexCre/+ Rad21lox/lox cortical neurons have essential roles in axon growth 

and guidance, dendritic and spine development, and synapse assembly, function and plasticity. To 

assess the impact of deregulated gene expression on the morphology of cohesin-deficient neurons we 

cultured NexCre/+ Rad21lox/lox and NexCre/+ Rad21+/+ cortical neurons in the presence of wild-type glia. We 

sparsely labelled cultures with GFP to visualise processes of individual GAD67- neurons (Fig. 2.4A) and 

used Sholl (Sholl, 1953) analysis to quantitate the number of axonal crossing, the length of dendrites, 

number of terminal and branch points, as well as number of spines (Fig. 2.4B, C). Based on these 

measures, cohesin deficient NexCre/+ Rad21lox/lox neurons showed significantly impaired morphological 

complexity. 

 



 116 

 

 

 

 

 

 

 

 

 

 

 

Figure 4.3 Cohesin is required for correct neuronal maturation. (A) Immunofluorescence staining of 
freshly explanted E18.5 neurons 1D in culture. (B) Morphology of NexCre/+ Rad21lox/lox and NexCre/+ Rad21+/+ 

neurons in explant culture. Cultures were sparsely labelled with GFP to visualise processes of individual 
cells, and stained with GAD67 to exclude RAD21 containing GABAergic cells. (C) Sholl analysis of NexCre/+ 
Rad21lox/lox and NexCre/+ Rad21+/+ neurons in culture. Sholl analysis was used to determine the number of 
crossings, dendritic length, number of terminal points, number of branch points and number of spines. * 
adj. P < 0.05, ** adj. P < 0.01, *** adj. P < 0.001, **** adj. P < 0.0001. 
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4.5 Generation of RAD21-TEV neurons from foetal brain 

 

The similarities in gene expression between constitutively cohesin deficient Nipbl+/- neurons 

and conditionally cohesin depleted NexCre/+ Rad21lox/lox neurons suggested the possibility of a 

cohesin dependent gene expression programme in neurons. Following the discovery that 

cohesin is essential for correct neuronal morphological maturation, cohesin needed to be 

dynamically removed in more mature neurons in order to identify possible cohesin 

dependent gene expression programs in neurons. To achieve temporal control of cohesin 

depletion, we returned to the RAD21-TEV system described in the previous chapter 

(Tachibana-Konwalski et al., 2010). This system allows us to culture neurons with cohesin 

function, before removing it at a later time point following maturation.  

 

Neurons from the cortex of embryos at E14.5, where RAD21-TEV was the sole source of 

RAD21, were grown in explant culture (Figure 4.4A). Neurons developed and were maintained 

in culture over the course of 10 days and longer. Explant cultures were treated with araC, 

leading to the depletion of dividing cells and enriching the cultures for neurons (Figure 4.4B). 

Overall, cultures were 90% neuronal, based on NeuN staining. 
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4.6 Characterisation of RAD21-TEV depletion in neurons 

 

In order for RAD21-TEV to be cleaved and cohesin function impaired in neurons, the TEV 

protease needs to be expressed in those cells. Due to neurons being post-mitotic we were 

unable to use the retrovirus described earlier. Instead a lentiviral based system was 

developed where FUG-T2A-CAS9 lentivirus (Williams et al., 2016) was modified so the CAS9 

was replaced with an ERt2 fused TEV protease (FUGTEVP). ERt2 fused TEV protease was 

therefore expressed under control of the ubiquitin promoter (Figure 4.5A). Once again, the 

ERt2-TEV protease fusion also contained a v5 epitope tag, allowing for tracking of the TEV 

protease. Downstream of the TEV protease was a t2a fused GFP. This allowed for the 

Figure 4.4 Neuronal cultures generated from E14.5 embryos. (A) Immunofluorescence of neurons 
explanted from E14.5 RAD21-TEV embryos and grown in culture over 10 days. (B) Immunofluorescence 
of neurons stained with neuronal nuclei marker (NeuN) and DNA stain (DAPI) to identify neuronal cells 
in culture. Quantification of immunofluorescent images to determine percentage of neuronal cells in 
culture, analysis shows on average 90% of cells were NeuN+ (n=4, error bars = range). 
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ratiometric expression of TEV protease and GFP, allowing to identify successfully infected and 

therefore TEV protease expressing cells.  

 

In order to cleave RAD21-TEV, cells were infected with FUGTEVP and then treated with 4-

OHT. This caused the translocation of ERt2 fused TEV protease to the nucleus from the 

cytoplasm (Figure 4.5B, C), causing rapid cleavage of RAD21-TEV (Figure 4.5D). After only 8h 

of 4-OHT treatment, RAD21-TEV levels were significantly reduced, and this was sustained for 

24h (Figure 4.5D). Following the addition of 4-OHT, RAD21-TEV levels were on average 15% 

compared to cells not treated with 4-OHT (Figure 4.5E).  

 

 

 

 

Figure 4.5 Characterisation of RAD21-TEV cleavage in neurons. (A) Representation of the FUGTEVP 
lentivirus design in order to achieve temporal control of RAD21-TEV cleavage. (B) Schematic image of 
how RAD21-TEV cleavage can be achieved in neurons infected FUGTEVP following 4-OHT treatment. 
(C) Immunofluorescent staining for the v5 TEV protease tag, and DNA marker DAPI following 0 or 15m 
of 4-OHT treatment, showing translocation of TEV protease from the cytoplasm to the nucleus. (D) 
Immunoblot of RAD21-TEV and LAMINB following 4-OHT treatment, showing the rapid loss of RAD21-
TEV protein expression. (E) Quantification of RAD21-TEV protein levels, based on immunoblots, at 0h 
and 24h of 4-OHT treatment. RAD21-TEV amount represented against 0h levels. LAMIN B was used for 
normalisation (n = 7 biological replicates, bars = S.E.M) 

DAPI  v5 
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4.7 Cohesin is required for maintaining 3D interactions in mature neurons 

The protocadherin gene cluster is known to be regulated by 3D interactions in neurons 

between Pcdh genes and their enhancers, HS5-HS1 (Hirayama et al., 2012, Guo et al., 2015). 

Previous work has shown that Pcdh genes are sensitive to the loss of cohesin function 

(Kawauchi et al., 2009). In order to identify whether RAD21-TEV depletion led to a loss of 

interactions, we carried out of 4C analysis of the Pcdhb locus. Interactions at the Pcdhb locus, 

and those between the HS5 enhancer and Pcdh genes were significantly reduced following 

the cleavage of RAD21-TEV (Figure 4.6A). Cohesin is required to maintain 3D genome 

interactions in post-mitotic neurons, and RAD21-TEV neurons significantly lose 3D genome 

organisation following the loss of cohesin function. 

 

These results demonstrate that RAD21-TEV can be inducibly and rapidly depleted in RAD21-

TEV neurons through a lentiviral based system, leading to a reduction in 3D genome 

organisation, and allowing for the study of cohesin based gene regulation in neurons. 
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4.8 Cohesin is required in mature neurons to maintain neuronal gene 

expression 

 

In order to identify genes that were reliant on cohesin for gene expression in neurons, RAD21-

TEV was depleted from neurons for 24H and up to 72H (Figure 4.7A), and RNA-seq was 

performed. RNA-seq showed that 759 genes were deregulated (287 up- and 472 

downregulated) within 24H of TEV induction (Figure 4.7B), with deregulated expression 

maintained following 72H of TEV induction with 1321 genes significantly deregulated (460 up- 

and 861 downregulated, Figure 4.7B). Gene ontology analysis showed selective 

downregulation of genes related to neuronal development and function, including synapse 

formation and transmission, cell adhesion, signalling, and gated channel activity 24H after 

Figure 4.6 Interactions at the Pcdhb locus following RAD21-TEV cleavage. (A) Contact profiles of the 
enhancers HS18-20 in control cells (top panel) and in Rad21 cleaved cells (bottom panel). Black 
arrowheads indicate promoter sites. Dashed line and looking glass indicate the enhancer site 
(viewpoint). Grey band displays the 20%-80% percentiles and black line within the grey band shows 
mean values that were calculated for 40 kb windows. Colour panel below the grey band shows means 
of contact intensities for multiple window sizes (from 2 kb to 50 kb) (n = 4 biological replicates). 
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TEV induction (Figure 4.7C). Gene ontology analysis of upregulated genes showed reduced 

significance and functional enrichment (Figure 4.7C). As mentioned earlier, cohesin 

dependent genes have previously been identified through an enrichment for cohesin binding 

(Seitan et al., 2011) as well as proximity to enhancers and superenhancers (Rao et al., 2017, 

Ing-Simmons et al., 2015, Schwarzer et al., 2017). Genes deregulated following 24H TEV 

induction in neurons showed a significant enrichment for both enhancer proximity and RAD21 

binding compared to all genes (Figure 4.7D). 

 

 

 

 

 

 

 

Figure 4.7 Cohesin sustains neuronal gene expression in mature neurons. (A) Immunoblot of RAD21-
TEV and LAMINB in RAD21-TEV neurons following 0h, 24h, 48h and 72h of 4-OHT treatment. (B) 
Volcano plot showing log2 fold change (FC) and -log10 adj P value of gene expression in neurons 
following 24H and 72H of 4-OHT treatment. Significantly deregulated genes (adj P < 0.05) are marked 
in red (n = 3). (C) Gene ontology analysis of biological processes from significantly deregulated genes 
following 24H of RAD21-TEV cleavage. (D) Analysis of enhancer proximity, (genes within 40kB of 
previously identified neuronal enhancers (Malik et al., 2014)), and RAD21 binding (genes within 10kB 
of previously identified brain RAD21 binding sites (Fujita et al., 2017)) at significantly deregulated genes 
following 24H of RAD21-TEV cleavage. 
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4.9 Cohesin dependent gene regulation in neurons 

 

In order to identify whether there is a cohesin dependent gene expression program in 

neurons, we compared changes in neuronal gene expression between three different cohesin 

depletion models; life-long cohesin cohesin depletion in neurons cultured from Nipbl+/- mice, 

cohesin depletion following exit from the cell cycle using NexCre/+ Rad21lox/lox cortical neurons, 

and finally cohesin depletion in more mature neurons through depletion of RAD21-TEV.  

 

To visualise similarities in processes effected by the loss of cohesin across the different time 

points, we grouped affected gene ontologies into broad categories (Figure 4.8A). Gene 

ontologies affected across all time points of cohesin depletion are broadly shared, with 

enrichment for the deregulation of neuron specific processes (Figure 4.8A). The same 

processes are not always affected when known regulators of transcription are disrupted in 

neurons. For example, genes deregulated in Mecp2-deficient cortical neurons (Kriaucionis et 

al., 2006) are related to processes such as cellular secretion, homeostasis and cell cycle 

(Figure 4.8A). These data demonstrate that reduced cohesin function resulted in the 

downregulation of specific gene sets related to neuronal function, regardless of when cohesin 

function is lost.  

 

To further examine the expression changes of individual genes in the absence of cohesin, we 

visualised expression values of individual genes within GO terms related to adhesion, synapse 

and neuronal and nervous system development (Figure 4.8B). Gene expression was highly 

similar between conditions of acute (RAD21-TEV) and chronic (NexCre/+ Rad21lox/lox) cohesin 

depletion, and the majority of genes were regulated in the same direction (Figure 4.8B). While 
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not all genes that were significantly deregulated in one cohesin depletion setting necessarily 

passed the significance in the other, they overwhelming showed the same trend (Figure 4.8B) 

(Synapse: p < 2.22e-16 odds ratio = 11.26, RS = 0.62; Adhesion: p < 2.22e-16 odds ratio = 15.21, 

RS = 0.6; Neuronal and nervous system development: p < 2.22e-16 odds ratio = 9.92, RS = 

0.58).  

 

We used GSEA to further compare the expression of genes deregulated across cohesin 

depletion models (Figure 4.8C, D). The set of 472 genes downregulated 24H after TEV 

induction in RAD21-TEV neurons (DEseq2 adj. p < 0.05) was also downregulated in the other 

two cohesin depletion settings (NexCre/+ Rad21lox/lox: NES -3.61, FDR = 0; Nipbl+/-: NES -2.91, 

FDR = 0) (Figure 4.8C). We then asked the reciprocal question by examining the impact of 

acute cohesin depletion in RAD21-TEV neurons on gene sets that were found downregulated 

in NexCre/+ Rad21lox/lox and Nipbl+/- neurons in explant culture. Genes downregulated in NexCre/+ 

Rad21lox/lox and Nipbl+/- neurons were also downregulated in RAD21-TEV neurons (NexCre/+ 

Rad21lox/lox: NES -2.95, FDR=0; Nipbl+/-: NES -2.8; FDR = 0) (Figure 4.8D). 

 

These findings indicate that acute (RAD21-TEV), chronic (NexCre/+ Rad21lox/lox) and life-long 

(Nipbl+/-) cohesin deficiency in cortical neurons results in the coordinate deregulation of 

highly similar gene sets and genes related to synaptic transmission, connectivity, neuronal 

development and signalling (Figure 4.8E). Cohesin therefore does regulate specific gene 

expression programs in neurons, and those are related to cell-type specific function. 
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Figure 4.8 Cohesin dependent neuronal gene regulation. (A) Overlap of represented gene ontologies 
based on deregulated genes in NexCre Rad21lox/lox, RAD21-TEV, Nipbl+/-, and Mecp2-deficient  neurons 
(Kriaucionis et al., 2006). (B) Scatter plots of gene expression within aggregate GO terms, comparing 
RAD21-TEV with NexCre Rad21lox/lox neurons. Genes that were found deregulated in at least one of the 
geotypes are shown. P-values and odds rations refer to the probability of finding the observed patterns 
of co-regulation by chance. RS: Spearma’s rank coefficient. (C) GSEA showing the expression of the gene 
set downregulated in RAD21-TEV neurons in NexCre Rad21lox/lox and Nipbl+/- neurons. (D) GSEA showing 
the expression of genes downregulated in NexCre Rad21lox/lox and Nipbl+/- neurons in RAD21-TEV 
neurons. (E) Similar gene sets are deregulated in cohesin deficient neurons regardless of when cohesin 
function is impaired. 
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4.10 The role of cohesin in activity dependent gene expression 

 

Neuronal synaptic plasticity is the cellular basis for learning and memory. In order for synaptic 

plasticity to occur, neurons need to be able to regulate transcription in response to stimuli. A 

key component of this transcriptional regulation is the activation of IEGs. 

 

By using the RAD21-TEV system we could eliminate potential confounders on IEG regulation 

caused by long-term cohesin deficiency, such as abnormal morphology, and instead look at 

the more direct role for cohesin in neuronal gene expression. 

 

In order to define our set of IEGs, RAD21-TEV neurons were cultured for 10 days, in the 

absence of TEV induction so cohesin function was maintained, and then treated for 30 and 

120 minutes with brain derived neurotrophic factor (BDNF) to elicit IEG transcription. 

Treatment with BDNF for 30 minutes led to the significant upregulation of 24 genes (p < 0.05, 

logFC >0), including canonical IEGs such as Arc, Fos, Jun and Nr4a1 (Figure 4.9A)  

 

Following 24H of RAD21-TEV cleavage 11 out of 24 IEGs were significantly deregulated at 

baseline (Figure 4.9B) and all of these were significantly downregulated. Following 30 minutes 

of BDNF stimulation however, all deregulated genes were rescued (Figure 4.9B) and 

expressed at normal levels. Treatment with BDNF for a further 90 minutes led to 3 genes 

becoming significantly deregulated (Figure 4.9B), interestingly these three were all 

upregulated compared to neurons with cohesin function.  
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Deregulated IEGs at baseline in cohesin deficient cells were able to be expressed at normal 

levels following 30 minutes of BDNF treatment as they were over induced compared to 

controls (Figure 4.9C). This shows that cohesin is not required for the correct function of 

feedback mechanisms that determine IEG expression nor gene induction following BDNF 

treatment. 

 

This shows that cohesin is not required for the induction of IEGs, but instead the fine tuning 

of expression. Cohesin deficient cells are able to correctly express IEGs despite starting 

incorrectly at baseline. They have the ability to over induce and compensate for the lower 

baseline expression, and achieve close to correct levels of expression, that are not 

significantly different, in the absence of cohesin. 



 128 

 

 

 

 

 

 

 

 

Figure 4.9 IEG regulation in cohesin deficient neurons. (A) IEG expression values at baseline, 30 
minutes BDNF treatment, and 120 minutes BDNF treatment in control neurons. (B) Proportion of IEGs 
deregulated in RAD21-TEV cleaved neurons at baseline, 30 minutes BDNF treatment, and 120 minutes 
BDNF treatment. (C) Induction of IEGs in control and RAD21-TEV cleaved neurons following 30 minutes 
of BDNF treatment. (D) Examples of IEGs expressed in control and RAD21-TEV cleaved neurons. Gene 
expression values are normalised counts based on RNA-seq from 3 biological replicates. * adj. P < 0.05, 
** adj. P < 0.01 
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4.11 Discussion 

 

CdLS is caused by mutations to the cohesin complex and associated co-factors. These 

mutations compromise cohesin function throughout development. While previous work has 

focused on the role of cohesin in early development (Fujita et al., 2017, van den Berg et al., 

2017, Kawauchi et al., 2009, Remeseiro et al., 2012, Bottai et al., 2019) , the continuous 

requirement for cohesin in neuronal gene expression and function remains unknown. In this 

chapter, I, along with previous work in the lab, have shown that cohesin is required for the 

expression of cell type specific genes, that cohesin is continuously required for neuronal gene 

expression in neurons, and that cohesin is not required for the induction, but for the fine 

tuning of IEG expression. 

 

Our data show that neuronal life-long cohesin deficiency, in the Nipbl+/- mouse model of CdLS, 

leads to deregulation of cell-type specific genes. These changes in gene expression are also 

reflected in post-mitotic genetic deletion of cohesin using the NexCre Rad21lox system, as well 

as following cohesin cleavage using RAD21-TEV in mature neurons. Regardless of when 

cohesin is lost, the same genes and the same processes are affected. Genes deregulated by 

the loss of cohesin have important roles in maintaining neuronal function through synapse 

and dendrite development, as well as maintaining circuit function through signalling. These 

processes are required throughout neuronal life. Therefore cohesin, and correct 3D 

organisation, is essential for life-long neuronal function. 

 

The data show that 3D genome organisation is essential for cell-type specific gene expression 

in neurons. This has been further backed up by data from CTCF deficient neurons where 
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neuron specific genes were also preferentially deregulated (Hirayama et al., 2012). This 

contributes to identifying a gene expression phenotype of cells with improper or lack of 3D 

genome organisation. It also highlights why 3D genome organisation is important, not for the 

regulation of common genes expressed by all cells such as housekeeping genes, but for 

regulation of genes that give specific cells their own functions.  

 

In addition, the similarities in transcriptional deregulation between lifelong cohesin deficiency 

and removal in mature neurons, suggests that defective gene expression during development 

caused by cohesin deficiency may not have long lasting effects on neuronal gene expression. 

Therefore, defective gene regulation in neurons of CdLS patients may be a result of an 

ongoing requirement for cohesin as opposed to critical requirement during development. In 

addition, it suggests that the cognitive impairment in those patients may also partly arise from 

the ongoing requirement for cohesin. This is of particular interest as it suggests that being 

able to rescue changes in gene expression caused by cohesin deficiency, even in adult 

neurons, maybe lead to some benefit. Much like what has previously been reported in models 

of Rett Syndrome (Cobb et al., 2010, Guy et al., 2007). 

 

Induction of IEGs in response to external stimuli can be accompanied by recruitment of RAD21 

and Mediator, as well as increased 3C interactions (Schaukowitch et al., 2014). It has also 

been suggested that cohesin and CTCF may provide the specific enhancer-promoter 

interactions that enable the inducible expression of activity-dependent genes (Schaukowitch 

et al., 2014, Rajarajan et al., 2016, Sams et al., 2016). My data shows that cohesin is in fact 

not required for IEG induction, but instead for the fine tuning of expression. IEGs are not 

deregulated following stimulation in RAD21-TEV cohesin depleted cells. Work shown here is 
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the first study to investigate the role of cohesin in IEG regulation in rapidly cohesin depleted 

cells. This allows for the identification of the direct requirement for cohesin in IEG regulation, 

in the absence of changes in neuronal morphology and function caused by prolonged 

deficiencies of architectural proteins and the resulting changes in gene expression (Fujita et 

al., 2017, Hirayama et al., 2012, Sams et al., 2016). Cohesin is required for correct baseline 

expression of IEGs, but inducibility is not impaired. The role of 3D genome organisation on 

IEG regulation is more nuanced. It appears to be required for the fine tuning of expression. 

Further work using chromosome conformation techniques in wild-type and cohesin deficient 

neurons is required in order to identify whether there are differences in enhancer-promoter 

interactions at IEGs following activation. 

 

Overall this chapter has shown that cohesin is required for the regulation of cell-type specific 

genes in neurons. That cohesin is continuously required to maintain neuronal gene expression 

in neurons, and regardless of when cohesin is lost changes in gene expression are highly 

comparable. Cohesin is not required for the induction of IEGs in response to stimuli but is 

required for the appropriate expression. In the absence of cohesin, and by extension 3D 

genome organisation, neurons are unable to regulate the genes that provide the genetic 

foundation for learning and memory. 
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Chapter 5: Can changes in gene expression caused by the loss of 

cohesin function be rescued? 

 

 

5.1 Introduction 

 

Disruption to 3D genome organisation caused by cohesin depletion can be rescued (Rao et 

al., 2017), however whether this also leads to a concurrent rescue in gene expression remains 

unknown. Work has previously shown that the removal followed by reintroduction of CTCF 

can lead to rescue of gene expression (Nora et al., 2017), suggesting that defective gene 

expression caused by aberrant 3D genome organisation is not permanent. The changes in 3D 

genome organisation however, compared between the loss of CTCF and the loss of cohesin, 

are highly different. Where the loss of CTCF leads to a weakening of TAD boundaries and the 

loss of loop formation (Nora et al., 2017),  the loss of cohesin has a more widespread effect 

with the loss of TADs, contact domains and chromatin loops (Rao et al., 2017). Therefore, it is 

not a given that rescuing cohesin will have the same effect and lead to a rescue of 

transcriptional deregulation.  

 

The overlap between changes in gene regulation caused by lifelong and transient cohesin 

depletions, shows that there is a cohesin dependent gene expression in neurons. In addition, 

the overlap suggests that defective gene expression during development may have a limited 

effect on gene expression in developed neurons. Therefore, the continuous requirement for 
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cohesin on neuronal gene expression may play an important role in the cognitive impairment 

and autism spectrum disorder observed in CdLS patients.  

 

As mentioned in the previous chapter, Rett Syndrome models can benefit from postnatal 

interventions to correct deregulated gene expression (Cobb et al., 2010, Guy et al., 2007) . 

Therefore, if changes in gene expression caused by defective 3D genome organisation can be 

rescued, it is an inviting prospect to apply similar approaches as those in the Rett Syndrome 

field to models of CdLS. 

 

In order to identify whether changes in gene regulation caused by defective gene expression 

could be rescued, the RAD21-TEV system was once again utilised. The proteolytic targeting 

nature of the system allows for reversibility, unlike genetic modifications such as Cre 

recombinase targeting to loxP flanked Rad21 exons.  

 

In this chapter, I show how the RAD21-TEV system was adapted to being reversible, and how 

loss of RAD21 followed by its reintroduction affected neuronal gene expression. 

 

 

5.2 Establishing a proteolytic based cohesin depletion and rescue system 

 

In order to test whether changes in gene regulation caused by defective 3D genome 

organisation can be rescued, I developed a reversible doxycycline inducible TEV protease 

based system (Figure 5.1A). A lentiviral construct was developed from a previously designed 

inducible Cas9 system (Cao et al., 2016) where rTetR is constitutively expressed under control 
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of the Ubc promoter, followed by IRES-RFP. Upon treatment with doxycycline, rTetR binds to 

the Tet response element (TRE), which drives expression of a nuclear localisation sequence 

(NLS) fused TEV protease. This lentivirus was known as (FUGdoxTEV). NLS-TEV protease 

translocates to the nucleus where it cleaves RAD21-TEV leading to reduction of RAD21-TEV 

protein levels, and the loss of cohesin function (Figure 5.1B). RAD21-TEV protein levels are 

rapidly depleted following treatment with doxycycline, with maximum depletion occurring 

after 24 hours. RAD21-TEV levels remain low for several days before returning to normal 7 

days after treatment (Figure 5.1B).  

 

This system allows for the analysis of changes in gene expression following cohesin depletion 

and rescue.  

 

 

 

Figure 5.1 Doxycycline based control of cohesin expression. (A) Schematic representation of the 
lentivirus design of FUGdoxTEV, where doxycycline controls the expression of NLS fused TEV 
protease. (B) Immunoblot of RAD21-TEV and LAMINB following doxycycline treatment and wash 
off, at 0h, 24h and 7D post-treatment (left). Quantification of RAD21-TEV protein expression at 
sequential time points following doxycycline treatment and wash off. Values are normalised to 
LAMINB expression (veh, 24h and 7D are based on 4 biological replicates, 48h, 72h and 5D based 
on 1 biological replicate, error bars = range). 
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5.3 24 hours of doxycycline controlled RAD21-TEV cleavage leads to changes 

in gene expression 

 

Following 24H of doxycycline induced RAD21-TEV cleavage, RNA-seq showed the 

deregulation of 720 genes (170 up- and 570 downregulated, adj p < 0.05 based on DEseq2 

analysis of 3 biological replicates, Figure 5.2A). As seen before in cohesin depleted neurons, 

downregulated genes were associated with cell-type specific processes when analysed by 

gene ontology (Figure 5.2B), whereas upregulated genes showed little functional enrichment 

and much lower significance (Figure 5.2B).  

 

In order to assess whether the new inducible doxycycline inducible RAD21-TEV cleavage 

system was comparable with the previously established 4-OHT system we compared changes 

in gene expression between the two systems (Figure 5.2C). A significant number of 

deregulated genes overlapped between the two systems (OR = 36.21, adj P = 8.0 x 10-268). The 

overlap in deregulated genes was even more pronounced when focused on downregulated 

genes (OR = 61.88, adj P < 2.0 x 10-307, Figure 5.2C).  

 

To better understand changes in gene expression between 4-OHT and doxycycline induced 

RAD21-TEV cleavage in the absence of a significance threshold, we plotted genes which were 

significantly deregulated in one setting but not necessarily the other (Figure 5.2D, E). These 

data show a high correlation in changes in gene expression between 4-OHT and doxycycline 

induced 24H of RAD21-TEV cleavage (r2 = 0.76, p = 6.41 x 10-225). 
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Figure 5.2 Doxycycline mediated loss of cohesin leads to changes in gene expression. (A) 
Volcano plot showing log2 fold change and -log10 adj P value of genes expressed in neurons 
following 24H of doxycycline mediated RAD21-TEV cleavage (n = 3 biological replicates). 
Significantly deregulated genes compared to RAD21-TEV uncleaved neurons are shown in red. 
(B) Gene ontology analysis of biological processes represented by significantly deregulated genes 
following doxycycline mediated RAD21-TEV cleavage. (C) Venn diagrams showing the overlap of 
significantly deregulated genes between 4-OHT and doxycycline mediated RAD21-TEV cleavage. 
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5.4 Changes in gene expression following the removal and rescue of cohesin 

expression 

 

As mentioned previously, following 24H of doxycycline inducible RAD21-TEV cleavage, 720 

genes were significantly deregulated (170 up- and 570 downregulated, adj p < 0.05 based on 

DEseq2 analysis of 3 biological replicates, Figure 5.3A). After allowing RAD21-TEV levels to 

return to normal over the following 6 days, RNA-seq was performed again to see how many 

genes were significantly deregulated. Following cohesin rescue, the number of significantly 

deregulated genes dropped from 720 to 87 (44 up- and 43 downregulated, adj p < 0.05 based 

on DEseq2 analysis of 3 biological replicates, Figure 5.3A). Genes that were significantly 

deregulated, either up or down, after 24H RAD21-TEV cleavage were able to be rescued 

(Figure 5.3B), including individual genes that were highly deregulated, such as those with 

log2FC > 3, and log2FC < -2 (Figure 5.3B).  

 

Of the 87 genes that were significantly deregulated after rescue, only 25 of them were initially 

deregulated after 24H of RAD21-TEV cleavage (Figure 5.3C). Therefore only 3.5% of genes 

deregulated after the loss of cohesin were unable to be rescued. Genes not rescued show no 

functional enrichment based on gene ontology, nor do they belong to any one pathway 

(Figure 5.3C). The only noticeable feature of those 25 genes is that all of them except Rgs13, 

Figure 5.2 continued. (D) Scatter plots of genes significantly deregulated in at least one of the 
settings shown. There is a high degree of correlation in changes in gene expression between the 
two systems of RAD21-TEV cleavage (left). Genes significantly deregulated in doxycycline, 4-OHT 
or both systems are shown by the indicated colour (right). 
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were downregulated following RAD21-TEV cleavage, yet were deregulated in both and up and 

down directions following the rescue. 

 

The data show that changes in gene expression caused by the loss of cohesin can be 

comprehensively rescued following the restoration of cohesin function. Genes that are both 

up- and downregulated can be restored, and a very small percentage persist in their 

deregulation. Those that do may either need more time for the rescue to take effect, or are 

a result of a disrupted feedback mechanism that has led to their continued deregulation. 
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Figure 5.3 Rescue of changes in gene expression following cohesin depletion. (A) Volcano plot 
showing log2 fold change and -log10 adj P value of genes expressed in neurons following 24H of 
doxycycline mediated RAD21-TEV cleavage (left) and after rescue (right). Significantly 
deregulated genes are shown in red (n = 3 biological replicates). 
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5.5 Discussion 

 

Work in the previous chapter showed that changes in gene regulation caused by cohesin 

removal are highly comparable regardless of the developmental stage of depletion. 

Therefore, it was inviting to understand whether changes caused by 3D genome disruption 

through cohesin depletion could be rescued. 

 

Whether changes in gene expression caused by cohesin deficiency could be rescued remained 

unknown. Here we show that transcriptional deregulation following the removal and 

reintroduction of cohesin can indeed be rescued. While some genes remain deregulated, and 

others are newly deregulated, the vast majority return to normal levels. 

 

The RAD21-TEV system once again shows its robustness and ability to be manipulated in a 

temporal manner, not just in speed of cohesin depletion but also in rescue. Further 

adaptations of the system, such as time and concentration of doxycycline treatment, allows 

for the further manipulation of degree and time of cohesin depletion. 

 

Figure 5.3 continued. (B) Box plots of individual genes down- and upregulated following 24H 
doxycycline mediated RAD21-TEV cleavage. Plots show their log2 fold change and condition, bars 
indicate range. The solid bar in each box gives the mean log2 Fold Change of gene expression in 
that condition (left). Line plots track individual genes following RAD21-TEV cleavage and rescue. 
Blue and yellow bars indicate mean log2 Fold Change, for significantly down and upregulated 
genes following 24H RAD21-TEV cleavage respectively. (C) Venn diagram showing the overlap of 
significantly deregulated genes between 24H of doxycycline mediated RAD21-TEV cleavage, and 
rescue (left). Only 25 genes are significantly deregulated in both. Heatmap showing those 25 
genes and their log2 Fold Change compared to control cells in each condition (right). 
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The next stage is to test whether rescue can occur in cells which suffer from a life-long 

deficiency of cohesin, such as those in the Nipbl+/- mouse model of CdLS. Especially inviting is 

the ability to test this in vivo and extend the form of rescue not just from gene expression, 

but also to behavioural abnormalities of the CdLS mouse model identified by our lab and 

others (Fujita et al., 2017) 
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Chapter 6: Transcriptional changes in the neurons of Cornelia de 

Lange Syndrome (CdLS) patients 

 

 

6.1 Introduction 

 

Germline mutations to cohesin and associated proteins result in the developmental disease 

known as Cornelia de Lange Syndrome (CdLS). CdLS is a rare disease affecting between 

1:10,000 and 1:30,000 live births (Kline et al., 2007). It is a multisystem disorder with physical 

and cognitive symptoms. Diagnosis is made based on a scoring system where cardinal 

features are rated higher than suggestive features. This system allows for the identification 

of classical CdLS and non-classical CdLS, a requirement due to the spectrum nature of CdLS. 

Cardinal features include synophrys, short nose, concave nasal ride, thin upper vermilion and 

hand oligodactyly and/or adactyly, as well as other symptoms. Highly common suggestive 

features include small hands, hirsutism, growth retardation and intellectual disability (Kline 

et al., 2018). Patients with CdLS also suffer from other conditions as a result of their disease, 

such as heart malformations, epilepsy, and impaired vital organ functions (Deardorff et al., 

1993). The prevalence of these however is not uniform across patients, and they are not 

considered when giving a diagnosis. 

 

CdLS is most commonly caused by heterozygous or hypomorphic mutations to the NIPBL gene 

. However, mutations to core cohesin subunits such as SMC1A, RAD21 and SMC3, as well as 
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the deacetylase HDAC8, can also give rise to CdLS  (Krantz et al., 2004, Tonkin et al., 2004, 

Kline et al., 2018).  Mutations to genes such as ANKRD11 and BRD4 can cause diseases that 

bare significant resemblance to CdLS (Olley et al., 2018, Parenti et al., 2016).  

 

CdLS has been studied largely in animal models and cell lines from human patients. Previous 

work, both in this thesis and from other published papers, has identified role for cohesin in 

neuronal gene regulation and function in these systems (Fujita et al., 2017, Kawauchi et al., 

2009, van den Berg et al., 2017, Remeseiro et al., 2012). In order to better understand the 

emergence and maintenance of CdLS symptoms in humans however, molecular biology 

techniques utilised in cell lines and animal models need to transfer to patient samples. 

 

Utilising our ability to sort neuronal nuclei from post-mortem brain tissue, transcriptomic 

analysis of neurons from CdLS patients might allow us to better understand why patients with 

CdLS suffer from intellectual disability, and often autism. In addition, it will contribute to our 

understanding of the role of cohesin in gene regulation and cell function in humans in vivo. 

Finally, it will provide a comparative framework to understand how relatable animal models 

of CdLS are to the actual disease. 

 

 

6.2 Identification of CdLS patients and samples 

 

In order to generate meaningful transcriptomic data from human CdLS neurons, it was 

essential to identify the maximum number of CdLS samples available. However, due to the 

relative rarity of the disease, publicly available tissue samples were limited. Following 
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extensive searching, five CdLS patients were identified from which frozen post-mortem brain 

tissue was available (Table 7). Grey cortical matter from frontal lobe was requested from all 

patients. Patients included both males and females, and an age range from 4 to 48 years of 

age. Three age matched controls were obtained for each age group. Samples were obtained 

from the National Institutes of Health (NIH) Neurobiobank in Maryland, USA and from Prof. 

Ian Krantz’s lab at the Children’s Hospital of Philadelphia (CHOP), Pennsylvania, USA.  

 

All patients had been diagnosed as having CdLS, and the samples from CHOP were defined as 

having definite, or classical, CdLS (Table 7). Clinical severity was largely unknown, apart from 

two samples, where one patient presented with moderate symptoms, and the other severe. 

In addition, genetic diagnoses had only been made on one of these patients. This 19-year-old 

male developed CdLS due to an insertion of an adenine between base pairs 2959 and 2960 

(Table 7) of the NIPBL gene. This leads to a frame shift and the early termination of the NIPBL 

protein in translation. 

 

Age Sex Mutation Clinical Severity Tissue bank 

4 Female unknown CdLS - unknown NIH 

48 Female unknown CdLS - unknown NIH 

19 Male 2959_2960insA Definite - severe CHOP 

24 Female unknown Definite - moderate CHOP 

31 Female unknown Definite - unknown CHOP 

 

 

 

Table 7. CdLS patients for neuronal analysis. Known parameters of CdLS patients from which brain 
tissue samples were obtained to perform neuronal nuclei RNA-seq.  
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6.3 Development of flow cytometry based neuronal nuclei purification 

 

The human brain contains many different cell types including neurons, macro and micro glia, 

endothelial cells, and blood and lymph circulating cells. Therefore, RNA samples purified from 

brain without any form of separation do not allow for the attribution of changes in gene 

expression to specific cell types. Neurons are large myelinated cells that can span significant 

distances in the brain. As such, isolation by FACS, as done on other cell types from frozen 

human samples, is not possible. Instead, the nuclei of neurons can be isolated by flow 

cytometry, from which RNA can be purified, giving a representation of the transcriptomic 

profile of the cells (Figure 6.1A) (Krishnaswami et al., 2016). 

 

Following tissue homogenisation and nuclei enrichment using a sucrose gradient, samples still 

contained a mixture of nuclei and debris. In order to separate nuclei from debris, samples 

were stained with DAPI, allowing for identification of nuclei (Figure 6.1B). For identification 

of neuronal nuclei, samples were additionally stained with a conjugated anti-NEUN antibody. 

In order to separate out neuronal and non-neuronal nuclei therefore, samples stained with 

DAPI and NEUN antibody were first gated for DAPI+, and then identified by their peaks for 

being NEUN- or NEUN+ (Figure 6.1B).  

 

In order to validate that the samples determined by FACS as being NEUN- and NEUN+ were 

indeed non-neuronal and neuronal respectively, expression of cell type specific marker genes 

was quantified. Based on RNA-seq analysis, markers of astrocytes (GFAP), microglia 

(TMEM119) and oligodendrocytes (NKX2.2) were all significantly upregulated in the NEUN- 

samples, indicating an enrichment for glia, and therefore non-neuronal cells. Neuron specific 
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markers SLC17A7 and RBFOX3 were both significantly upregulated in the NEUN+ samples, 

indicating an enrichment for neurons (Figure 6.1C). 

 

Highly pure neuronal nuclei populations can therefore be isolated from human cortical grey 

matter and subjected to RNA-seq using flow cytometry.  

 

 

 

 

 

 

 

 

 

Figure 6.1. Purification and validation of neuronal nuclei isolation by flow cytometry. (A) 
Schematic of isolation of neuronal nuclei from human cortical grey matter. (B) Flow cytometry 
analysis of DAPI and NEUN-488 stained nuclei from homogenised and purified human cortical grey 
matter. DAPI+ nuclei are clearly separated from other debris (left). NEUN- and NEUN+ nuclei are 
clearly separated (right). (C) Analysis of glial and neuronal markers in NEUN- and NEUN+ nuclei. 
GFAP (astrocytes), TMEM119 (microglia), NKX2.2 (oligodendrocyte), and SLC17A7 and RBFOX3 
(neurons). Based on RNA-seq from 3 biological replicates. * adj. P < 0.05, ** adj. P < 0.01, *** adj. 
P < 0.001, **** adj. P < 0.0001. 
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6.4 CdLS patients display abnormal neuronal gene regulation 

 

Following purification and RNA-seq of neuronal nuclei from healthy controls and CdLS 

patients, changes in gene expression were measured. Overall, 26 genes were significantly 

differentially expressed, 11 down- and 15 upregulated (adj P < 0.05) between controls and 

CdLS patients (Figure 6.2A). Deregulated genes contribute to a variety of cellular functions 

including synapse formation and function (NPXH2, ROBO3, SV2C), extracellular matrix 

(COL12A1, AFAP1L1), organelle function (REEP1), autophagy (ATG16L1), and metabolism 

(PNPLA2) among others. None have been previously linked substantially to autism or 

cognitive impairment, both features of CdLS. 

 

In order to identify cellular processes that are affected in CdLS patients, GSEA analysis was 

performed using biological processes sets from gene ontology. Biological processes 

associated with chromatin, including “chromatin assembly or disassembly”, “chromatin 

remodeling” and “DNA packaging” had highly significant positive normalized enrichment 

scores (NES) in CdLS neurons (Figure 6.2B). A significant contribution to the positive NESs in 

chromatin related functions in CdLS patients was the upregulation of histone genes, and 

others important for histone exchange and chromatin folding. In addition, other genes known 

to contribute to DNA damage and repair such as HMGB2 and HELLS increased in expression 

in CdLS patients. 
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Biological processes that showed the most significant negative NES covered a variety of 

processes including metabolism, cell adhesion and neuronal functions (Figure 6.2C). 

Downregulated genes contributing to the negative NESs of cell adhesion includes many 

protocadherin genes. These genes have been previously identified both in this thesis (Figure 

4.8) and in published work as being reliant on 3D genome organization and cohesin function 

for correct expression (Guo et al., 2015). Genes related to neuronal function, including 

potassium channels, axon guidance and synapse function genes also showed downward 

trends (Figure 6.2C). This was of particular interest as data covered in chapter 4 of this thesis 

identifies cohesin as being important for cell type specific gene regulation in neurons (Figure 

4.8). 

 

 

6.5 Cohesin dependent gene regulation in CdLS neurons 

 

CdLS patients display deregulation of many processes based on GSEA (Figure 6.2). Several of 

these processes have previously been identified as being cohesin dependent in cultured 

Nipbl+/- and RAD21-TEV cohesin depleted neurons.  

 

Figure 6.2 (previous page). Transcriptional deregulation in CdLS patient neurons. (A) Volcano plot 
showing log2 fold change and -log10 adj P value of gene expression in neurons in CdLS patients vs. 
healthy controls. Significantly deregulated genes (adj P < 0.05) are marked in red. Significantly 
deregulated genes both down (left) and up (right) are listed in descending order of strength of log2 
fold change. GSEA of gene expression in CdLS patients using gene sets derived from gene ontology.  
(B) GSEA of processes associated with chromatin have positive significant NESs. (C) GSEA of 
processes associated with metabolism, cell adhesion and neuronal function have negative NESs 
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In order to determine how previously identified cohesin dependent genes behaved in CdLS 

patients, we performed GSEA analysis (Figure 6.3A). Gene sets were generated from genes 

downregulated in Nipbl+/- and RAD21-TEV cohesin depleted neurons, and then analysed in 

CdLS patients by GSEA. Gene sets of downregulated genes in Nipbl+/-, 24-hour RAD21-TEV 

cohesin depleted and 72-hour RAD21-TEV cohesin depleted neurons all showed a significant 

downregulation in neurons from CdLS patients (Figure 6.3A). Gene sets of upregulated genes 

in Nipbl+/- neurons showed a significant downregulation CdLS patient neurons (NES: 1.37, 

FDR: 0.012), while those upregulated in 24-hour RAD21-TEV neurons showed no significant 

trend in either direction. A gene set of upregulated genes in 72-hour RAD21-TEV cohesin 

depletion was significantly likely to be upregulated (NES: 1.2, FDR: 0.12) in CdLS patient 

neurons. This is partly due to the significant abundance of histone genes that are upregulated 

in both systems. 

 

Previously identified cohesin dependent genes were significantly downregulated in CdLS 

patient neurons (Figure 6.3A). From these genes we were interested in identifying which 

processes were the most affected. Genes related to processes including neuronal 

development, synaptic function and cell communication were all downregulated in models of 

cohesin depletion, and these gene sets also showed a significant downregulation in CdLS 

patient neurons (Figure 6.3B). Other processes, such as cell adhesion, ion transport, and the 

MAPK cascade, also showed common directionality changes in gene expression between 

model systems and CdLS patients (Figure 6.3B). Processes that were downregulated in model 

systems but not significantly up or down regulated in CdLS samples included terms related to 

homeostasis, would healing and cell death. 
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6.6 Discussion 

 

Our understanding of the role of cohesin in neuronal gene regulation has so far only been 

based on data from cell lines and animal models. In addition, how cohesin deficiency leads to 

CdLS and its associated symptoms has not been addressed in humans. Isolation and RNA 

sequencing of cohesin deficient neurons from CdLS patients allows us to build on both of 

these topics. 

Figure 6.3 Changes in gene expression are consistent between cohesin depletion model systems 
and human CdLS patients (A) GSEA analysis of gene sets generated from genes downregulated in 
Nipbl+/- mouse explant neurons, and RAD21-TEV 24 and 72-hour cohesin depleted explant neurons. 
(B) GSEA analysis in CdLS patient humans of gene sets generated from significantly differentially 
expressed genes (adj P < 0.05) in previously mentioned model cohesin depletion systems, based on 
biological process categories of gene ontology. 
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RNA sequencing of human CdLS neuronal nuclei revealed a limited number of significantly 

deregulated genes between patients and controls. These genes covered a variety of processes 

including neuronal specific ones such as synaptic activity as well as fundamental cellular 

processes including autophagy and environment sensing. Having such a limited number of 

differentially expressed genes between CdLS patients and controls could partly be explained 

by the limited number of available CdLS samples. Human RNA-seq is often highly variable and 

so human neuronal nuclei RNA-seq experiments generally involve large cohorts of patients 

and controls, with often more than 40 samples for each group. Brains were frozen at various 

times post-mortem. Therefore, often the significant changes observed are not those 

contributing most to the disease. 

 

Analysing expression data by GSEA allows for the identification of processes which are 

deregulated in disease samples compared to controls in the absence of highly stringent 

individual gene significance cut offs. The identification of the upregulation of processes 

associated with DNA packaging and chromatin had not been previously reported in cohesin 

deficient neurons. In addition, some upregulated genes have been associated with DNA 

repair. Neurons are thought to undergo DNA damage linked to transcription, and it may be 

that cohesin is required for the correct DNA damage response. This is partly substantiated by 

the recent finding that cohesin is required for correct DNA repair in B cells following V(D)J 

recombination. 

 

The downregulation of cellular adhesion processes, largely due to the deregulation of 

protocadherin genes, supports previously identified roles of 3D genome organization and 

cohesin in their transcriptional control. The downregulation of processes associated with 
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neuronal function genes in CdLS patients reinforces the previously identified role of cohesin 

being important for the regulation of cell type genes in neurons. This is further backed up by 

data showing genes which are downregulated in culture-based models of neuronal cohesin 

depletion are significantly downregulated in CdLS patients, and that the most affected 

processes are neuron specific. Such a strong relationship in gene expression changes in 

remarkable given the stark differences in systems (cultured mouse neurons compared to 

human samples). 

 

The data uncovered here support the previously identified role of cohesin in neuronal gene 

regulation, and also contribute to deregulated processes that could potentially contribute to 

the cognitive impairment observed in CdLS patients. 
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Chapter 7. General discussion and future perspectives 

 

The field of 3D genome organisation and gene regulation has progressed rapidly over the past 

decade. Different structures of basic 3D chromatin architecture are determined and 

facilitated by a group of architectural proteins including cohesin and CTCF. The loss of each of 

these leads to distinct changes in at the compartment, domain and loop level (Rao et al., 2017, 

Schwarzer et al., 2017, Nora et al., 2017). While changes in 3D genome organisation have 

been observed in development and disease, its role in gene regulation remains relatively 

unknown. In this thesis I have attempted to elucidate the role of cohesin, and by extension 

the 3D genome organisation it facilitates, in transcriptional control across different cell types 

and disease. 

 

Cohesin has been shown to be essential for the inflammatory response in macrophages. In 

the absence of a functioning cohesin complex, macrophages are unable to properly induce 

the inflammatory transcriptional program in response to LPS stimulation. Work so far 

however has been unable to elucidate whether the inflammatory response is directly 

regulated by cohesin, or whether changes following cohesin deficiency are a secondary effect. 

To identify primary and secondary targets of cohesin in the inflammatory response, I rapidly 

depleted macrophages of RAD21 and assayed changes in gene expression. Key upstream 

regulators of the inflammatory response were deregulated upon rapid cohesin depletion, 

suggesting they directly rely on cohesin for gene expression. Furthermore, deregulated 

inducible inflammatory genes following proteolytic RAD21 depletion were much more 

enriched for hallmarks for cohesin dependency, such as enhancer proximity and RAD21 
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binding, than long term cohesin depleted macrophages. Consistent with the current model of 

cohesin function, that it works to maintain local chromatin contacts, there was a loss of 3D 

genome organisation at key inflammatory regulators following proteolytic RAD21 depletion. 

This led to deregulated enhancer-promoter contacts and could explain the mechanism by 

which these genes directly rely on cohesin for expression.  

 

Due to the high prevalence of cohesin mutations in human AML, developing our 

understanding of the role of cohesin in myeloid cell gene regulation is essential. This is 

particularly true for cohesin control of inflammatory genes. Myeloid progenitors are 

maintained in a balance of proliferation vs. differentiation that allows for the maintenance of 

the progenitor pool as well as differentiated myeloid cells such as monocytes and 

macrophages required for the fighting of infections and repairing of tissue damage. This 

balance between differentiation and proliferation is partly controlled by inflammatory genes 

and the ability of progenitors to respond to inflammatory signals, which triggers 

differentiation. In the absence of cohesin function, cells are unable to respond to 

inflammatory signals. While in macrophages this could impede their ability to carry out their 

tissue defence roles, in cohesin deficient myeloid progenitors this could lead to a change in 

the balance of proliferation vs. differentiation, in favour of proliferation. This would then lead 

to an increased number of myeloid progenitors and the development of AML, explaining the 

significant presence of cohesin mutations in human AML. 

 

Future work will focus on using cohesin deficient AML cell lines and identifying small 

molecules that can normalise the inflammatory gene response of cohesin deficient progenitor 

cells. This could one day have an impact in the clinic as patients who are identified as having 
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cohesin mutated AML could be treated with any compounds identified as being able to 

normalise the proliferation and differentiation balance of cohesin deficient progenitors. 

 

Multiple studies have shown that cohesin deficiency causes transcriptional deregulation in 

neurons (Kawauchi et al., 2009, Fujita et al., 2017) . However, these studies have used genetic 

models which feature long term cohesin deficiency. Therefore, these have failed to address 

whether gene deregulation in cohesin deficient neurons arises as a consequence of aberrant 

development or a continuous requirement for cohesin. In order to address this, I established 

a proteolytic cleavage system in primary mouse neurons that allows for the inducible, rapid 

and reversible depletion of RAD21 and therefore cohesin function. 

 

Firstly, we identified that neurons do rely on continuous cohesin function for maintaining 

neuronal gene expression. Following RAD21 depletion in mature neurons, genes related to 

neuronal functions such as synaptic transmission and cell communication become 

deregulated. Along with those associated with cell adhesion and metabolism. Interestingly, 

we found that the same genes and functions were disrupted regardless of whether neurons 

are transiently depleted from cohesin for 24 hours, or are life-long cohesin deficient as in 

Nipbl+/- mice that are used to model the cohesin deficient syndrome CdLS. This implies that 

neurons are able to form relatively normally in the absence of full cohesin function, and that 

the transcriptional changes observed in models of CdLS at least partly result from a 

continuous requirement for cohesin control of gene regulation. We then showed that 

deregulated genes in transiently cohesin depleted neurons were enriched for previously 

established markers of cohesin dependency, namely enhancer proximity and RAD21 binding 

(Ing-Simmons et al., 2015, Seitan et al., 2011). Furthermore, consistent with the current 
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model that cohesin effects gene regulation through maintaining local chromatin contacts, 

allowing regulatory elements such as enhancers and promoters to interact, we found a 

decrease in 3D genome organisation in transiently cohesin depleted neurons at the Pcdh 

locus.  

 

We then wanted to examine whether changes in gene regulation caused by cohesin 

deficiency could be rescued. While it has previously been shown cohesin depletion and rescue 

can restore changes in 3D genome organisation, the same had not been done for gene 

regulation. To this end we depleted neurons of cohesin for 24 hours before allowing cohesin 

levels to return to normal. We found that the vast majority of genes deregulated following 

cohesin depletion in neurons are able to be rescued. 

 

Proving that deregulated genes caused by cohesin deficiency can be rescued through the 

reintroduction of cohesin to cells has major implications. Firstly, it proves the cohesin 

dependency of said genes. Identification of cohesin dependency has relied on hallmarks such 

as enhancer proximity and RAD21 binding, but now I show that genes associated with these 

hallmarks are indeed cohesin dependent as proven by the rescue. Secondly, mouse models 

and gene regulation in neurons of other cognitive diseases such as Rett Syndrome have 

benefited from adult intervention and the restoring of protein function after development 

leading to alleviation of symptoms (Cobb et al., 2010, Guy et al., 2007). Having shown that 

cohesin dependent gene regulation deficiencies can be rescued in a mouse neuronal model 

system the question is whether the same can be done in human models of CdLS. 
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Future work would focus on whether CdLS patients and animal models can benefit from post-

development intervention, and whether animal behavioural deficient and human neuronal 

gene deregulation can benefit from rescue of cohesin function. In order to address these 

issues, one could use models such as NIPBL-flex mice, which have a reversible Nipbl loss of 

function allele (Santos et al., 2016). When exposed to cre, the allele undergoes recombination 

to generate a wild-type Nipbl gene from a mutant. This would allow for the rescue of Nipbl 

expression, and therefore cohesin function, in neurons following development (using the 

Nex-cre line mentioned earlier) and observing whether changes in gene regulation caused by 

life-long cohesin deficiency can be rescued in post-mitotic neurons in vivo. Secondly, an 

inviting prospect is to see whether changes in gene regulation in human neurons can be 

rescued. iPSC lines from CdLS patients have been generated and can be successfully 

differentiated into an ectodermal lineage (Mills et al., 2018). Further differentiation into 

neurons followed by infection with a lentivirus containing wild-type NIPBL, rescuing deficient 

NIPBL expression, would allow one to assess whether changes in neuronal gene regulation in 

CdLS can be rescued following development. 

 

While animal models are a valuable resource in better understanding biological mechanisms 

that underlie disease, where possible the use of human tissue provides much greater insight. 

To this end I identified a number of post-mortem brain samples from CdLS patients and 

controls to assess changes in CdLS patient neuronal gene regulation.  

 

The identification of a number of significant deregulated genes between CdLS patients and 

controls is an important first step in understanding the potential defects in CdLS neurons. 

Immediate work must be to identify the mutations in the three currently unaccounted for 
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patients. Following that, further optimisation of RNAseq analysis is required to see whether 

more differentially expressed genes can be identified. Currently the samples represent a wide 

age range (4 to 48), and removal of the 4-year-old samples may yield different results. Further 

techniques such as batch correction using RUVseq may also lead to identification of more 

differences.  

 

Next steps will involve identifying cohesin dependent gene regulation in CdLS patients. This 

could be done by overlapping data obtained from RAD21-TEV depleted neurons, and looking 

for previously established cohesin dependent mechanisms associated with deregulated 

genes, such as enhancer-promoter contacts and changes to 3D genome organisation in the 

patients, which have previously been identified in cell line and animal models.  

 

Further work could also look at changes in gene regulation of CdLS patients in the brain in 

cells other than neurons. Neurons only make up 50% of cells in the brain, the others are a 

mixture of glial cells, mainly astrocytes followed by oligodendrocytes and microglia, 

endothelial cells and circulating blood cells. How their gene expression is altered in the CdLS 

could also yield some interesting results. Increased inflammatory gene expression in the glial 

cells of ASD patients has previously been identified, and it would be interesting to see if the 

same holds true here. 

 

Overall, the data uncovered here support our analysis of cohesin as being essential for cell-

type specific gene expression in neurons, but also put forward novel processes that may be 

implicated in the cognitive symptoms of CDLS. 
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